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Abstract 

This thesis investigated the impact of recycled waste chitin growing media amendments 

on the growth, yield, and antioxidant properties of lettuce and tomato crops. Chitin is a key 

component in the shells of all insects and shellfish and 6-8 million tonnes of waste crab, shrimp, 

and lobster shells are produced globally, as a result of the shellfish industry. This thesis aims 

to utilise recycled waste chitin as a growing media amendment in the cultivation of tomatoes 

and lettuce.  

Two lettuce trials were carried out to assess the impact of chitin when added to growing 

media. The first trial tested cos lettuces and the second trial tested butterhead lettuces. Lettuces 

were treated with a range of crab and shrimp chitin dry weight percentages and their growth 

was monitored until harvest when yield data was collected. Antioxidant assays (Folin-

Ciocalteu, FRAP, and DPPH) were utilised to assess the impact of chitin amendments on 

lettuce antioxidant capacity.   

Three tomato trials were carried out. One trial mirrored commercial tomato trial 

conditions to assess the impact of chitin and biochar growing media amendments. Two further 

trials investigated the impact of a range of shrimp chitin amendments. Crop growth, yield, and 

fruit antioxidant capacity were all investigated. Growth was monitored throughout the tomato 

trials and fruit yield measurements were taken when fruit developed. Fruit antioxidant capacity 

was assessed using antioxidant assays (Folin-Ciocalteu, FRAP, DPPH, and Randox).  

Cos and butterhead lettuce growth and yield were highest with chitin amendments 1%-

2%. Antioxidant capacity was highest for 3% chitin in cos lettuces and 1%-2% in butterhead 

lettuces. 1%-2% was concluded to be the optimum range of chitin required for lettuce 

cultivation.  

In the multi-centre commercial tomato trial conducted as part of Horti-BlueC, chitin 

and biochar amended growing media had no beneficial or detrimental impacts to crop growth, 

fruit yield, or fruit antioxidant capacity. When tested as a range of chitin dry weight 

percentages, 3% chitin was concluded to result in the optimum crop growth, fruit yield, and 

fruit antioxidant capacity.  

 Finally, this thesis created engaging and novel platforms to disseminate research 

findings at public events and conferences.  

 

 This research was carried out as part of the Horti-BlueC project, a multi-partner UK 

and European project proposing new solutions and innovative growing media blends for 

sustainable greenhouse horticulture. 



2 
 

Contents 

Abstract ................................................................................................................................................... 1 

Covid-19 Impact Statement .................................................................................................................. 12 

Author Declaration................................................................................................................................ 13 

List of Figures ........................................................................................................................................ 14 

List of Tables ......................................................................................................................................... 17 

Abbreviations ........................................................................................................................................ 18 

Acknowledgements ............................................................................................................................... 19 

Dissemination ....................................................................................................................................... 20 

Overarching Aims .................................................................................................................................. 22 

Aims of Experimental Chapters ........................................................................................................ 22 

Hypotheses ........................................................................................................................................... 22 

1. Introduction ...................................................................................................................................... 23 

1.1. Chitin .......................................................................................................................................... 23 

1.1.1. Background ......................................................................................................................... 23 

1.1.1.1. Molecular Structure ......................................................................................................... 23 

1.1.1.2. Properties ......................................................................................................................... 26 

1.1.1.3. Chitin in nature ................................................................................................................ 31 

1.1.2. Circular Economy ................................................................................................................ 34 

1.1.2.1. Industry Waste ................................................................................................................. 35 

1.1.2.2. Chitin Extraction ............................................................................................................... 36 

1.1.2.3. Waste Chitin Use in Agriculture ....................................................................................... 37 

1.1.2.4. UK Legislation Regarding Waste Chitin Use in Agriculture .............................................. 46 

1.2. Lettuce ....................................................................................................................................... 47 

1.2.1. Lettuce Cultivation .............................................................................................................. 47 

1.2.1.1. Lettuce Growth Measurements ....................................................................................... 47 

1.2.1.2. Sustainable Growing Practices ......................................................................................... 48 

1.2.2. Lettuce and Health .............................................................................................................. 50 

1.2.2.1. Antioxidants ..................................................................................................................... 50 

1.2.2.2. Antioxidants in Lettuce .................................................................................................... 52 

1.2.2.3. Growing Conditions Impact the Nutritional Value of Lettuce ......................................... 56 

1.2.2.4. Assessing the Impact of Chitin on Lettuce Growth and Health ....................................... 59 

1.3. Tomato ....................................................................................................................................... 61 

1.3.1. Introduction ........................................................................................................................ 61 

1.3.2. Factors Affecting Tomato Crop Cultivation and Its Nutritional Value ................................ 62 

1.3.3. Assessing the Impact of Chitin on Tomato Growth and Health .......................................... 68 



3 
 

1.3.4. Horti-BlueC .......................................................................................................................... 69 

Equipment and Machines ..................................................................................................................... 70 

Reagents................................................................................................................................................ 70 

Codes ..................................................................................................................................................... 71 

2. Materials and Methods ..................................................................................................................... 72 

2.1. Cos Lettuce Pilot Study .............................................................................................................. 72 

2.1.1. Germination ........................................................................................................................ 72 

2.1.2. Preparing Chitin-Amended Growing Media ........................................................................ 73 

2.1.3. Lettuce Plant Transplantation into Growing Media ........................................................... 74 

2.1.4. Lettuce Growth ................................................................................................................... 75 

2.1.4.1. Leaf Production ................................................................................................................ 75 

2.1.4.2. Leaf Expansion ................................................................................................................. 75 

2.1.4.3. Chlorophyll Fluorescence ................................................................................................. 75 

2.1.4.4. Growing Media Measurements ....................................................................................... 75 

2.1.5. Lettuce Harvest ................................................................................................................... 76 

2.1.5.1. Group Y Lettuce Leaf Mass .............................................................................................. 76 

2.1.5.2. Group Y Root Mass .......................................................................................................... 76 

2.1.5.3. Group S Lettuce Mass and Total Leaf Area ...................................................................... 76 

2.1.5.4. Group S Lettuce Shelf-Life ................................................................................................ 77 

2.1.5.5. Group S Root Mass ........................................................................................................... 78 

2.1.5.6. Group G Lettuce Leaves ................................................................................................... 78 

2.1.6. Antioxidant Assays .............................................................................................................. 79 

2.1.6.1. Lettuce Preparation ......................................................................................................... 79 

2.1.6.1.1. Lettuce Homogenate Filtration ..................................................................................... 79 

2.1.6.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content ................................ 79 

2.1.6.3. FRAP Assay to Measure Reducing Ability of Samples ...................................................... 80 

2.1.6.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples ............................ 81 

2.1.7. Statistical Analysis ............................................................................................................... 82 

2.2. Butterhead Lettuce Trial using Horti-BlueC Growing Media ..................................................... 82 

2.2.1. Greenhouse Conditions ...................................................................................................... 82 

2.2.2. Preparing Substrate ............................................................................................................ 83 

2.2.3. Chitin ................................................................................................................................... 84 

2.2.4. Germination ........................................................................................................................ 85 

2.2.5. Lettuce Growing Trial .......................................................................................................... 86 

2.2.5.1. Experimental Design ........................................................................................................ 86 

2.2.5.2. Lettuce Growth ................................................................................................................ 88 



4 
 

2.2.5.2.1. Leaf Production ............................................................................................................. 88 

2.2.5.2.2. Leaf Expansion .............................................................................................................. 88 

2.2.5.2.3. Chlorophyll Fluorescence .............................................................................................. 88 

2.2.5.2.4. Chlorophyll Content ...................................................................................................... 88 

2.2.5.2.5. Growing Media Measurements .................................................................................... 89 

2.2.6. Mortierella Isolation and Identification .............................................................................. 89 

2.2.7. Lettuce Harvest ................................................................................................................... 93 

2.2.7.1. Replicates 1-4 ................................................................................................................... 93 

2.2.7.1.1. Fresh Mass .................................................................................................................... 93 

2.2.7.1.2. Total Leaf Area .............................................................................................................. 93 

2.2.7.1.3. Shelf-Life ....................................................................................................................... 93 

2.2.7.2. Replicates 5-8 ................................................................................................................... 94 

2.2.7.2.1. LMA ............................................................................................................................... 94 

2.2.7.2.2. Antioxidant Assays ........................................................................................................ 94 

2.2.8. Water Retention and Leachate Experiment ....................................................................... 94 

2.2.9. Antioxidant Assays .............................................................................................................. 96 

2.2.9.1. Lettuce Preparation ......................................................................................................... 96 

2.2.9.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content ................................ 96 

2.2.9.3. FRAP Assay to Measure Reducing Ability of Samples ...................................................... 96 

2.2.9.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples ............................ 96 

2.2.10. Statistical Analysis ............................................................................................................. 96 

2.3. Commercial Tomato Trial ........................................................................................................... 97 

2.3.1. Tomato Trial Experimental Design ...................................................................................... 97 

2.3.1.1. Growing Media Slabs ....................................................................................................... 97 

2.3.1.2. Biocontrols ....................................................................................................................... 99 

2.3.1.3. Tomato Plants ................................................................................................................ 102 

2.3.1.4. Irrigation......................................................................................................................... 103 

2.3.1.5. Tomato Trial Termination .............................................................................................. 104 

2.3.2. Tomato Plant Measurements ........................................................................................... 104 

2.3.2.1. Allometry........................................................................................................................ 104 

2.3.2.2. Chlorophyll Measurements ............................................................................................ 105 

2.3.2.3. Growing Media Measurements ..................................................................................... 105 

2.3.3. Tomato Fruit Measurements ............................................................................................ 106 

2.3.3.1. Fruit Harvest ................................................................................................................... 106 

2.3.3.2. Shelf-Life ........................................................................................................................ 108 

2.3.3.3. Antioxidant Assays ......................................................................................................... 109 



5 
 

2.3.4. Tomato Germination Trial ................................................................................................. 110 

2.3.5. Antioxidant Assays ............................................................................................................ 110 

2.3.5.1. Tomato Preparation ....................................................................................................... 110 

2.3.5.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content .............................. 110 

2.3.5.3. FRAP Assay to Measure Reducing Ability of Samples .................................................... 111 

2.3.5.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples .......................... 111 

2.3.6. Mineral Analysis ................................................................................................................ 112 

2.3.6.1. X-Ray Fluorescence (XRF) ............................................................................................... 112 

2.3.6.2. Optical Emission Spectrometry (OES) ............................................................................ 116 

2.3.7. Statistical Analysis ............................................................................................................. 116 

2.4. Chitin Amended LP2B Tomato Studies .................................................................................... 116 

2.4.1. Tomato Trial 1 ................................................................................................................... 116 

2.4.1.1. Experimental Conditions ................................................................................................ 116 

2.4.1.2. Germination Trial ........................................................................................................... 117 

2.4.1.3. Tomato Leaf Measurements .......................................................................................... 118 

2.4.1.3.1. Leaf Production ........................................................................................................... 118 

2.4.1.3.2. Leaf Expansion ............................................................................................................ 118 

2.4.1.3.3. Chlorophyll Measurements......................................................................................... 118 

2.4.1.3.4. LMA ............................................................................................................................. 119 

2.4.1.3.5. Antioxidant Assays ...................................................................................................... 119 

2.4.1.3.6. Yellow Spots ................................................................................................................ 119 

2.4.1.4. Tomato Stem Measurements ........................................................................................ 120 

2.4.1.5. Mortierella Measurements ............................................................................................ 120 

2.4.1.6. LP2B Measurements ...................................................................................................... 120 

2.4.1.7. Tomato Fruit Measurements ......................................................................................... 120 

2.4.2. Tomato Trial 2 ................................................................................................................... 121 

2.4.2.1. Experimental Conditions ................................................................................................ 121 

2.4.2.2. Germination ................................................................................................................... 122 

2.4.2.3. Tomato Plant Measurements ........................................................................................ 122 

2.4.2.3.1. LMA ............................................................................................................................. 123 

2.4.2.3.2. Yellow Spots ................................................................................................................ 123 

2.4.2.3.3. Tomato Trial Termination ........................................................................................... 123 

2.4.2.4. Tomato Fruit Measurements ......................................................................................... 123 

2.4.2.4.1. Fruit Development ...................................................................................................... 123 

2.4.2.4.2. Fruit Harvest................................................................................................................ 124 

2.4.3. Mineral Analysis ................................................................................................................ 124 



6 
 

2.4.3.1. LP2B Samples XRF .......................................................................................................... 124 

2.4.3.2. LP2B Samples OES .......................................................................................................... 125 

2.4.3.3. Tomato Leaf samples ..................................................................................................... 126 

2.4.4. Antioxidant Assays ............................................................................................................ 128 

2.4.4.1. Sample Preparation ....................................................................................................... 128 

2.4.4.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content .............................. 129 

2.4.4.3. FRAP Assay to Measure Reducing Ability of Samples .................................................... 129 

2.4.4.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples .......................... 129 

2.4.4.5. Randox Assay ................................................................................................................. 130 

2.4.5. Statistical Analysis ............................................................................................................. 130 

3. Amending Cos and Butterhead Lettuces with Increasing Dry Weight Percentages of Chitin to 

Investigate Impact on Crop Growth and Antioxidant Capacity .......................................................... 131 

3.1. Cos Lettuce Pilot Study Results ................................................................................................ 132 

3.1.1. Germination ...................................................................................................................... 132 

3.1.2. Growth Rate Measurements ............................................................................................. 132 

3.1.2.1. Leaf Production .............................................................................................................. 132 

3.1.2.2. Leaf Area ........................................................................................................................ 133 

3.1.2.3. LMA ................................................................................................................................ 135 

3.1.2.4. Growing Media Measurements ..................................................................................... 136 

3.1.2.5. Chlorophyll Fluorescence ............................................................................................... 138 

3.1.3. Harvest .............................................................................................................................. 139 

3.1.3.1. Fresh Mass (Group Y) ..................................................................................................... 139 

3.1.3.2. Gravimetric Leaf Water Content (Group Y) ................................................................... 140 

3.1.3.3. Fresh Mass and Gravimetric Water Content (Group S) ................................................. 141 

3.1.3.4. Total Leaf Area (Group S) ............................................................................................... 143 

3.1.3.5. Shelf-Life (Group S) ........................................................................................................ 143 

3.1.4. Antioxidant Assays ............................................................................................................ 144 

3.2. Cos Lettuce Pilot Study Discussion ........................................................................................... 149 

3.2.1. Germination ...................................................................................................................... 149 

3.2.2. Growth Rate Measurements ............................................................................................. 149 

3.2.3. Harvest .............................................................................................................................. 152 

3.2.4. Antioxidant Assays ............................................................................................................ 155 

3.3. Butterhead Lettuce Study Results ............................................................................................ 157 

3.3.1. Germination ...................................................................................................................... 157 

3.3.2. Growing Rate Measurements ........................................................................................... 158 

3.3.2.1. Crab Chitin ...................................................................................................................... 158 



7 
 

3.3.2.1.1. Leaf Production ........................................................................................................... 158 

3.3.2.1.2. Leaf Area ..................................................................................................................... 161 

3.3.2.1.3. LMA ............................................................................................................................. 165 

3.3.2.1.4. Growing Media Measurements .................................................................................. 167 

3.3.2.1.5. Chlorophyll Fluorescence ............................................................................................ 171 

3.3.2.1.6. Chlorophyll Content .................................................................................................... 173 

3.3.2.2. Shrimp Chitin .................................................................................................................. 175 

3.3.2.2.1. Leaf Production ........................................................................................................... 175 

3.3.2.2.2. Leaf Area ..................................................................................................................... 177 

3.3.2.2.3. LMA ............................................................................................................................. 181 

3.3.2.2.4. Growing Media Measurements .................................................................................. 183 

3.3.2.2.5. Chlorophyll Fluorescence ............................................................................................ 187 

3.3.2.2.6. Chlorophyll Content .................................................................................................... 189 

3.3.3. Harvest .............................................................................................................................. 191 

3.3.3.1. Fresh Mass ..................................................................................................................... 191 

3.3.3.2. Total Leaf Area ............................................................................................................... 195 

3.3.3.3. Shelf-Life ........................................................................................................................ 198 

3.3.4. Water Retention Experiment ............................................................................................ 199 

3.3.5. Mortierella Identification .................................................................................................. 200 

3.3.6. Antioxidant Assays ............................................................................................................ 200 

3.4. Butterhead Lettuce Study Discussion ...................................................................................... 204 

3.4.1. Germination ...................................................................................................................... 204 

3.4.2. Growth Rate Measurements ............................................................................................. 204 

3.4.3. Harvest .............................................................................................................................. 209 

3.4.4. Water Retention ............................................................................................................... 211 

3.4.5. Mortierella Identification .................................................................................................. 212 

3.4.6. Antioxidant Assays ............................................................................................................ 213 

3.5. Summary .................................................................................................................................. 214 

4. Amending Brioso Tomato with Chitin to Investigate Impact on Crop Growth, Fruit Yield, and 

Antioxidant Capacity ........................................................................................................................... 216 

4.1. Commercial Tomato Study Results .......................................................................................... 217 

4.1.1. Germination ...................................................................................................................... 217 

4.1.2. Tomato Plant Measurements ........................................................................................... 217 

4.1.2.1. Chlorophyll Fluorescence ............................................................................................... 217 

4.1.2.2. Chlorophyll Content ....................................................................................................... 218 

4.1.2.3. Growing Media Measurements ..................................................................................... 219 



8 
 

4.1.2.4. Allometric Measurements ............................................................................................. 221 

4.1.3. Tomato Fruit Measurements ............................................................................................ 221 

4.1.3.1. Fruit Development ......................................................................................................... 221 

4.1.3.2. Fruit Number .................................................................................................................. 222 

4.1.3.3. Fruit Height .................................................................................................................... 223 

4.1.3.4. Fruit Width ..................................................................................................................... 224 

4.1.3.5. Fruit Number .................................................................................................................. 225 

4.1.3.6. Shelf-Life ........................................................................................................................ 226 

4.1.4. Antioxidant Assays ............................................................................................................ 227 

4.1.4.1. ADAS Tomato Samples ................................................................................................... 227 

4.1.4.2. Commercial Tomato Trial Tomato Samples ................................................................... 230 

4.1.5. Mineral Analysis ................................................................................................................ 233 

4.2. Commercial Tomato Study Discussion ..................................................................................... 236 

4.2.1. Germination ...................................................................................................................... 236 

4.2.2. Tomato Plant Measurements ........................................................................................... 236 

4.2.3. Tomato Fruit Measurements ............................................................................................ 237 

4.2.4. Antioxidant Assays ............................................................................................................ 239 

4.2.5. Mineral Analysis ................................................................................................................ 241 

4.3. Chitin Amended LP2B Tomato Studies Results ........................................................................ 244 

4.3.1. Tomato Trial 1 ................................................................................................................... 244 

4.3.1.1. Germination ................................................................................................................... 244 

4.3.1.2. Tomato Plant Measurements ........................................................................................ 244 

4.3.1.2.1. Leaf Production ........................................................................................................... 244 

4.3.1.2.2. Leaf Area ..................................................................................................................... 245 

4.3.1.2.3. Mortierella .................................................................................................................. 247 

4.3.1.2.4. Growing Media Measurements .................................................................................. 248 

4.3.1.2.5. Chlorophyll Fluorescence ............................................................................................ 253 

4.3.1.2.6. Chlorophyll Content .................................................................................................... 254 

4.3.1.2.7. LMA ............................................................................................................................. 255 

4.3.1.2.8. Gravimetric Leaf Water Content ................................................................................. 256 

4.3.1.2.9. Stem Measurements ................................................................................................... 257 

4.3.2. Tomato Trial 2 ................................................................................................................... 259 

4.3.2.1. Tomato Plant Measurements ........................................................................................ 259 

4.3.2.1.1. Leaf Production ........................................................................................................... 259 

4.3.2.1.2. Leaf Area ..................................................................................................................... 260 

4.3.2.1.3. Mortierella .................................................................................................................. 262 



9 
 

4.3.2.1.4. Growing Media Measurements .................................................................................. 263 

4.3.2.1.5. Chlorophyll Fluorescence ............................................................................................ 267 

4.3.2.1.6. Chlorophyll Content .................................................................................................... 268 

4.3.2.1.7. LMA ............................................................................................................................. 269 

4.3.2.1.8. Gravimetric Leaf Water Content ................................................................................. 270 

4.3.2.1.9. Stem Measurements ................................................................................................... 271 

4.3.2.2. Tomato Fruit Measurements ......................................................................................... 273 

4.3.3. Antioxidant Assays ............................................................................................................ 273 

4.3.3.1. Tomato Trial 1 Leaf Samples .......................................................................................... 273 

4.3.3.2. Tomato Trial 2 Leaf Samples .......................................................................................... 277 

4.3.3.3. Tomato Trial 2 Fruit Samples ......................................................................................... 281 

4.3.4. Mineral Analysis ................................................................................................................ 285 

4.3.4.1. LP2B Samples XRF .......................................................................................................... 285 

4.3.4.2. LP2B Samples OES .......................................................................................................... 288 

4.3.4.3. Tomato Trial 2 Leaf Samples OES ................................................................................... 290 

4.4. Chitin Amended LP2B Tomato Studies Discussion................................................................... 292 

4.4.1. Tomato Trial 1 ................................................................................................................... 292 

4.4.1.1. Germination ................................................................................................................... 293 

4.4.1.2. Tomato Plant Measurements ........................................................................................ 293 

4.4.1.3. Tomato Fruit Measurements ......................................................................................... 298 

4.4.2. Tomato Trial 2 ................................................................................................................... 300 

4.4.2.1. Tomato Plant Measurements ........................................................................................ 300 

4.4.2.2. Tomato Fruit Measurements ......................................................................................... 304 

4.4.3. Antioxidant Assays ............................................................................................................ 305 

4.4.3.1. Tomato Trial 1 Leaf Samples .......................................................................................... 305 

4.4.3.2. Tomato Trial 2 Leaf Samples .......................................................................................... 307 

4.4.3.3. Tomato Trial 2 Fruit Samples ......................................................................................... 308 

4.4.4. Mineral Analysis ................................................................................................................ 309 

4.5. Summary .................................................................................................................................. 310 

5. Conclusions, Broader Applications, Limitations, and Future Work ................................................ 312 

5.1. Conclusions .............................................................................................................................. 312 

5.3 Broader Applications ................................................................................................................. 315 

5.2. Limitations................................................................................................................................ 316 

5.4. Future Work ............................................................................................................................. 317 

7. Bibliography .................................................................................................................................... 320 

8. Appendices ...................................................................................................................................... 360 



10 
 

Appendix I - Tomatoes: An Extensive Review of the Associated Health Impacts of Tomatoes and 

Factors That Can Affect Their Cultivation ....................................................................................... 360 

Appendix II – Cos Lettuce Pilot Study Temperature and Humidity ................................................ 404 

Appendix III – Commercial Tomato Trial Temperature and Humidity ............................................ 404 

Appendix IV – Tomato Trial 1 Temperature and Humidity ............................................................. 405 

Appendix V – Tomato Trial 2 Temperature and Humidity .............................................................. 409 

Appendix VI – XRF Mineral Analysis of LP2B Substrate Amended with Shrimp Chitin ................... 412 

Appendix VII – OES Mineral Analysis of LP2B Substrate Amended with Shrimp Chitin ................. 418 

Appendix VIII – OES Mineral Analysis of Leaf Samples from Tomato Trial 2 .................................. 420 

Appendix IX – UPR16 Form ............................................................................................................. 421 

Appendix X – Dissemination of Scientific Research ........................................................................ 421 

X.1. Dissemination of Science ..................................................................................................... 421 

X.1.1. What does Dissemination of Science Involve ................................................................... 421 

X.1.2. How has the Internet and Social Media Impacted Communication of Research? ........... 422 

X.1.3. Popular Science Dissemination ......................................................................................... 424 

X.2. Dissemination Tools ............................................................................................................. 426 

X.2.1. Virtual Reality .................................................................................................................... 426 

X.2.2. Sonification ....................................................................................................................... 428 

X.2.3. X-Ray Imaging.................................................................................................................... 429 

X.3. Communication and Dissemination in a Global Pandemic .................................................. 430 

X.3.1. Computer-Mediated Communication ............................................................................... 430 

X.3.2. Conferences ...................................................................................................................... 433 

X.3.3. Dissemination tools........................................................................................................... 435 

X.2.5. Methods Used to Create Dissemination Outputs ................................................................. 436 

X.2.5.1. 3D Modelling of Tomato Plants ..................................................................................... 436 

X.2.5.2. 360 Video Imaging ......................................................................................................... 437 

X.2.5.2.1. Commercial Tomato Trial 360 Imaging ....................................................................... 437 

X.2.5.2.2. Tomato Trial 1 Time-Lapse 360 Imaging ..................................................................... 438 

X.2.5.3. VR Experience ................................................................................................................ 439 

X.2.5.3.1. Tomato Root System Scanning ................................................................................... 439 

X.2.5.3.2. Design and Development of the VR Experience ......................................................... 440 

5. Research Dissemination Results and Discussion ............................................................................ 445 

5.1. 3D Modelling Tomato Plants Results ....................................................................................... 445 

5.2. 360 Video Imaging Results ....................................................................................................... 446 

5.2.1. Commercial Tomato Trial 360 Imaging ............................................................................. 446 

5.2.2. Tomato Trial 1 Time-Lapse 360 Imaging ........................................................................... 446 



11 
 

5.3. VR Experience Results .............................................................................................................. 446 

5.3. 3D Modelling Tomato Plants Discussion .................................................................................. 448 

5.4. 360 Video Imaging Discussion .................................................................................................. 449 

5.5. VR Experience Discussion ........................................................................................................ 450 

5.6. Summary .................................................................................................................................. 452 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

Covid-19 Impact Statement 

 In March 2020, The University of Portsmouth, in line with government COVID-19 

guidelines, was closed to students and staff with immediate notice. We had no understanding 

of how long these measures would be implemented. Buildings remained closed until September 

2020, when there was a partial reopening, during this time on site access for staff and students 

was still subject to limitations. Furthermore, the greenhouse facilities, where all growing trials 

were due to take place, were only reopened in January 2021.  

 These closures hugely disrupted the planned research activities for this thesis. 10 

months of planned greenhouse tomato trials had to be cancelled, as did laboratory training and 

analysis.  

 Once the lockdown had ended, I focused on key research objectives (growing trials, 

mineral assays, fruit antioxidant assays, communication outputs and other analyses included in 

my thesis). Unfortunately, due to time constraints, I had to reduce the number of growing trials, 

and it was not possible to complete all planned assays originally planned. However, I am 

satisfied that the narrative of my thesis remains intact, and reflects original and novel 

contributions to the knowledge base in this field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

Author Declaration 

While registered as a candidate for the above degree, I have not been registered for any other 

research award. The results and conclusions embodied in this thesis are the word of the named 

candidate and have not been submitted for any other academic award. 

 

 

Word count excluding abstract, figures, tables, and bibliography – 77371 words 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

List of Figures 

Figure 1.1. Chitin and chitosan, shown as both the “ideal” and also the “real” molecular 

structures. ............................................................................................................................................ 26 

Figure 1.2. Diagram representing a chitin wet spinning system. .................................................... 28 

Figure 1.3. Chitin biosynthesis from blood glucose in insects. ........................................................ 33 

Figure 1.4. Chitin extraction process from crustacean cuticle. ....................................................... 37 

Figure 2.1.5Germination of lettuce seeds in growing media. .......................................................... 72 

Figure 2.2.6Diagram representing the distribution of lettuce replicates in the cos lettuce pilot 

study. .................................................................................................................................................... 74 

Figure 2.3.7Shelf-life experiment leaf storage. ................................................................................. 78 

Figure 2.4.8Greenhouse shade netting. ............................................................................................. 83 

Figure 2.5.9Set-up of germination trays in the butterhead lettuce trial. ....................................... 86 

Figure 2.6.10Diagram representing the distribution of lettuce replicates in the butterhead 

lettuce trial. .......................................................................................................................................... 87 

Figure 2.7.11Mortierella identification on LP2B substrate. ........................................................... 90 

Figure 2.8.12Reference photo of fungal development from LP2B sample. ................................... 91 

Figure 2.9.13Fungal sample morphologically similar to Mortierella. ............................................ 91 

Figure 2.10.14Water retention and leachate experimental set-up. ................................................. 95 

Figure 2.11.15Leachate collected during the water retention and leachate experiment. ............. 96 

Figure 2.12.16Randomised block design for the commercial tomato trial. ................................... 98 

Figure 2.13.17Set-up of the commercial tomato trial. ..................................................................... 99 

Figure 2.14.18Examples of leaf miner patterns present on tomato leaves. .................................. 100 

Figure 2.15.19Biocontrols were utilised during the commercial tomato trial. ............................ 101 

Figure 2.16.20Photographs showing Cocktail tomato cultivar Brioso grafted on Maxifort 

rootstocks in rockwool cubes. .......................................................................................................... 102 

Figure 2.17.21Arrangement of tomato plants in the commercial tomato trial. ........................... 103 

Figure 2.18.22Delta TA-T HH2 Moisture meter. ........................................................................... 106 

Figure 2.19.23BTGA tomato colour chart. ..................................................................................... 107 

Figure 2.20.24Callipers and the BTGA tomato colour chart used when harvesting tomatoes. . 108 

Figure 2.21.25The commercial tomato trial shelf-life experiment. ............................................... 109 

Figure 2.22.26Signs of decay in the tomato shelf-life experiment.. ............................................... 109 

Figure 2.23.27Isolation of tomato root structures. .............................. Error! Bookmark not defined. 

Figure 2.24.28Tomato samples were dried prior to mineral analysis. ......................................... 113 

Figure 2.25.29Tomato samples were ashed prior to mineral analysis.......................................... 114 

Figure 2.26.30Ashed tomato samples from the commercial trial compressed into pellets. ........ 115 

Figure 2.27.31Tomato trial 1 experimental set-up. ........................................................................ 118 

Figure 2.28.32Yellow spots present on the leaves of tomato plants. ............................................. 120 

Figure 2.29.33Dosatron irrigation system utilised for tomato trial 2. .......................................... 122 

Figure 2.30.34Ripening fruit in tomato trial 2. .............................................................................. 124 

Figure 2.31.35Pressed pellets of each shrimp chitin dry weight percentage amendment of 

fertilised LP2B. .................................................................................................................................. 125 

Figure 2.32.36360 image captured of the commercial tomato trial. .. Error! Bookmark not defined. 

Figure 2.33.37A Ricoh Theta V 360 Camera on a tripod. .................. Error! Bookmark not defined. 

Figure 2.34.38Image taken during VR experience development. ...... Error! Bookmark not defined. 

Figure 2.35.39The virtual desk featured during the second promotional Horti-BlueC video.

 ................................................................................................................. Error! Bookmark not defined. 

Figure 2.36.40Interactable 3D models of shrimp within the VR experience. .. Error! Bookmark not 

defined. 



15 
 

Figure 2.37.41Tomato plant 3D model within the VR experience. .... Error! Bookmark not defined. 

Figure 3.1.42Average leaf production for cos lettuce.. .................................................................. 133 

Figure 3.2.43Average leaf area expansion (mm2) for cos lettuces. ............................................... 134 

Figure 3.3.44Average leaf expansion (mm2) of cos lettuces. .......................................................... 135 

Figure 3.4.45Average leaf mass area (LMA) (g·m-2) of cos lettuce leaves. .................................. 136 

Figure 3.5.46Average electrical conductivity (EC) (ms·m-1) of growing media. ......................... 137 

Figure 3.6.47Average pore water content (%) of growing media. ................................................ 138 

Figure 3.7.48Average chlorophyll fluorescence of cos lettuce leaves. .......................................... 139 

Figure 3.8.49Average fresh mass (g) of cos lettuce leaves. ............................................................ 140 

Figure 3.9.50Gravimetric water content (g) of cos lettuce leaves. ................................................ 141 

Figure 3.10.51Average fresh mass (g) for leaves and roots of cos lettuces. .................................. 142 

Figure 3.11.52Gravimetric water content (g) of cos lettuce roots. ................................................ 142 

Figure 3.12.53Average total leaf area (mm2) of cos lettuces. ......................................................... 143 

Figure 3.13.54Average shelf-life of cos lettuces. ............................................................................. 144 

Figure 3.14.55Comparisons of lettuce preparation techniques in the FRAP antioxidant assay.

 ............................................................................................................................................................ 145 

Figure 3.15.56Antioxidant activity of lettuce samples at two time points in the FRAP assay. .. 146 

Figure 3.16.57Average total phenolic content (TPC) of cos lettuce samples. .............................. 147 

Figure 3.17.58Average antioxidant activity of cos lettuce samples............................................... 148 

Figure 3.18.59Observational differences in root structures of two different chitin-treated lettuce 

samples. .............................................................................................................................................. 152 

Figure 3.19.60Average leaf production for butterhead lettuces. .................................................. 160 

Figure 3.20.61Average leaf area expansion (mm2) for butterhead lettuces. ................................ 162 

Figure 3.21.62Average leaf area expansion (mm2) of butterhead lettuces. .................................. 164 

Figure 3.22.63Leaf mass area (LMA) (g·m-2) of butterhead lettuce leaves.. ................................ 166 

Figure 3.23.64Average electrical conductance (EC) (ms·m-1) of LP2B substrate.. ..................... 168 

Figure 3.24.65Average pore water content (%) of LP2B substrate.. ............................................ 170 

Figure 3.25.66Chlorophyll fluorescence of butterhead lettuces. ................................................... 172 

Figure 3.26.67Chlorophyll content of butterhead lettuces. ........................................................... 174 

Figure 3.27.68Average leaf production for butterhead lettuces. .................................................. 176 

Figure 3.28.69Average leaf area expansion (mm2) for butterhead lettuces. ................................ 178 

Figure 3.29.70Average leaf area expansion (mm2) of butterhead lettuces. .................................. 180 

Figure 3.30.71Average leaf mass area (LMA) (g·m-2) of butterhead lettuce leaves. ................... 182 

Figure 3.31.72Average electrical conductivity (EC) (ms·m-1) of LP2B. ....................................... 184 

Figure 3.32.73Average pore water content (%) of LP2B. ............................................................. 186 

Figure 3.33.74Chlorophyll fluorescence of butterhead lettuces. ................................................... 188 

Figure 3.34.75Chlorophyll content of butterhead lettuces. ........................................................... 190 

Figure 3.35.76Average fresh mass (g) of butterhead lettuces. ...................................................... 192 

Figure 3.36.77Average fresh mass (g) of butterhead lettuces. ...................................................... 194 

Figure 3.37.78Average total leaf area (mm2) of butterhead lettuces. ........................................... 196 

Figure 3.38.79Average total leaf area (mm2) of butterhead lettuces. ........................................... 198 

Figure 3.39.80Gravimetric water loss (g) of LP2B. ........................................................................ 199 

Figure 3.40.81Average pore water content (%) of LP2B. ............................................................. 200 

Figure 3.41.82Average total phenolic content (TPC) of butterhead lettuce samples. ................. 201 

Figure 3.42.83Average antioxidant activity of butterhead lettuce samples. ................................ 202 

Figure 3.43.84Average free radical scavenging activity of butterhead lettuce samples. ............ 203 

Figure 4.1.85Average chlorophyll fluorescence of Brioso tomato leaves. .................................... 218 

Figure 4.2.86Average chlorophyll content of Brioso tomato leaves. ............................................ 219 



16 
 

Figure 4.3.87Average electrical conductivity (EC) (ms·m-1) of growing media. ......................... 220 

Figure 4.4.88Average pore moisture content (%) of growing media. .......................................... 221 

Figure 4.5.89Average number of developing fruit per Brioso tomato plant. .............................. 222 

Figure 4.6.90Average fruit mass (g) at harvest per Brioso tomato plant. .................................... 223 

Figure 4.7.91Average fruit height (mm) at harvest per Brioso tomato plant. ............................. 224 

Figure 4.8.92Average fruit width (mm) at harvest per Brioso tomato plant. .............................. 225 

Figure 4.9.93Average fruit number at harvest per Brioso tomato plant. .................................... 226 

Figure 4.10.94Average fruit shelf-life per Brioso tomato plant. ................................................... 227 

Figure 4.13.97Average total phenolic content (TPC) of ADAS Brioso tomato samples. ............ 228 

Figure 4.14.98Average antioxidant activity of ADAS Brioso tomato samples. ........................... 229 

Figure 4.15.99Average free radical scavenging activity of ADAS Brioso tomato samples. ........ 230 

Figure 4.16.100Average total phenolic content (TPC) of Brioso tomato samples. ...................... 231 

Figure 4.17.101Average antioxidant activity of Brioso tomato samples. ..................................... 232 

Figure 4.18.102Average free radical scavenging activity of Brioso tomato samples. ................. 233 

Figure 4.19.103XRF mineral analysis of growing media. .............................................................. 235 

Figure 4.20.104Average leaf production of Brioso tomato plants. ............................................... 245 

Figure 4.21.105Average leaf area expansion (mm2) of Brioso tomato plants. ............................. 246 

Figure 4.22.106Leaf area expansion (mm2) of Brioso tomato plants. ........................................... 247 

Figure 4.23.107Average electrical conductivity (EC) (ms·m-1) of LP2B. ..................................... 250 

Figure 4.24.108Average pore water content (%) of LP2B. ........................................................... 253 

Figure 4.25.109Average chlorophyll fluorescence of Brioso tomato plants. ................................ 254 

Figure 4.26.110Average chlorophyll content of Brioso tomato plants. ........................................ 255 

Figure 4.27.111Average leaf mass area (LMA) (g·m-2) of Brioso tomato leaves. ........................ 256 

Figure 4.28.112Gravimetric leaf water content of Brioso leaves. ................................................. 257 

Figure 4.29.113Stem measurements of Brioso tomato plants grown using LP2B amended with 

shrimp chitin...................................................................................................................................... 258 

Figure 4.30.114Average leaf production of Brioso tomato plants (tomato trial 2). .................... 260 

Figure 4.31.115Average leaf area expansion (mm2) of Brioso tomato plants (tomato trial 2). .. 261 

Figure 4.32.116Leaf area expansion (mm2) of Brioso tomato plants (tomato trial 2). ................ 262 

Figure 4.33.117Average electrical conductivity (EC) (ms·m-1) of LP2B (tomato trial 2). .......... 265 

Figure 4.34.118Average pore water content (%) of LP2B (tomato trial 2). ................................ 267 

Figure 4.35.119Average chlorophyll fluorescence of Brioso tomato plants (tomato trial 2). ..... 268 

Figure 4.36.120Average chlorophyll content of Brioso tomato plants (tomato trial 2). ............. 269 

Figure 4.37.121Average leaf mass area (LMA) (g·m-2) of Brioso tomato leaves (tomato trial 2).

 ............................................................................................................................................................ 270 

Figure 4.38.122Gravimetric leaf water content of Brioso leaves (tomato trial 2). ...................... 271 

Figure 4.39.123Stem measurements of Brioso tomato plants grown using LP2B amended with 

shrimp chitin (tomato trial 2). .......................................................................................................... 272 

Figure 4.40.124Average fruit fresh mass (g) of Brioso tomato plants (tomato trial 2). .............. 273 

Figure 4.43.127Average total phenolic content (TPC) of Brioso tomato plant leaf samples. ..... 274 

Figure 4.44.128Average antioxidant activity of Brioso tomato plant leaf samples. .................... 275 

Figure 4.45.129Average free radical scavenging activity of Brioso tomato plant leaf samples. 276 

Figure 4.46.130Average total antioxidant status (TAS) (mmol·L-1) of Brioso tomato plant leaf 

samples. .............................................................................................................................................. 277 

Figure 4.47.131Average total phenolic content (TPC) of Brioso tomato plant leaf samples 

(tomato trial 2)................................................................................................................................... 278 

Figure 4.48.132Average antioxidant activity of Brioso tomato plant leaf samples (tomato trial 2).

 ............................................................................................................................................................ 279 



17 
 

Figure 4.49.133Average free radical scavenging activity of Brioso tomato plant leaf samples 

(tomato trial 2)................................................................................................................................... 280 

Figure 4.50.134Average total antioxidant status (TAS) (mmol·L-1) of Brioso tomato plant leaf 

samples (tomato trial 2). ................................................................................................................... 281 

Figure 4.51.135Average total phenolic content (TPC) of Brioso tomato fruit samples (tomato 

trial 2). ................................................................................................................................................ 282 

Figure 4.52.136Average antioxidant activity of Brioso tomato fruit samples (tomato trial 2). . 283 

Figure 4.53.137Average free radical scavenging activity of Brioso tomato fruit samples (tomato 

trial 2). ................................................................................................................................................ 284 

Figure 4.54.138Average total antioxidant status (TAS) (mmol·L-1) of Brioso tomato fruit 

samples (tomato trial 2). ................................................................................................................... 285 

Figure 4.55.139Mineral analysis composition (% mass) of significantly different elements and 

compounds in LP2B amended with shrimp chitin. ........................................................................ 286 

Figure 4.56.140Mineral analysis composition (% mass) of significantly different elements and 

compounds in LP2B amended with shrimp chitin. ........................................................................ 288 

Figure 4.57.141Mineral analysis of significantly different elements and compounds in LP2B 

amended with shrimp chitin. ........................................................................................................... 289 

Figure 4.58.142Mineral analysis of significantly different elements and compounds in LP2B 

amended with shrimp chitin.. .......................................................................................................... 290 

Figure 5.1.1433D model construction of tomato plant photographs using Agisoft PhotoScan 

professional software. ............................................................................ Error! Bookmark not defined. 

Figure 5.2.144Images taken from within the VR experience of root 3D models. .. Error! Bookmark 

not defined. 

Figure 5.3.145‘3D Slicer’ software modelling the CT scan of the root system. ..... Error! Bookmark 

not defined. 

 

List of Tables 

Table 1.1. Systematic review of published journal articles involving the amendment of crop 

growing media with chitin/chitosan ................................................................................................... 40 

Table 2.1. Nutrient composition of crab chitin. ................................................................................ 73 

Table 2.3.4Elemental analysis of LP2B substrate with and without fertiliser............................... 84 

Table 2.4.5Mineral analysis of shrimp derived chitin. .................................................................... 85 

Table 2.5.6Describes chitin amended LP2B samples isolated and transported to project partners 

in Belgium for identification. ............................................................................................................. 92 

Table 2.7.8Representation of ashed leaf samples for tomato trial 2. ............................................ 128 

Table 2.8.9Tomato trial 2 pooled fruit fresh mass. ........................................................................ 129 

Table 4.1.10Table representing presence of Mortierella…………………………………………247 

Table 4.2.11Significant differences observed in electrical conductivity (EC) (ms·m-1) 

measurements between LP2B shrimp chitin amendments. ........................................................... 249 

Table 4.3.12Significant differences in pore water content (%) observed between LP2B shrimp 

chitin amendments. ........................................................................................................................... 252 

Table 4.4.13Table representing presence of Mortierella (tomato trial 2). ................................... 262 

Table 4.5.14Significant differences observed in electrical conductivity (EC) (ms·m-1) 

measurements between LP2B shrimp chitin amendments (tomato trial 2). ................................ 264 

Table 4.6.15Significant differences in pore water content (%) observed between LP2B shrimp 

chitin amendments (tomato trial 2). ................................................................................................ 266 

Table 4.7.16Significant differences observed in OES analysis of Brioso tomato leaf samples. .. 291 

Table 4.8.17Amounts of LP2B substrate and shrimp chitin per 1 L for the tomato trial 1. ...... 292 



18 
 

Table 4.59.18Developing Brioso tomato fruit amended with shrimp chitin. ............................... 299 

 

 

Abbreviations  

ABTS – 2,2’-Azino-di-[3-ethylbenzthiazoline sulphonate] 

BTGA – British Tomato Growers’ Association 

DM – Dry matter 

DPPH – 2,2-diphenyl-1-picrylhydrazyl 

DW – Dry weight 

EC – Electrical conductivity 

FRAP – Ferric ion reducing antioxidant power 

GAE – Gallic acid equivalents 

H2O2 – Hydrogen peroxide 

HCl – Hydrochloric acid 

HNO3 – Nitric acid 

LMA – Leaf mass area (g·m-2) 

LP2B - Universal Substrate, Peltracom, Belgium 

OES – Optical emission spectrometry 

PAR – Average light intensity µmolm-2s-1  

PDA – Potato dextrose agar 

PSII – Photosystem II 

TAS – Total antioxidant status (Randox assay) 

TPC – Total polyphenolic content 

TPTZ – 2,4,6-tripyridyl-s-triazine 

VR – Virtual reality 

XRF – X-ray fluorescence 

 

 

 

 

 

 

 

 



19 
 

 

 

 

Acknowledgements 

“You can't do this alone. Besides, it's much more fun to succeed and fail with other people. 

You can blame them when things go wrong.”  

- Amy Poehler 

 

 I would first like to express my sincere gratitude to my supervisors, Dr Cressida 

Bowyer, Dr Mridula Chopra, and Dr Matthew Tallis for your continued support, guidance, and 

patience. Your knowledge and encouragement have allowed me to complete this project to the 

best of my ability.  

 To my friends and family, this would not have been possible without you. I am where 

I am today as a result of your unwavering love and encouragement, and I am eternally grateful.  

 I would like to say a special thank you to Bamidele Peter, Audrey Tsouza, Finlay 

Whitfield, Toby Meredith, Rebecca Labdon, and Harry Salter for your contributions to the 

work carried out as part of this thesis. For your assistance in developing mineral analysis assays 

I would like to thank Zoe Whittaker, Natalia Walasek, Antony Birchill, James Coyne, and 

Joseph Dunlop. For your help and knowledge of x-ray imaging I am very thankful to Alex Kao, 

Charles Wood, Katerina Karali, and Colin Lupton. It has been a pleasure to be your colleague 

and friend.  

To Bart Vandecasteele, Jane Debode, Ewan Gage, and the entire Horti-BlueC 

consortium. I have gained so much knowledge and wisdom working with you all over the last 

three and a half years that I hope to carry with me wherever I go. Working as part of the Horti-

BlueC family has been one of the highlights of my career and also my life.  

 

 This project has received funding from the Interreg 2 Seas Programme 2014-2020 co-

funded by the European Regional Development fund under subsidy contract No 2S03-046 

Horti-BlueC 

 

 

 

 

 



20 
 

 

 

Dissemination 

Publications: 

• Investigation of the Utilisation of Recycled Waste Product Chitin as a Growing Media 

Amendment in Lettuce Cultivation (in preparation). 

• Tomatoes: An Extensive Review of the Associated Health Impacts of Tomatoes and 

Factors That Can Affect Their Cultivation. Collins, E. J., Bowyer, C., Tsouza, A., & 

Chopra, M. (2022), Biology, 11(2), 239.  

• Tomatoes: Food for Health. Edward Collins, Cressida Bowyer, Matthew Tallis, 

Mridula Chopra, Phil Morley. Published on the British Tomato Growers Association’s 

website May 2021.  

Presentations: 

• ‘X-ray Imaging Crop Root Structures’ – Horti-BlueC public engagement event, 

Portsmouth, UK, October 2021.  

• ‘Amending Butterhead Lettuce and Brioso Tomato with Recycled Food Waste to 

Improve Yield and Antioxidant Activity’ – International Symposium on Growing 

Media 2021, Ghent, Belgium, August 2021.  

• ‘Amending Butterhead Lettuce with Recycled Food Waste to Improve Crop Yield and 

Antioxidant Activity’ – Sustainable Waste Management International Conference, 

virtual event, September 2020.  

• ‘Amending Brioso Tomato with Recycled Shellfish Waste and Biochar to Improve 

Yield and Antioxidant Activity’ – University of Portsmouth Food Cultures in 

Transition PhD Seminar, Portsmouth, UK, March 2021. 

• ‘Edward Collins University of Portsmouth Tomato Trials’ – Horti-BlueC public 

engagement event, Hoogstraten, Belgium, November 2019. 

Posters: 

• ‘Amending Butterhead Lettuce and Brioso Tomato with Recycled Food Waste to 

Improve Yield and Antioxidant Activity’ – International Symposium on Growing 

Media 2021, Ghent, Belgium, August 2021. 

• ‘Health Benefits Associated with Key Tomato Components’ – British Tomato Fortnight 

May 2020, presented online. 



21 
 

• ‘Horti-BlueC Towards a Sustainable and Circular Soilless Horticulture’ – Horti-BlueC 

public engagement event, Hoogstraten, Belgium, November 2019.  

• ‘Comparing the Antioxidant Activity of Different Tomato Varieties Grown in the UK 

and Europe’ – Horti-BlueC public engagement event, Hoogstraten, Belgium, 

November 2019.  

• ‘Improving the Growth and Nutrition of Crops with Waste Crustacean Shells’ – 

University of Portsmouth CCI Poster event, Portsmouth, UK, June 2019.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 
 

 

 

 

The utilisation of chitin in tomato and lettuce production has been linked to increased crop 

yield and microbiological control. However, an in-depth study of the impact chitin, sourced 

from waste streams, has on crop growth and antioxidant content has not previously been carried 

out.  

 

Overarching Aims 

(1) To investigate the impact recycled waste chitin has on lettuce and tomato crop growth and 

yield  

(2) To investigate the effects of recycled waste chitin on the antioxidant properties of lettuce 

and tomato  

 

Aims of Experimental Chapters 

Lettuce 

- Examine the impact a range of chitin dry weight growing media amendments had on 

lettuce cultivation growth, yield, and shelf-life  

- Examine the impact a range of chitin dry weight growing media amendments had on 

the prevalence of Mortierella 

- Examine the impact chitin dry weight growing media amendments had on lettuce 

antioxidant capacity 

Tomato 

- A comparison of chitin and biochar growing media amendments on tomato crop 

growth, fruit yield, and nutrition in a commercial tomato cultivation experiment 

- Examine the impact a range of chitin dry weight growing media amendments had on 

tomato plant cultivation and fruit yield 

- Examine the impact a range of chitin dry weight growing media amendments had on 

tomato fruit antioxidant capacity 

 

Hypotheses 

 

• Chitin utilised as a growing media amendment increases the growth and yield of lettuce 

and tomato crops 
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• Chitin growing media amendments increase the phenolic content and antioxidant 

activity of lettuce and tomato crops 

 

       1. Introduction 

 This thesis aims to assess the impact of amending crop growing media with recycled 

waste chitin. Applications of chemical fertilisers have been considered a cost-effective tool in 

crop production, however the use of them is unsustainable and can have long term negative 

impacts to the environment such as eutrophication and soil erosion (1,2). This has lead research 

to focus on the use of more sustainable products such as organic wastes. Crop growth has 

previously been shown to be increased when growing media is amended with chitin (3–8). 

Chitin is a key component in the shells of all insects and shellfish and 6-8 million tonnes of 

waste crab, shrimp, and lobster shells are produced globally, as a result of the shellfish industry 

(9). In developing countries, this waste is disposed of in the sea or in landfill and in the EU this 

waste is mostly incinerated or disposed of in authorised landfill (9). Horti-BlueC was a 

multicentre study aimed to create a ‘sustainable greenhouse for the commercial cultivation of 

crops, decrease the use of chemical crop protection and fertilisers, and reduce CO2 emissions 

and provide new circular economy solutions’. Working as part of Horti-BlueC, this thesis 

investigated the impact that recycled waste chitin had when applied to lettuce and tomato 

growing media. Crop growth, yield, and shelf-life were assessed as well as the phenolic content 

and antioxidant activity of fruit and leaves. Assessing these properties, this thesis aimed to gain 

a broader understanding of the impact chitin had on the cultivation of crops and if this waste 

product could be recycled and utilised in sustainable crop cultivation.  

 

1.1. Chitin  

1.1.1. Background 

            The name ‘chitin’ is originally derived from the word ‘chiton’ which means coat of 

mail in Greek (10,11). Chitin is a biopolymer with a chemical structure consisting of 2-

acetamido-2-deoxy-β-d-glucose (NAG) monomers attached via β-(1→4) linkages (11). It is a 

natural polysaccharide, first identified in 1884, that is synthesised by a vast array of living 

organisms including insects, and crustaceans (12). Chitin is the second most abundant 

biopolymer in the world, after cellulose, and is found in nature as ordered crystalline 

microfibrils forming structural components or arthropod exoskeletons and the cell walls of 

fungi (11,12).  This chapter will discuss the properties and potential application of this 

compound and specifically discuss studies which have previously investigated the use of chitin 

in sustainable crop cultivation.  

             

1.1.1.1. Molecular Structure 

Chitin is a natural aminopolysaccharide consisting mostly of β-(1→4)-linked 2-

acetamido-2-deoxy-β-d-glucopyranose units and partially of β-(1→4)-linked 2-amino-2-

deoxy-β-d-glucopyranose (figure 1.1) (13,14).  
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           Similar to cellulose, chitin chains have every sugar rotated 180o with respect to its 

neighbours to give a chitobiose dimer repeat segment (15). Also seen in cellulose, 

intramolecular O(3’)-H hydroxyl to O(5) ring oxygen hydrogen bonds across each β-(1→4)-

linkage restrict chitin residues to the low energy chair conformation, resulting in a rigid, linear 

polymer backbone (15). This presence of N-acetyl groups at the C(2) position produces 

hydrogen bonds leading to a stacked 3D morphology, more resistant to pressure than cellulose 

(15).   

There are three known allomorphic forms of chitin in nature: α, β and γ chitin (15,16). 

In each allomorphic form, the strands of chitin are arranged in different ways. In α chitin, 

strands are arranged in layers in which each adjacent layer is anti-parallel and has a different 

direction (17,18). In β chitin, however, the layers are all parallel and have the same direction 

(17,18). Finally, γ chitin has every 3rd layer in an opposing direction relative to the two 

preceding ones (17). More than one of these crystalline forms may occur in the same organism 

at one time and can be identified by looking for differences in crystal diffraction patterns (15). 

Depending on how they are utilised, allomorphs of chitin may differ slightly between 

organisms: e.g., α chitin taken from a locust tendon is stiffer and known to produce a sharper 

x-ray diffraction pattern compared to α chitin found in squid oesophagus (15,19).  

The most common form found in nature, in many different organisms, is the γ chitin 

allomorphic form (13,16,20,21). However, it has been suggested that the γ form of chitin is a 

variant of the α family, making α chitin the most abundant form found in nature (12,14,22). 

The γ form was not isolated and compared to the other allomorphic forms until a 2017 study 

by Kaya et al. (17). In this study, γ chitin was isolated from a bona fide γ chitin source – the 

cocoon of moth Orgyia dubia - and comprehensively characterised with respect to the much 

further studied α and β chitins (17).  

α chitin is considered to be the most stable form of chitin, compared to β chitin which 

is analogous to cellulose with a parallel stack structure (15). In the crystal structures of α and 

β chitin, the chitin chains form sheets tightly held together by intra-sheet hydrogen bonds (12). 

In contrast, α chitin sheets are held together by inter-sheet hydrogen bonds, whereas β chitin 

sheets have no inter-sheet hydrogen bonds in the crystal structure (12). It is because of this that 

some polar molecules (for example water and alcohols) can penetrate the β chitin crystal lattice 

structure without causing damage (12). This can lead to something called intra-crystalline 

swelling, which is much more common in β chitin, in which the β chitin unit expands when the 

polar molecule is taken on (12). Intra-crystalline swelling is reversed when the guest molecule 

is removed and the crystalline structure is returned to its anhydrous β chitin state, however, 
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when the guest molecule is a strong acid such as concentrated nitric acid the swelling leads to 

the breaking of hydrogen bonds and the loss of the crystalline structure (12). When the acid is 

removed, the crystalline state is restored and the β chitin is then reformed and irreversibly 

converted into α chitin (12). The irreversibility of this conversion is another reason that α chitin 

is considered to be more thermodynamically stable than β chitin (12).  

When chitin is partially deacetylated it produces chitosan (23). Chitin becomes 

classified as chitosan when the degree of N-acetylation (the average number of N-acetyl-d-

glucosamine units per 100 monomers expressed as a percentage) is less than 50% (figure 1.1) 

(13).  

Chitin is rarely in complete N-acetyl or acetamido form, and chitosan is rarely 

completely deacetylated (15). There is no clear distinction between chitin and chitosan in the 

nomenclature. Therefore, chitosan is the collective term for a group of completely and partially 

deacetylated chitins (13).  

When the degree of deacetylation in chitin reaches 50%, becoming chitosan, it is then 

soluble in aqueous acidic media below a pH of about 6.5 (12,24). This property comes about 

by the protonation of the NH2 function on the C-2 position of the D-glucosamine repeat unit, 

where the polysaccharide becomes a polyelectrolyte when in contact with acidic media (12). 

This solubility is impacted by the degree of deacetylation of chitosan and also the pH and nature 

of the acid used (12). Due to its solubility in acidic solutions as well as aggregation with 

polyanions, chitosan has been shown to have gel-forming properties (24).  

Compared with the crystalline structure of chitin, chitosan is only a semicrystalline 

polymer when solid (12). The –NH2 groups of chitosan give it good complexing ability, 

including with metals, and so it is utilised for the recovery of heavy metals from various waste 

waters (12,25). Compared to chitin, chitosan has three reactive functional groups, an amino 

group and primary and secondary hydroxyl groups at the C-2, C-3, and C-6 positions, 

respectively (11).  
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Figure 1.1. Chitin and chitosan, shown as both the “ideal” and also the “real” molecular 

structures. Discussed in Kumirska et al., 2010 (13). 

 

1.1.1.2. Properties 

           Chitin and chitosan have been shown to have flexible chemical and physical properties 

(15), including biocompatibility, nontoxicity, biodegradability, antimicrobial characteristics, 

heavy metal ions chelation, and affinity to proteins (24,26,27). 

Chitin is insoluble in water and most common organic solvents (13) and is only known 

to dissolve in specific solvents such as N,N-dimethylacetamide (DMAc)-LiCl, 

hexafluoroacetone or hexafluoro-2-propanol (28,29). Chitosan is soluble in very dilute acids 

such as acetic or formic acid (30). The hydrolysis of chitin with concentrated acids has been 

shown to produce almost pure D-glucosamine (30). Another crucial mechanism, discussed 

previously, is the solid-state conversion of β chitin to α chitin by acid treatment. β chitin is 

more reactive than the more stable α chitin, and this is an important property when enzymatic 

and chemical transformations of chitin are considered (12). 

Chitin is an aminopolysaccharide which is very basic compared to other 

polysaccharides found in nature such as cellulose, pectin, dextran, or agarose which are neutral 
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or acidic (30,31). Chitin is a nontoxic, biodegradable, antimicrobial, biocompatible, 

ecologically safe compound with a nanofibrous and porous surface (14,17). Chitin and chitosan 

have no defined melting points, but char on excessive heating (15). Chitin has around 5-8 wt% 

nitrogen content in its structure, depending on the extent of acetylation, and so is more useful 

for heavy metal chelation compared to cellulose (15,30). The nitrogen is most often found in 

chitin and chitosan is in the form of primary aliphatic groups (30,31). Chitin, chitosan, and their 

derivatives have further been observed to have antioxidant properties (32,33). This antioxidant 

activity observed in vitro and in vivo and stems from high free-radical scavenging activities 

(33).  

Chitin and chitosan also have the ability to be formed into films and textiles (30). As 

mentioned, chitin and chitosan degrade before melting, therefore they must be dissolved in an 

appropriate solvent system prior to spinning fibres, with the residual solvent being either 

leached or evaporated from the fibre (30). In order to achieve fibre spinning, a homogenous 

liquid solution with a maximum polymer-to-solvent ratio is needed (30). In general, when fibre 

spinning, a polymer is dissolved in a solvent and then spun into fibres and a coagulant is needed 

to solidify the fibre out of the solution (30). A diagram of the wet spinning process for chitin 

is shown below (figure 1.2). In this process, a pump is used to push the solution through a 

spinneret, which is then submerged in a coagulation bath (30). Air gaps are present between 

coagulant baths and wash baths to solidify the fibre, as it is drawn out and residual solvent is 

removed in the wash baths (30). 

Once produced, these fibres are nonallergenic, deodorising, and antibacterial (12). 

Regenerated chitin derivative fibres can be used as binders in paper production and 10% n-

isobutylchitin fibre has been shown to improve the breaking strength of paper (12,34,35).  
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Figure 1.2. Diagram representing a chitin wet spinning system. Discussed in Kumar (30). 

 

These characteristics demonstrate why chitin and chitosan are utilised in a range of 

fields including medicine, food science, textiles, cosmetics, biomimetics and bioremediation 

(17). In medicine, chitin and chitosan fibres have been utilised as medical textiles (14,36), 

haemostatic materials (37–40), and wound dressing (41–45). Chitin and chitosan have also 

been utilised in controlled drug release, either as films with pores for slow release of 

prednisolone (46), or as drug carrier tablet for the slow release of drugs in the body (12,47).  

Chitosan has been investigated in the transmucosal administration of drugs in the form 

of N, N, N-trimethyl (12,48). This molecule is a quaternised chitosan derivative with a higher 

solubility in aqueous solutions (48). One study using N, N, N-trimethyl chitosan chloride 

observed the compound to interact with negatively charged cell membranes enhancing 

adsorption of drugs (12,49). 

Chitin and chitosan have been utilised in the food industry for their associated 

antimicrobial properties (32). Most notably, chitosan has been used as an antimicrobial film 

for the coating and storage of fruit such as strawberries (32,49,50). Chitosan has a higher 

antimicrobial effect than chitin due to the presence of polycationic amines which can interact 

with negatively charged components on cell surfaces (32).  

Chitin immobilises enzymes and so is applied in the food industry for clarification of 

fruit juices and in the production of milk when α- and β- amylases or invertase are grafted on 

chitin (12,24). This is done by utilising immobilised enzymes as biosensors: in which enzymes, 

with transducers, are fixed to a surface (in this case chitin) and used to detect specific 
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compounds (24). These can be utilised in food science to detect lactate, or in medicine to detect 

cholesterol or urea (24).  

Chitosan has been utilised for the growth of calcium carbonate crystals using a 

supersaturated calcium carbonate solution using biomimetic processing with polyacrylic acid 

as an additive (31,51). Calcium carbonate is a dietary supplement used by people with low 

levels of calcium. In a 1995 study by Zhang and Gonsalves polyacrylic acid was added to a 

chitosan film surface of the biomimetic growth of calcium carbonate crystals (51). Protonated 

nitrogen and carboxylate anions forming on the surface of the chitosan film caused charges 

which lead to nucleation and crystallisation of calcium carbonate (51). 

Chitin and chitosan are of interest in the biotechnological use of removing contaminants 

from solutions, known as bioremediation. A 1984 study showed that chitosan can used for the 

removal of mercury from solutions (52). A 2006 study used shrimp-derived chitin and chitosan 

flakes as a carrier material for a bacterial strain which can break down hydrocarbons with the 

aim of removing crude oil from sea water (53). The chitin and chitosan flakes improved the 

survival of the bacterial strains for 15 days in a seawater microcosm increasing the removal 

percentage of crude oil from the seawater (53).  

When chitin becomes deacetylated to about 50% it forms chitosan and becomes soluble 

in dilute acids (15). Chitosan can also be manufactured into fibres, films, coating, beads, and 

powders for further application in textiles, medicine, pharmaceuticals, food science, and heavy 

metal chelation (15).  

As discussed, chitosan fibres have been investigated for use in the medical field as 

wound dressings. In 1986 a chitosan-gelatine complex was developed by Sparkes and Murray 

(54) as a wound dressing for burn victims. In contrast to conventional dressings, the chitosan-

gelatine complex had increased adhesion to subcutaneous fat (54).  

When chitosan was applied as an antimicrobial film for the coating and storage of fruits 

and vegetables (50), it was found that the antimicrobial effects of chitosan film was able to 

maintain strawberries for 12 days (49). The antimicrobial activity of the treatment was also 

demonstrated for lettuce in storage; however, a bitter taste was developed in the lettuce after 

treatment (49). This study noted that the bitter taste was not observed in strawberries (49).  

The antimicrobial mechanism of chitosan is not fully understood but many 

investigations have suggested that it involves the cell lysis and breakdown of the cytoplasmic 

cell membrane (32,55–59). While still being competent against gram-positive bacteria such as 

Escherichia coli, Salmonella typhimurium, and Shigella dysenteriae chitosans are known to be 

more effective against gram-negative bacteria (56). Gram-negative bacteria have an outer 
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membrane as part of their cell wall which acts as a barrier to large macromolecules such as 

chitosan, therefore it is understood that chitosans antimicrobial activity takes place at the outer 

membrane rather than on an intracellular mechanism (56). Chitosan is known to have a positive 

charge of the amino group at C-2 at a pH of 6.3 which forms a polycationic structure that can 

interact with anionic components of the outer membrane of a gram-negative cell wall (56). The 

binding of polycationic molecules to outer membranes of gram-negative cell walls causes 

structural damage and decreases the function of this barrier making cells more vulnerable to 

lysis or antibiotics (56). The antimicrobial activity of chitosan is determined by the temperature 

and pH of the medium, the type of microbe, and the deacetylation of the chitosan (32). Several 

chitosan derivatives are also known to have antimicrobial effects including quaternary N-alkyl 

chitosan and acid-free-water soluble chitosan (32,60,61).  

Research into chitosan films as food packaging is also of interest because it is eco-

friendly and biodegradable (62–65). Chitosan films have been shown to have a higher water 

vapour permeability compared to bees wax wraps – another sustainable food packaging – this 

would increase the storage life of fresh produce with a higher water activity (62,63). Chitosan 

films were also shown to be a greater oxygen barrier than standard polyethene food wrap, 

preserving foods for longer, and were a good barrier to fat and oil seepage due to their 

hydrophilic nature (62).  

As mentioned previously, chitosan is a polyelectrolyte and, therefore, was investigated 

as a coagulating agent in waste treatment systems (66–69). Previous studies have explored the 

coagulation of vegetable processing wastes with the use of a polyelectrolyte, for example the 

amount of suspended solid in peel removal of pepper processing has been shown to reduce with 

the addition of a cationic polyacrylamide (66). Chitosan has been utilised to coagulate 

suspended solids in cheese whey, demonstrating more effectiveness than ten commercial 

synthetic polymers (67,68). Chitin has also been investigated in this field, being used to recover 

proteins from tomato seeds (69). The proteins recovered using chitin were significantly higher 

compared to samples with no chitin addition (69).  

Chitosans have also been explored as fining agents for the clarification and 

deacidification of fruit juices compared to standard silica sol, bentonite treatments, or gelatine 

treatments (11,70,71). Chitosans have been shown to reduce turbidity in juices to the same 

quality as the standard treatments (70,71). Reduction of phenolic compounds is used in 

oenology to prevent white wines browning and over-oxidising (72). When chitin and chitosan 

were utilised as adsorbers, they exhibited a high affinity to phenolic compounds and were 

observed to be equally as effective as conventional adsorbers (72).  
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Chitosan is known to have adsorption capabilities, and so was investigated for the 

purification of wastewaters (11,73,74). A study on the adsorption of polychlorinated biphenyls 

(a widespread aquatic environment contamination) found that chitosan manufactured from 

shrimp shells was more affective at adsorbing the contaminant when compared to other 

adsorbing agents such as activated charcoal (73). Cross-linked N-carboxymethyl chitosan 

(chitoplex) was found to be effective at removing trace metal ions from brines, carrier free 

radioisotopes from nuclear effluents, and lead and other contaminants from drinking waters 

(74).  

Pollution of heavy metals such as zinc, copper, lead, and mercury are of concern due to 

the non-degradability of these toxic elements (25). Chelation is the binding of an ion or 

molecule to a metal ion and has been investigated as a therapy for people who have been 

exposed to heavy metals in their environment (75). Chitosan is known to have heavy-metal 

chelating properties caused by free amines in repeat units which are protonated in dilute acidic 

media (15,25,76). Protonated amines form many sites for bonding heavy metals such as zinc 

or copper (25,76). Gold nanoparticles capped with chitosan has been investigated as a heavy 

metal ion sensor in a 2005 study by Sugunan (76). This study found that due to the chelating 

properties of chitosan allowed the detection of lower concentrations of zinc and copper ions in 

water (76).  

  

1.1.1.3. Chitin in nature 

Chitin is widely found in nature and in animals it is mostly present in the epidermal or 

cuticle layer, serving a structural role (15). Chitin is mostly found in the exoskeletons of insects 

and crustaceans but is also a major component of mollusc skeletal tissue, diatom spikes, and is 

found in many lower marine plants and animals (15). Chitin forms a crystalline microfibrillar 

arrangement in living organisms, with fibrils embedded in a protein matrix with diameters of 

up to 2.8 nm (12,30). This microfibrillar arrangement is a property which suggested chitin 

could be fibre spun, as discussed previously.  

α chitin is the most abundant form of chitin found in nature, present in the phylum's 

Arthropoda, Porifera, and Bryozoa, for example, as lobster, crab, and shrimp shells (12,17). α 

chitin is present in abundance in arthropods, but when α chitin found in less studied organisms 

was investigated, for example in the filaments ejected by Phaeocystis (77) or the harpoons of 

cone snails (78), it was found to be highly pure (not containing pigment, protein, or calcite) 

and crystallised (12). 
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α chitin is also embedded in yeast and fungal cell walls in fibrillar form, often 

covalently bonded to other components (12,15). In fungal cell walls, chitin is known to be the 

main structural component providing shape and rigidity to the cell (15).  

β chitin is observed less than α chitin in nature, mostly present in diatom cell walls and 

extracellular spines (18,79), the skeletal structures of cephalopods (32,80), and in tubes 

synthesised by pogonophoran and vestimetiferan worms (12,17,81). γ chitin has been identified 

in the cocoon fibres of the Ptinus beetle, and the stomach of the Loligo squid (16,17). 

Sugiyama et al., (1999) investigated the biosynthesis of β chitin, which has parallel 

chains compared to the anti-parallel chains of α chitin (18). This study concluded that a 

”parallel-down packing” of β chitin chains occurred, in which reducing ends of chains point in 

an opposite direction to the crystallographic c-axis leading to a parallel structure of chains (18).  

The capacity of chitin biosynthesis is an ancient evolutionary trait occurring mainly in 

heterotrophic organisms. This could be explained by the nitrogen consumption and metabolism 

associated with heterotrophic organisms, compared to the low nitrogen consumption of 

autotrophs, as chitin has a high nitrogen content (6.9 wt%) (15,82).  

Chitin is known to be the second most abundant biopolymer in the world, after 

cellulose, and is synthesised by a vast array of organisms (12). Chitin biosynthesis in animals 

is known to start with blood glucose and requires many glycosyltransferases which use 

nucleotide diphospho-sugars as donors, and enzymes which make glycosidic bonds 

(15,18,83,84). A 1997 nucleotide-diphospho-sugar glycosyltransferases classification study 

comparing amino acid sequence similarity placed the synthase enzymes for chitin and cellulose 

in the same family (18,85).  

Glucose is transported between cells in the blood as a disaccharide trehalose in insects 

whereas, in crustaceans, blood glucose is phosphorylated, animated, N-acetylated, then 

activated to uridine diphosphate N-acetyl glucosamine (UDP-GlcNAc) (15,86). UDP-GlcNAc 

is known to be the precursor for chitin polymerisation in both animal and fungal chitin 

production (figure 1.3) (15).  
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Figure 1.3. Chitin biosynthesis from blood glucose in insects. Discussed in Hudson and 

Smith, 1998 (15). 

 

Chitin synthases catalyse the transfer of sugar moieties, in the final part of chitin 

synthesis, from activated sugar donors to specific acceptors forming glycosidic bonds (87). 

Chitin synthases present in fungi have been studied and found to be encoded by a vast family 

of genes (87–89). In total, eight different chitin synthase genes have been identified in fungi, 

whereas only two have been identified in insect species (87,89,90).  
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Chitin is present in all arthropods, forming a protective and functional exoskeleton. The 

integument is the body wall formed in arthropods, and is made up of an outer noncellular 

cuticle, a cellular epidermal layer, and finally an inner unicellular basement membrane (87). 

The cellular epidermal layer produces cuticle layers which form the exoskeleton and also 

produces cuticle components and enzymes which can modify the cuticle layers (87). The 

exoskeleton is formed of two main layers of cuticle called an epicuticle and a procuticle (87). 

The epicuticle resides on the outside of the exoskeleton and contains no chitin whereas the 

inner procuticle, which is further divided into an upper exocuticle and lower endocuticle, is 

chitinous in structure (87,91). The exocuticle is highly sclerotized and stiff compared to the 

endocuticle which is composed of flexible protein and chitin layers (87).  Some insects, 

including the beetle Pachnoda marginata have been observed to have a layer of mesocuticle 

positioned in between the endocuticle and the endocuticle (87,92).  

The exoskeleton formed by arthropods has many purposes including: stabilising body 

shape; acting as muscle attachment sites allowing for locomotion and even flight; protection 

against pathogenic organisms, radiation, and mechanical damage; camouflage; and as a 

communication tool by releasing pheromones or producing pigmentation colours (87).  

Two types of enzyme, chitinases and β-N-acetylglucosaminidases (NAGs), are 

involved in enzyme degradation (87,93). Chitinases are enzymes which readily degrade chitin 

and they are found in nature in bacteria, fungi, plants, and the digestive system of some 

mammals (12). All chitinases identified in insects are endo-splitting glycosidases, known to 

break down chitin chains to smaller chitooligosaccharides which are then converted to 

monomeric N-acetyl glucosamine (GlcNAc) by NAGs (87).  

  

  1.1.2. Circular Economy 

“Chitin and chitosan are natural polyaminosaccharides, chitin being one of the world’s most 

plentiful, renewable organic resources” Krajewska, 2004. 

 

Chitin in crustacean shell waste has a slow biodegradation rate, and so a considerable 

concern of the seafood processing industry is the accumulation of large amounts of discards 

from crustacean processing (11). The total global production of shellfish waste is 

approximately 5.12 x 106 metric tons (94) and therefore disposal of this waste is a challenge 

for major shellfish producing countries including Japan, Norway, Mexico, and Chile 

(11,30,31).  
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 Thus, the production and use of chitin, chitosan, and their derivatives from recycled 

shellfish waste is a crucial area of study (11). Canning industries in Oregon, Washington, and 

Virginia in North America, as well as Japan, Vietnam, and various fleets in the Antarctic are 

involved in the production of chitin and chitosan from discarded crab and shrimp shells (30,31). 

However, there are many countries, such as Norway, Mexico, and Chile that possess significant 

unexploited crustacean resources (30,31).  

 Chitin and chitosan production from food waste crustacean shells is economically 

feasible: production of 1 kg of 70% deacetylated chitosan from shrimp shells requires 6.3 kg 

hydrochloric acid (HCl), 1.8 kg sodium hydroxide (NaOH), nitrogen and water (30,31). 

Crustacean shells also contain a carotenoid called astaxanthin - a fish food additive in 

aquaculture - which can be extracted from waste shells (30,31).  

            

1.1.2.1. Industry Waste 

 Many waste products are produced as a result of the fishing industry including 

substandard fish/crustaceans, heads and fins, and crustacean shell waste (95). Most of these 

waste products are either disposed of or utilised as animal feed and fertilisers (96). In 

developing countries this waste is disposed of in the sea or in landfill, whereas in the EU this 

waste is mostly incinerated or, again, disposed of in authorised landfill (9,97). As well as being 

a poor environmental practice this disposal is also expensive, for example it can cost up to 150 

US dollars per tonne (9). Approximately 6-8 million tonnes of waste crab, shrimp, and lobster 

shells are produced globally each year (9). Crustaceans also produce more waste than fishing 

as 75% of a tuna fish can be utilised and processed by the fishing industry, but the exoskeletal 

shell of a crab makes up 60% of its biomass, which cannot be processed (9). Data obtained 

from shrimp processing in Vietnam showed that organic waste makes up approximately 339 

kg per ton of processed shrimp (98). In Vietnam, shrimp heads are used in animal feed and 

shells are processed to make chitin and chitosan (98).  

 Crustacean shells can be 20-40% protein, 20-50% calcium carbonate, and 15-40% 

chitin and all of these components can be utilised if not discarded: 

• The high levels of protein would make this a useful addition for animal feed. Some 

organic wastes from the fishing industry, such as shrimp heads are already used for 

animal feed (98). Penaeus shrimp shells incorporate all essential amino acids and are 

comparable to the currently used soya-bean meal in terms of nutrient value (9).  

• Calcium carbonate is currently obtained from geological sources such as marble and 

limestone and is utilised in pharmaceuticals (99), agriculture (100), and textiles (101). 
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These current sources also contain heavy metals which requires a lot of processing to 

remove compared to calcium carbonate sourced from waste crustacean shells (9). 

• Various potential applications of utilising chitin from waste shells have already been 

discussed in this chapter, but the applications of chitin in agriculture specifically is the 

focus of the present study. 

 

      1.1.2.2. Chitin Extraction 

 Chitin can be extracted from the shells of crabs and shrimp, and also the mycelia of 

fungi (31). When chitin is extracted from crustacean shells, demineralisation using a dilute 

mineral acid first takes place to dissolve calcium carbonate (11,15,31). This is followed by 

deproteinization with an alkaline solution to solubilise proteins, removing them from the chitin 

(figure 1.4) (11,15,31). When fine chitin powder was produced from the cuticle of freshly 

caught Scylla serrata several amino acids were still observed in the powder, including alanine, 

arginine, aspartic acid, glutamic acid, histidine, leucine (and/or isoleucine), phenylalanine, 

proline, threonine, tyrosine, and valine (102). Trace amounts of glycine, lysine, and serine were 

also observed in this fine chitin powder (102).  

Additional deacetylation of this chitin can then take placed to produce chitosan (15). 

These techniques must be altered depending on the chitin source, as structures can differ 

between species. For example a decolourisation may be needed in chitin extracted from a 

crustacean source to remove any pigmentation resulting in a more attractive product (11). The 

further processing of this chitin or chitosan depends on the application it is intended for. 
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Figure 1.4. Chitin extraction process from crustacean cuticle. Discussed in Hudson and 

Smith, 1998 (15). 

 

1.1.2.3. Waste Chitin Use in Agriculture 

 Crop demand increases each year as does the need for methods of sustainable 

agriculture (103,104). Natural plant biostimulants are growing in interest as a safe, sustainable 

product for providing higher yields of vegetable and fruit crops (104). The definition of plant 

biostimulants is broad, often described commercially as “fertilisers in mixture with nutritive 
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elements” (104). Recent years have identified several categories of plant biostimulants 

including: humic substances, seaweed extracts, and chitin derivatives (103).  

 Chitin is known to bind to specific cell receptors leading to cell hydrogen peroxide and 

calcium ion accumulation (105). Lysin motif (LysM)-containing proteins are associated with 

chitin recognition (106). This stimulates stress responses leading to physiological changes and 

growth of crops (105).  

 One study amended strawberry plant growing media with 2 g of chitin per litre, finding 

that this increased the amount of mineral nitrogen per litre of growing media leading to 

increased plant stem growth but also a decrease in fruit yield (107). This study also observed 

an increase in the prevalence of a growth-promoting fungi toward the plant root from the genera 

Mortierella (107). Another study found that 0.1% chitosan applications to soil (before planting) 

improved leaf areas and dry matter weights of shoots in radish, soybean, tomato, and lettuce 

(8). Authors further noted a change in leaf colour, with all crops showing an increase in 

chlorophyll density (8). Finally, a 2004 study observed an approximate increase in yield of 

20% for two tomato trials of three in total which applied chitosan to leaves and soils as 2.5-5 

ml/L solutions (108). Applied chitosan was reported to result in significant reduction of 

powdery mildew in all tomato trials (108).  

 Breakdown of chitin by Mortierella has been shown to increase the concentrations of 

available nitrates in soils (4). Plant nutrient uptake is known to be influenced by the total 

quantity of diffusible nutrient, the rate at which the nutrient can move, and the distance it has 

to move to reach the root hair surface (109). Nitrates are known to move efficiently to roots via 

mass flow and diffusion, compared to potassium and phosphates which are known to have 

lower diffusion coefficients (109). The soil concentration of available nitrates is known to be a 

limiting factor in the cultivation of lettuce and tomato and, therefore, the impact chitin has on 

this factor and how this impacted the crops was assessed as part of this thesis.   

 The focus of the present study is the reuse of crustacean shell waste in the growth of 

crops such as lettuce and tomato to improve yield and crop nutrition. A systematic review was 

carried out (table 1.1) in which chitin and chitosan applications in plant growth and health were 

searched. This was narrowed down to only include studies which focussed on crops, excluding 

studies on other types of plants. Studies had been carried out applying chitin solution to fruit 

for improved disease resistance and shelf life (110–112), but this systematic review focussed 

only on applications of chitin and chitosan as growing media amendments.  

Research prior to the present study had been carried out on various crops testing the 

effect of different types of chitin and chitosan amendments on plant growth (table 1.1). 
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However, these studies do not place an emphasis on the nutrition of the crops, in particular the 

phenolic content and antioxidant activity of crop samples, instead focussing on crop yield and 

the soil microbiome and disease resistance (3,4,117–123,6–8,107,113–116). 

The present study investigated the effects of chitin as a growing media amendment in 

lettuce and tomato plants, with a focus on crop nutrition and antioxidant characterisation. 

Previous studies investigating the impact of chitin and chitosan on these crops specifically will 

be discussed in depth in later chapters.  
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Table 1.1. Systematic review of published journal articles involving the amendment of crop growing media with chitin/chitosan (3,4,117–124,6–

8,107,113–116). 

Title Author(s) Year Type of Chitin 

Amount of Chitin 

Growing 

Media 
Crop Results 

w/w 
g·L-

1 
g·m-3 

Not 

specified 
Other 

Chemically versus 

thermally 

processed brown 

shrimp shells or 

Chinese mitten 

crab as a source of 

chitin, nutrients or 

salts and as 

microbial 

stimulant in 

soilless strawberry 

cultivation (113).  

Vandecasteele, B., 

Amery, F., 

Ommeslag, S., 

Vanhoutte, K., Visser, 

R., Robbens, J., De 

Tender, C., & Debode, 

J. 

2021 

Brown shrimp 

(Crangon 

crangon) shells 

and Chinese 

mitten crab 

(Eriocheir 

sinensis) 

chemically 

demineralised and 

deproteinised, and 

shrimp shells 

were torrefied at 

200-300oC 

x 2 x x x n/a 
Strawberry (Fragaria 

ananassa) 

Botrytis cinerea 

disease suppression 

of the chitin sources 

linked to an increase 

of microbial 

biomass. 

Chitin in 

strawberry 

cultivation: foliar 

growth and 

defense response 

promotion, but 

reduced fruit yield 

and disease 

resistance by 

nutrient 

imbalances (107). 

De Tender, C., 

Vandecasteele, B., 

Verstraeten, B., 

Ommeslag, S., De 

Meyer, T., De 

Visscher, J., Dawyndt, 

P., Clement, L., 

Kyndt, T., & Debode, 

J. 

2021 n/a x x x x x n/a 
Strawberry (Fragaria 

ananassa) 

Chitin treatment 

resulted in the 

attraction of plant-

promoting fungi, 

Mortierella and 

Umbelopsis, toward 

the plant root.  

Chitin degradation 

and the temporary 

response of 

bacterial 

chitinolytic 

communities to 

chitin amendment 

in soil under 

different 

fertilization 

regimes (114). 

Hui, C., Jiang, H., Liu, 

B., Wei, R., Zhang, 

Y., Zhang, Q., Liang, 

Y., & Zhao, Y. 

2020 n/a 0.5% x x x x 

Soil is 

classified as 

clay loam. 

n/a 

This paper concerns 

more on how the 

bacterial 

communities are 

impacted by chitin. 

See paper for results. 
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Improving 

nitrogen uptake 

efficiency by 

chitin nanofiber 

promotes growth 

in tomato (3). 

Egusa, M., 

Matsukawa, S., Miura, 

C., Nakatani, S., 

Yamada, J., Endo, T., 

Ifuku, S., & 

Kaminaka, H., 

2020 

Chitin powder 

from crab shells. 

Chitin nanofiber 

(CNF) prepared as 

follows: dry chitin 

powder dispersed 

in water at 1 wt% 

and passed 

through a grinder. 

Chitin oligomer 

powder was 

dissolved in water 

at 1 wt%. 

Seedling

s grown 

with 

0.01 wt

% CNF 

x x x x 

Rockwool 

grow cubes 

and 

hydroponics 

Tomato (Solanum 

lycopersicum) cv. 

Chibikko (Marutane Seed, 

Japan) 

CNF significantly 

increased the growth 

of aerial parts and 

improved nitrogen 

content associated 

with high nitrogen 

uptake efficiency in 

tomato plants under 

ultralow nutrient 

conditions. 

Peat substrate 

amended with 

chitin modulates 

the N-cycle, 

siderophore and 

chitinase 

responses in the 

lettuce rhizobiome 

(4).  

De Tender, C., 

Mesuere, B., Van der 

Jeugt, F., Haegeman, 

A., Ruttink, T., 

Vandecasteele, B., 

Dawyndt, P., Debode, 

J., & Kuramae, E.E. 

2019 

Chitin flakes, 

purified from crab 

shells. Obtained 

from BioLog 

Hepp Gmbh (lot: 

90200705) 

x x x 2% x 

100% peat 

based 

substrate 

medium pH-

H2O of 5.5–

6.0 (Universal 

Substrate 

LP2B, 

Peltracom, 

Belgium) 

Pelletized butterhead 

lettuce seedlings (Lactuca 

sativa L. var. capitate 

“Alexandria”) 

Increased plant 

growth, most likely 

caused by 

influencing the N 

cycle in nitrification 

by Nitrosospira 

bacteria. 
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Nanofibrillation 

enhances the 

protective effect of 

crab shells against 

Fusarium wilt 

disease in tomato 

(115). 

Egusa, M., Parada, R., 

Aklog, Y. F., Ifuku, 

S., & Kaminaka, H. 

2019 

Chitin nanofibre 

prepared from 

dried crab shell 

powder derived 

from red king 

crab 

(Paralithodes 

camtschaticus). 

x x x x 
0.1 

mg/ml 

Seeded on 

rockwool 

grow cubes 

and after 2 

weeks 

transplanted 

into 

commercial 

garden soil for 

flowers and 

vegetables 

(Green Grow, 

Okayama, 

Japan) 

Tomato (Solanum 

lycopersicum)  

Chitin nanofibres 

was sufficiently able 

to inhibit Fusarium 

wilt disease in 

tomato.  
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Optimization of 

nanofibrillation 

degree of chitin 

for induction of 

plant disease 

resistance: Elicitor 

activity and 

systemic 

resistance induced 

by chitin nanofiber 

in cabbage and 

strawberry (116). 

Parada, R. Y., Egusa, 

M., Aklog, Y. F., 

Miura, C., Ifuku, S., & 

Kaminaka, H. 

2018 

Chitin nanofibre 

prepared from 

chitin powder 

derived from red 

snow crab. 

x x x x 

0.1, 1, 

10 

mg/ml 

Sterilised 

mixed culture 

soil. 

Strawberry (Fragaria 

ananassa) and Cabbage 

(Brassica oleracea) 

Gene expression 

analysis revealed 

that the defence-

related genes in 

cabbage plants 

grown in chitin 

nanofibre-containing 

soil were 

significantly 

upregulated before 

and after pathogen 

infection. These 

results indicated that 

chitin nanofibres can 

systemically induce 

disease resistance in 

cabbage and 

strawberry plants 

and was a promising 

natural-based 

material to control 

diseases in cultivated 

plants. 

Soil Microbiomes 

Associated with 

Verticillium Wilt-

Suppressive 

Broccoli and 

Chitin 

Amendments are 

Enriched with 

Potential 

Biocontrol Agents 

(117). 

Inderbitzin, P., Ward, 

J., Barbella, A., 

Solares, N., Izyumin, 

D., Burman, P., 

Chellemi, D.O., & 

Subbarao, K.V. 

2018 

Crabmeal from 

ground crab shell 

containing 10% 

feather meal 

(wt/wt). With 

broccoli leaves  

0.2% x x x x 

Soils were 

collected from 

two Salinas 

Valley, CA, 

locations with 

different soil 

types. 

Eggplant (Solanum 

melongena L.)  

Chitin amendments 

mitigate the impact 

of soilborne 

diseases, including 

Fusarium yellows 

and Verticillium 

wilt, and plant-

parasitic nematodes, 

including 

Meloidogyne spp. - 

noted that chitin 

amendments are not 

as successful as 

chemical 

alternatives.  
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Chitin mixed in 

potting soil alters 

lettuce growth, the 

survival of 

zoonotic bacteria 

on the leaves and 

associated 

rhizosphere 

microbiology (5). 

Debode, J., De 

Tender, C., 

Soltaninejad, S., Van 

Malderghem, C., 

Haegeman, A., Van 

der Linden, I., Cottyn, 

B., Heyndrickx., & 

Maes, M. 

2016 

Chitin flakes 

purified from crab 

shell 

2% x x x x 

100% peat 

based-potting 

soil with a pH 

of 5.5–6.0 

(Universal 

Substrate 

LP2B, 

Peltracom, 

Belgium) 

Pelletized butterhead 

lettuce seeds (Lactuca 

sativa L. 

var. capitate “Alexandria”) 

Increased lettuce 

growth and had a 

decreasing effect on 

the survival of 

human pathogens on 

the leaves. 

Effects of chitin-

rich residues on 

growth and 

postharvest quality 

of lettuce (6). 

Muymas, P., 

Pichyangkura, R., 

Wiriyakitnateekul, 

W., 

Wangsomboondee, T., 

Chadchawan, S., & 

Seraypheap, K. 

2015 

Shrimp shell 

powder (SSP) and 

fermented 

chitinous material 

(FCM) derived 

from the process 

of chitinase 

preparation using 

SK-1 and crab 

shells as a chitin 

source 

5% SSP, 

2.5% 

SSP, 

2.5% 

FCM, 

20% 

FCM 

x x x x 

100 g ground 

coconut husk 

topped with 1 

kg of growing 

medium (10:1 

soil/cow 

manure). 

Butterhead lettuce 

(Lactuca sativa) 

Lettuces grown with 

the presence of 20% 

FCM showed the 

highest increase in 

yield as evaluated in 

terms of fresh 

weight, dry weight, 

leaf number, and leaf 

width and length. 

Control of 

Meloidogyne 

javanica and 

Fusarium solani in 

chilli (Capsicum 

annuum L.) with 

the application of 

chitin (124). 

Hussain, F., Shaukat, 

S. S., Abid, M., 

Usman, F., & Akbar, 

M. 

2013 

Prawn shell 

(Penaeus and 

Metapenaeopsis 

spp.) chitin 

0, 2, and 

4 g were 

mixed 

in 400 g 

of 

sterilise

d soil. 

x x x x 

400 g of 

sterilised soil 

sand + garden 

loam (50:50 

v/v) 

Chilli (Capsicum annuum 

L.) 

Chitin supply in soil 

resulted in reduction 

of Fusarium solani 

and root-knot 

nematodes 

(Meloidogyne 

javanica) occurrence 

leading to greater 

plant growth 

Growth and yield 

responses of 

strawberry plants 

to chitosan 

application (7). 

Abdel-Mawgoud, A. 

M. R., Tantawy, A. S., 

El-Nemr, M. A., & 

Sassine, Y. N.  

2010 

Chitosan (2-

Amino-2-deoxy-

beta-D-

glucosasmine) 

solution prepared 

by dissolving 

Chito – Care® in 

fresh water to 

obtain five 

concentrations. 

Three spraying 

applications of 

each 

concentration 

applied in one-

month intervals. 

x x x x 

0, 1, 2, 

3, and 4 

cm3/L 

Soil texture 

was 

characterized 

as clay loamy 

soil 

Seedlings of strawberry 

Fragaria ananassa 

cultivar Sweet Charlie 

Chitosan application 

improved plant 

height, number of 

leaves, fresh and dry 

weights of the leaves 

and yield 

components (number 

and weight). 
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First application 

carried out 6 

weeks after 

transplanting 

Effects of chitosan 

applications on the 

growth of several 

crops (translated 

from Korean) (8). 

Chibu, H. 2000 Chitosan  x x x 0.1-0.5% x n/a 

Radish, soybean, upland 

rice, mini-tomato, and 

lettuce 

Early stages showed 

improvement and 

leaf areas and dry 

matter weights of 

shoots were 

increased. 

Chitin-mediated 

changes in 

bacterial 

communities of 

the soil, 

rhizosphere and 

within roots of 

cotton in relation 

to nematode 

control (120). 

Hallmann, J., 

Rodrıguez-Kábana, 

R., & Kloepper, J. W.  

1999 

Crustacean chitin 

flakes (United 

States 

Biochemical 

Corporation, 

Cleveland, OH) 

1% x x x x 

field soil was 

mixed 1:1 

(w/w) with 

sand 

Cotton (Gossypium 

hirsutum L. cv. Rowden') 

Chitin amendment 

influenced the 

bacterial community 

by increasing the 

diversity and number 

of bacteria. 

 Integrated control 

of root-knot 

disease in three 

crop plants using 

chitin and 

Paecilomyces 

lilacinus (121). 

Mittal, N., Saxena, G., 

& Mukerji, K. G.  
1995 n/a x x x x 0.5 g n/a 

Solanum melongena, 

Lycopersicon 

esculentum and Cicer 

arietinum. 

Combination of 

fungus with chitin 

enhanced 

suppression 

of Meloidogyne 

incognita more than 

using them alone. 

Use of chitin for 

controlling plant 

parasitic 

nematodes (122). 

Spiegel, Y., Chet, I., 

& Cohn, E.  
1986 

Clandosan 

prepared from 

Crustacean chitin 

0.05-

0.3% 
x x x x n/a Bean, tomato, and corn 

Chitin itself 

appeared less 

phytotoxic and more 

effective against M. 

javanica than 

Clandosantreated 

soil. 

Chitin and 

Paecilomyces 

lilacinus for 

control of 

Meloidogyne 

arenaria (123). 

Culbreath, A. K., 

Rodriguez-Kabana, 

R., & Morgan-Jones, 

G. 

1986 

Unbleached 

crustacean chitin 

(U.S. Biochemical 

Corp., Cleveland, 

Ohio 44122) 

0, 0.1, 

0.2, 0.4, 

0.8, 

1.0% 

x x x x 

Sandy loam 

soil, pH = 5.8, 

and organic 

matter < 1.0% 

(w/w) 

Squash and tomato. 

Results indicated 

that the combination 

of chitin and 

P.lilacinus 

amendments were 

effective for 

controlling M. 

arenaria. 
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1.1.2.4. UK Legislation Regarding Waste Chitin Use in Agriculture 

 Shellfish waste is defined as “captured and discarded shellfish comprising under-

utilised/undersized/non-quota species” (125). This includes the shell, viscera, heads, legs, and 

other parts not used for human consumption (125). In the UK shellfish waste is disposed of at 

sea, in landfill, or incinerated, but it can be treated and used for other purposed as a waste 

management activity. There are many waste management activities of shellfish waste currently 

being utilised in the UK including composting, land spreading, and use in direct animal feeding 

(bait) (126).  

 The Department for Environment, Food & Rural Affairs and Animal and Plant Health 

Agency (DEFRA) states that in the UK eggshells and shellfish shells can be spread on land 

without processing (127). In practice, a small business located in Cornwall, Shell on Earth, is 

known for utilising crushed whelk shells, produced from a seafood processing factory, in 

gardening and landscaping (128). Therefore, it was concluded that the use of processed chitin 

from shellfish waste can be used in agriculture as a growing media amendment.  
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1.2. Lettuce  

 1.2.1. Lettuce Cultivation 

Lettuce (Lactuca sativa L.) has origins in Southern Europe and Western Asia (129), 

and as it was introduced throughout Europe and the Americas it became one of the most 

commonly cultivated leaf vegetables in the world (130). In the year 2000 over 300 varieties of 

lettuce were available (131), making selection of crop varieties difficult to determine (132). 

Comparison of varieties and how they are cultivated is essential to provide growers with 

commercially viable crops and consumers with the optimal produce grown using efficient and 

sustainable techniques. 

 

1.2.1.1. Lettuce Growth Measurements 

When running experiments with lettuce there are many factors to consider, and many 

ways to monitor and assess plant growth rate. In experimental lettuce trials, studies often 

monitor plant growth rate by measuring the morphological properties of the crop (4,6,118,133–

135). This can include measurements of shoot length, plant height, root distribution, fresh mass 

yield, and leaf area and number (4,6,118,133–135).  

Leaf area is a morphological measurement often utilised in lettuce trials and is essential 

in monitoring and evaluating plant health and growth (136). Measurements of leaf area can be 

taken destructively by removing leaves, or non-destructively using leaves in situ (137). Ways 

of measuring leaf area include regression models based on linear measurements in situ (138), 

and the use of ImageJ – a free software allowing the user to set any parameters of the 

programme – to measure leaf area from photographs taken of the leaf in front of a scaled sheet 

of white paper (139).  

To reduce time and labour in taking leaf area measurements, image processing methods 

can also be utilised to estimate the growing status of a lettuce plant using leaf images and 

regression equations (136). A 2015 study developed polynomial calibration models relating the 

number of pixels in leaf area images to the fresh weights of lettuces, to determine the optimum 

plant harvest time of lettuces for improved management (136).  

Chlorophyll fluorescence is a quantitative, non-destructive, efficient method of 

analysing the properties of plant photosynthetic apparatus and is also a measure of plant stress 

(140). Chlorophyll fluorescence has previously been utilised to assess the impact 

environmental conditions have had on lettuce cultivation, including direct sunlight variation 

and genotypic differences in lettuce flavonoid and phenolic content (141); the impact of 
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different light intensities on the yield of lettuces (140) and the postharvest quality of lettuce 

(142). 

Postharvest measurements for lettuce experiments include leaf number, leaf 

width/length, and leaf fresh and dry mass used to determine total leaf water content (6). Leaf 

number and fresh mass yield indicate any potential morphological changes in the overall plant 

growth whereas leaf size, area, and water content relate more to physiological changes in the 

leaves (133).  

Leaf water content is an important measurement in lettuce cultivation and is used to 

determine plant stress (143). It is known that the water content of leaves is heavily influenced 

by the water lost in transpiration and the water taken up by the roots - determined by the soil 

water content (144). Soil water content is routinely monitored as part of experimental lettuce 

trials, and is essential to determine any effects of different growing media being tested. 

The amount of water delivered to a growing media impacts the electrical conductance 

(EC) of the media as any change in soluble salt concentration directly affects the EC (130). EC 

is influenced by the physio-chemical properties of a growing media, including soluble salts, 

clay, water content, organic matter, temperature, and density (145). As the EC is proportional 

to the total ion content of the growing media, it is used as a measurement of the ions available 

for absorption by lettuce roots (130). Monitoring EC in different growing media to compare 

nutrient availabilities is used to link any differences seen in plant growth above and below the 

surface of the growing media. 

   

 

1.2.1.2. Sustainable Growing Practices 

As the demand for lettuce continues to increase, so does the need for more sustainable 

lettuce growing practices. Hydroponics is the process of growing plants in a nutrient solution, 

with or without using growing media such as sand, vermiculite, coir, or rockwool (146). 

Lettuce growth is heavily influenced by nutrient availability, which is more efficiently 

controlled in a hydroponic system (130). A hydroponic crop growing system is usually used in 

a greenhouse which allows more control of light intensity and temperature. The advantages of 

a hydroponic nutrient delivery system include the use of land unsuitable for conventional 

farming, the ability to grow crops any time of year, and reduced labour such as watering, 

weeding, and soil preparation (130). The main disadvantage of this growing system is the high 

cost of installation, and the energy required to run it for a long period of time (130).  
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A major sustainability issue in agriculture is the excessive use of chemical products for 

the fertilisation of crop growing media. Chemical products can increase pollutants found in 

fruit, lead to a decrease in soil fertility, and pollute soils and groundwaters (134). Groundwater 

pollution is frequently observed when nitrogen fertilisers (urea) and animal wastes, such as 

untreated cattle manure, are used leading to an increase in groundwater nitrate concentration 

(N-NO3) (134,147).  

An example of an alternative to these products is a material known as vermicompost,  

formed from the composting of agricultural wastes using worms (148). This material is utilised 

as an alternative to organic fertilisers, soil amendments, and potting substrate components to 

supply nutrients to crops during growth (148). A study carried out in 2010 tested the 

effectiveness of compost and vermicompost against a 46% urea-based fertiliser in a lettuce 

growing trial (134). This study concluded that the more sustainable vermicompost and compost 

was sufficient in producing leaves with optimal concentrations of K, Ca, Mg, and Mn, and that 

the vermicompost contributed a higher concentration of Fe, Zn, and Cu to lettuce leaves but a 

reduced concentration of Na when compared to the compost (134).  

Coconut coir, peat, and rockwool are commonly used materials in lettuce growth, but 

these materials are not sustainable when supply chain and carbon footprint are considered. The 

present study aims to reduce the use of less sustainable products such as these by working as 

part of the Interreg 2 Seas project “Horti-BlueC” to demonstrate that more sustainable products 

can be used to obtain the same properties and capabilities of commercial non-renewable 

products, and also investigate any potential benefits. The sustainable product being investigated 

in the present study were chitin and biochar. Biochar is a carbon-rich by-product of utilising 

biomasses, such as organic wastes or crop residues for producing liquid or gaseous bioenergy. 

Biochar has previously been found to increase lettuce crop growth through stimulating the 

production of growth hormones, such as auxins, in the crop (149). Horti-BlueC obtained chitin 

by recycling and repurposing shellfish waste, and biochar was obtained through the utilisation 

and recycling of waste growing media as part of a circular economy.  

As part of this study, the growing media of lettuces was amended with chitin. This was 

previously tested in three different studies in 2015, 2016, and 2019 (4,6,118). The 2015 study 

amended 10:1 soil/cow manure growing medium layered on ground coconut husk with a 

shrimp shell powder (SSP) in the percentages 5% and 2.5% (w/w), and fermented chitinous 

material (FCM) in the percentages 2.5% and 25% (w/w) (6). This study focussed on growth, 

concluding that the 20% FCM amendment resulted in the highest increase in lettuce yield (6).  
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The 2016 study amended the growing media of butterhead lettuces with chitin flakes 

derived from crab shells in the dry weight percentages 0% (control) and 2% (118). The focus 

of this study was the use of chitin to improve soil quality and plant resilience and growth 

through monitoring of bacterial pathogens (Escherichia coli O157:H7 and Salmonella 

enterica) and the microbial lettuce rhizosphere (118). This study concluded that the chitin 

amendment controlled Salmonella growth, increased lettuce growth rate and yield, and altered 

the soil and rhizosphere microbiology (118).  

Finally, the 2019 trial amended the growing media of butterhead lettuces with 2% chitin 

flakes derived from crab shells compared to a control (4). This study measured the growth of 

the plants and also extracted DNA from rhizosphere samples to use for metabarcoding and 

shotgun metagenomics to observe potential microbial functions (4). This study showed that the 

chitin amendments increased chitin-catabolic enzymes which could cause a cascade 

degradation of chitin to N-acetylglucosamine and then ammonium leading to increased plant 

growth (4).  

It was concluded that previous literature amending the growing media of lettuce with 

chitin focusses primarily on the growth of the lettuce plant and any impacts to yield. There was 

also a focus on the impact chitin had on the microbiology of the growing media and the plant 

rhizosphere. The present study aims to fill a gap in this literature by not only monitoring plant 

growth and measuring plant yield, but also by analysing the impact the chitin amendment has 

on the nutritional quality of leaves by characterisation of antioxidant content and activity. 

  

1.2.2. Lettuce and Health 

Lettuce is high in fibre, iron, folate, and vitamin C and is one of the most widely 

consumed vegetables in the world (150), with global production being highest in China, the 

USA, and India (151,152). The present study is unique in that it not only investigates how the 

growing media amendment, chitin, influences the growth rate and yield of the lettuces being 

tested. But also measuring how this growing media amendment alters the nutritional quality of 

the lettuces grown, focussing on the antioxidant content and activity of the leaves.  

1.2.2.1. Antioxidants 

Antioxidants are present in plant cells to protect against high levels of free radicals 

produced in response to stressors, radiation, and redox reactions (153). Oxygen is highly 

reactive and can damage macromolecules such as proteins, DNA, and lipids. Reactive oxygen 

species (ROS) such as peroxides and superoxides can be damaging to cells if concentrations 
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are excessive (154,155). Antioxidants donate electrons, neutralising ROS and free radicals, to 

mitigate potential deleterious effects (155).  

Naturally occurring antioxidants, found in all plant tissues, include vitamins, terpenoids 

such as carotenoids, and phenolic constitutes such as flavonoids and phenolic acids (156,157). 

Phenolic acids are comprised of at least one aromatic ring, with one or more hydroxyl 

substituents bound. As well as antioxidant function, they have a number of medicinal properties 

such as anti-allergic, anti-inflammatory, and anti-microbial properties (157). 

Plants synthesise powerful antioxidants in order to endure UV radiation throughout the 

day (157). There is a balance between tolerance and sensitivity of stress factors, for example 

low stress events can be tolerated by repair and acclimation in order to adapt to particular 

stressors (157). Vitamins E and C are produced in plant tissues to compensate for UV radiation, 

however persisting and strong stresses lead to plant death (157).  

Antioxidants are important due to their impacts on human health: examples of research 

includes using antioxidants in chemoprevention, and also the prevention of cardiac diseases 

(158–160). Over 1000 phytochemicals have the potential to prevent cancer development by 

altering cell-signalling pathways that lead to carcinogenesis (160). The yellow pigment 

Curcumin, found in the rhizome of turmeric, has been shown to prevent formation of tumours 

in the skin of mice by inhibiting TNF-𝛼-induced cyclooxygenase-2 (COX2) transcription and 

NF-ᴋB activation which affects apoptosis of cancer cells (160). 

Oxidation of low-density lipoproteins (LDLs) in vitro results in ‘minimally modified’ 

LDL with a number of undesirable atherogenic characteristics (158). Flavonoids are known to 

inhibit this oxidation of LDLs and lead to the reduction of thrombosis (159). Flavonoids are 

known to inhibit this oxidation of LDLs and lead to the reduction of thrombosis (159).  

Antioxidants are suggested to exhibit these biological effects when ingested as part of 

the human diet (161). This was investigated by Mazza et al. by monitoring the blood serum 

levels of five middle-aged male subjects following the consumption of a meal containing 

freeze-dried blueberry powder (162). Of the 25 individual anthocyanins present in the 

blueberries, 19 of these were detected in the blood serum of participants following consumption 

of the blueberries (162). It was concluded by the authors that anthocyanins can be absorbed 

into blood serum in middle-aged men following the consumption of blueberries (162). This 

was, however, limited to the sample size of the study and does not conclude that this is the case 

of women or all ages.  
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It is assumed that antioxidants are absorbed into our blood serum following the 

ingestion of foods high in antioxidants (161,162). This absorption of antioxidants is suggested 

to lead to health benefits such as chemoprevention and reduced risk of heart disease (158–160).  

 

 1.2.2.2. Antioxidants in Lettuce 

Lettuce is a dietary source of many antioxidant molecules including vitamins E, C, 

carotenoids, and polyphenols (163) and also has a high dietary fibre content with approximately 

20-25% being soluble dietary fibre (164). The nutrient composition and amount of bioactive 

compounds varies between varieties (150). For example, the most popular type of lettuce 

consumed in America, crisphead lettuce, has a lower average amount of vitamins, minerals, 

and bioactive compounds compared to leaf-type lettuces and red pigmented lettuces (150). A 

2008 study carried out a qualitative and quantitative assessment of antioxidant compounds, 

polyphenols, and vitamin C in five varieties of lettuce (iceberg, romaine, continental, red oak 

leaf, and lollo rosso) (165). This study also identified two polyphenolic compounds not 

previously found in lettuce: quercetin and luteolin rhamnosyl-hexosides (165). The red 

varieties showed the highest antioxidant activity overall, including the highest total phenolic 

content, whereas the green varieties showed the highest levels of vitamin C (165). It was 

observed that caffeic derivatives were the primary phenolic compound found in green varieties 

(iceberg, romaine, and continental), flavonols were measured in higher quantities in the red 

varieties (red oak leaf and lollo rosso), and anthocyanins were only found in these red varieties 

(165).  

Anthocyanins are water-soluble phenolic glycosides responsible for red, blue, and 

purple colouration in plants (166,167). These pigment compounds are associated with a number 

of health benefits including prevention of neuronal and cardiovascular diseases (168), and the 

inhibition of lipid peroxidation and cyclooxygenase enzymes which lead to inflammation 

(166). A 2005 study found that the anthocyanins cyanidin-3-glucoside and delphinidine-3-

glucoside were effective at stimulating insulin release by rodent pancreatic β-cells in vitro at 4 

and 10 mM glucose concentrations (167). A follow-up study induced a glucose intolerance in 

mice by feeding them a high-fat diet for four weeks (169). This study found that mice treated 

with anthocyanins showed a 24% decrease in weight gain and reduced insulin resistance (169).  

 Health benefits associated with the consumption of lettuce are linked to the high 

vitamin C and phenolic content in leaves (166). Vitamin C is found in two interconvertible 

forms: ascorbic acid which has antioxidant activity, and its oxidation product dehydroascorbic 

acid (170). Vitamin C is a micronutrient essential for normal physiological function which 
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cannot be synthesised by humans and is, therefore, required as part of a balanced diet (171). 

Vitamin C has many essential roles in the human body including collagen formation, inorganic 

iron absorption, and immune system enhancement as a result of its antioxidant activity (171).  

The amount of vitamin C obtained from consuming lettuce depends on the variety of 

lettuce. A 2011 study investigated the vitamin C content of five different varieties of lettuce – 

butterhead (plenti), oakleaf (Murai and Kibou), batavia (Temptation), and leaf lettuce 

(Levistro) – and found the highest vitamin C content in leaf lettuce samples (9.6 mg/100 g of 

fresh lettuce) and the lowest vitamin C content in the Murai oakleaf lettuce samples (3.5 

mg/100 g of fresh lettuce) (172). A 2021 study compared the total ascorbic acid present in both 

wild and commercial lettuce samples and found that wild species contain an average of 21% 

ascorbic acid and commercial varieties contain 8% (173). This change in vitamin C content 

could impact the suggested health benefits acquired by consuming this crop.  

Lettuce has a high content of phenolic compounds, which are beneficial to human 

health and also contribute a bitter taste to leaf material (174). Plant phenolic compounds have 

antioxidant activity and, therefore, scavenge oxygen and nitrogen free radicals in human cells 

reducing the risk of degenerative diseases (175). Liu et al., 2007, aimed to assess the total 

phenolic content, expressed as mg gallic acid equivalents (GAE), of 25 different lettuce 

cultivars representing four different types of lettuce (butterhead, leaf, romaine, and crisphead) 

(176). Leaf lettuce measured the highest total phenolic content (43.2 mg GAE/g dry vegetable), 

and the lowest was observed in butterhead lettuce (15.1 mg GAE/g dry vegetable) (176).  

When lettuce is harvested and stored, enzymatic browning occurs in leaf material (177). 

Polyphenol oxidase is an enzyme present in chloroplast thylakoid membranes released through 

membrane disruption and activated through plant wounding, which is the primary enzyme 

involved in the oxidative browning of cut lettuce (177). When lettuce leaves are wounded, 

tissue stress triggers an increase in leaf phenolic compounds including phenylpropanoids (177). 

Phenolic biosynthesis in wounded lettuce leaves is mediated by increased phenylalanine 

ammonia-lyase (PAL) activity (178). PAL is the first enzyme in the biosynthesis of polyphenol 

oxidase substrates via the phenylpropanoid pathway, and increases within leaf tissues 

following wounding leading to leaf browning (179). Leaf wounding induces an abiotic stress 

response which leads to phenylpropanoid metabolism (177). This postharvest reaction in 

lettuce leads to the build-up of soluble phenolic compounds such as caffeic acid derivatives in 

lettuce leaves (177). These soluble phenolic compounds are substrates for polyphenol oxidase 

which leads to brown polymers and also for the lignification of the leaf during the wound repair 

process preventing microorganisms from entering the wound site (177).  
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Lettuce leaf senescence is the final stage of leaf development and is induced by a 

number of molecular mechanisms (180). During senescence, nitrogen, phosphorus, and metals, 

previously invested in leaf tissue, are transported to younger developing leaves in the plant 

(figure 1.5) (180). Programmed cell death is a major component of leaf senescence, with 

chloroplasts being one of the first organelles targeted for breakdown (181). These organelles 

are significant during this process as they contain a high proportion of the total protein per leaf 

cell (181). The breakdown of the chloroplasts results in a loss of overall leaf chlorophyll, 

commonly starting at the margins of lettuce leaves and progressing towards to centre of the 

leaves closer to leaf vascular tissue (figure 1.5) (180). This is visibly observed as a loss of 

pigmentation in lettuce leaves. 

 

Figure 1.5. Leaf senescence. Diagram from Quirino et al., 2000 (180). (a) Senescing leaves 

can be recognized by their characteristic loss of chlorophyll. Often, the last areas of a leaf that 

senesce are close to vascular tissue, presumably because these are needed for nutrient export. 

The top-left leaf is just starting to senesce; the bottom-right leaf is in the most-advanced stage 

of senescence. (b) As a leaf senesces, nutrients such as nitrogen, phosphorus and metals are 

reallocated to other parts of the plant such as developing seeds and leaves. 

 

Leaf senescence is commonly induced by internal age-dependent factors such as 

photosynthetic productivity (182). Senescence occurs prematurely due to environmental 

factors such as temperature, pathogen attack, and leaf shading (182–184). Genes which are 

commonly upregulated during leaf senescence are referred to as senescence-associated genes 
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(SAGs) (185,186). A 1998 study monitored the mRNA levels of 11 SAGs in Arabidopsis 

thaliana in response to leaf senescence inducing stimuli (187). This study observed that leaf 

shading resulted in the activation of all but one of the SAGs associated with age-induced leaf 

senescence (187). This observation indicates that the mechanisms associated with age-induced 

leaf senescence are similar to those associated with leaf senescence induced by environmental 

factors.  

Leaf senescence is also induced by pathogenesis-related genes, associated with a 

disease-resistance response resulting from incompatible pathogen interactions (188). Leaf 

senescence is, therefore, associated with leaf defence responses as a result of opportunistic 

infections (187). However, a 1999 study found that genes activated in A. thaliana as a result of 

infection correlated with genes activated during the age-induced senescence of A. thaliana in 

sterile conditions (189). As with senescence induced through environmental factors, this 

indicates that leaf defence response senescence also shares similar mechanisms to age-induced 

senescence.  

The postharvest impact of lettuce is impacted by a number of factors. When amending 

lettuces with chitin as part of this thesis, the nitrogen composition of growing media was a 

subject of interest as chitin was broken down and nitrates were released (4). Increased nitrogen 

concentration in growing media has previously been shown to negatively impact the 

postharvest quality (colour, wilt, turgidity, etc.) of lettuce leaves (190). Lettuce shelf-life was 

investigated as part of this thesis to assess if chitin had any impact on the postharvest quality 

of lettuce leaves.  

Lettuce leaf shelf-life is also impacted by the development of polyphenol oxidase. This 

enzyme is known to cause browning of leaves in the presence of oxygen and, therefore, low 

oxygen environments postharvest are favourable for the storage of lettuce leaves (191). Other 

factors known to degrade lettuce postharvest are moisture loss, ethylene build-up, and 

pathogenic microorganisms (192). These factors are all influenced by the packaging and 

storage of leaves postharvest which determine the length of time leaves can be stored prior to 

a loss in postharvest quality.  

 

Previous literature describes how compounds associated with health benefits vary 

according to the variety of lettuce. The content of these compounds is also observed to change 

when different growing conditions are used in lettuce production. Antioxidant assays were 

refined and used as part of the present study to assess the impact of chitin amended growing 

media on the health of lettuce. Antioxidant assays each measure a specific type of antioxidant 
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capacity in plant samples, therefore, it was important to utilise many different assays to better 

understand the antioxidant properties. The antioxidant assays used to investigate lettuce 

samples grown as part of this study were as follows: 

• Folin-Ciocalteu reagent assay – this assay, also known as the Total Phenolic Content 

(TPC) assay or the gallic acid equivalence method (GAE), uses Folin-Ciocalteu reagent 

consisting of phosphomolybdate and phosphotungstate for the determination of 

phenolic and polyphenolic compounds in a sample (193,194). 

• FRAP assay - developed by Benzie and Strain (1996)(195), this assay assessed the 

reducing ability of samples as a measure of lipophilic antioxidant activity. The FRAP 

assay is a cheap, quick assay with highly reproducible results (196) which several 

studies have employed the use of to generate a database of antioxidant content of foods 

allowing an easy comparison of antioxidant content of food samples (197). 

• The DPPH assay – an assay which measured the free-radical scavenging activity of 

samples (198). In this assay a free radical with an unpaired valence electron at a nitrogen 

atom, 2,2-diphenyl-1-picrylhydrazyl (DPPH), is present and the amount of sample 

needed to quench 50% of these free radicals by donating a hydrogen atom is measured 

(199). This decolourises the violet DPPH solution when a free radical scavenger 

(hydrogen donor) is present (194). In this way the ability of compounds to be free 

radical scavengers, such as antioxidants, is measured. 

 

     The selected antioxidant assays, used together, effectively measure the antioxidant 

activity of a plant sample and were chosen specifically due to frequent use in a wide range of 

research to date, including that of lettuce and also tomato (200–204). When plant samples were 

tested as part of the present study, deionised water was selected as the extraction solution for 

the analysis of hydrophilic antioxidants such as phenolics and vitamin C (205). 

 

1.2.2.3. Growing Conditions Impact the Nutritional Value of Lettuce  

A paper published in 1994 aimed to assess the impact that growth conditions (plant and 

harvest time, and fertilisation level) had on 16 batches of crisphead lettuces (164). The authors 

investigated the nutritional value of all 16 batches by carrying out chemical analysis and 

balance studies on rats (164). It was observed that the protein content of crisphead lettuce 

increased progressively from 16.00% to 19.88% with the fertilisation level (164). However, 

this increase in protein with fertilisation level resulted in a reduction of essential amino acids 

leading to a lower biological value of the protein (164). The total dietary fibre content was 
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approximately 25% of the dry mass of lettuce and was not seen to be influenced by the different 

growth conditions (164).  

Liu et al., 2007, (discussed above) found that the lettuce type impacted the total 

phenolic content, measuring higher in red pigmented lettuce cultivars compared to green (176). 

The authors also noted that harvest date affected total phenolic content with lettuces harvested 

in July having higher total phenolic contents than those harvested in September (176). This 

study concluded that both the lettuce type and environmental conditions of growth impact the 

total phenolic content of lettuce leaves (176).  

A 2016 study observed that the phenolic content of lettuce leaves can also vary 

depending on the growing media used (206). This study compared five agro-industrial waste-

based composts – broccoli stems and florets, white grape rachis, red grape rachis, olive leaves, 

and chestnut shells and peels – as lettuce growing media (206). It was found that compost 

derived white grape rachis and chestnut shells and peels resulted in lettuce leaves with the 

highest phenolic content, however a reduced yield was also observed in the white grape rachis 

lettuces (206). This study also noted that the vitamin C levels of lettuce leaves was affected by 

the type of compost used, with all composts resulting in decreased vitamin C content (206).  

Riga et al., 2019, investigated if the level of diffuse light during cultivation altered the 

phenolic content and vitamin C levels of Batavia lettuce leaves (207). Diffuse light occurs 

under greenhouse conditions whereby light transmitted through a greenhouse panel is spread 

out and, therefore, utilised more efficiently by plants in photosynthesis than direct light (208). 

Riga et al., 2019, found that an enhanced level of diffuse light significantly lowered the vitamin 

C content of lettuce leaves by up to 46% (207). It was also observed that the enhanced diffuse 

light resulted in a reduced total phenolic content of lettuce leaves up to 11%; however, it was 

noted that there was no difference seen in the profiles of 14 phenolic compounds quantified 

(207).  

A 2015 study suggested that the nitrogen concentration in lettuce growing media 

impacts phenolic compounds (209). This study cultivated red and green Lollo lettuces one of 

three different growing media with nitrogen concentrations of either 0.75 (low), 3 (medium), 

or 12 mM (high) (209). The leaf concentrations of all main flavonoid glycosides and caffeic 

acid derivatives increased as the concentration of nitrogen in the growing media increased, 

whereas the leaf concentrations of chlorophylls, β-carotene, and neoxanthin decreased (209).  

A 2011 study grew Baronet and Red Sails lettuce cultivars in an open field compared 

to others grown in a high tunnel to investigate how these different growing conditions affected 

the phytochemical content of the lettuces (210). For both lettuce cultivars this study observed 
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that the total phenolic concentration and also the antioxidant capacity of lettuces grown in an 

open field were 2.5-5.5 times higher compared to those grown in high tunnels (210). It was 

noted that in the open field lettuces a number of genes involved in the biosynthesis of phenolic 

compounds and vitamin C were activated, such as phenylalanine ammonia-lyase and L-

galactose dehydrogenase (210). This correlates with results from a similar study in 2002 in 

which lettuces were grown in greenhouses were compared to those in open air (211). This study 

found that the concentration of phenolic compounds in leaf material was increased in lettuces 

grown in open air (211). It should be noted that in the 2011 study, the lettuces grown in open 

air had a significantly reduced biomass than those grown in high tunnels for both cultivars 

(210).  

This increase in phenolic compounds when a lettuce grows in an open field can be 

explained by a 2009 study which focussed on the impact environmental stresses have on lettuce 

cultivation (212). This study treated five-week-old Baronet lettuces with heat shock consisting 

of exposing seedlings to 40oC for 10 minutes under 90% relative humidity, chilling stress in 

which seedlings were placed at 4oC in a growth chamber with a light intensity of 250 µmol-2s-

1 for 24 hours, and finally intense light exposure (800 µmol-2s-1) for 24 hours (212). This study 

observed a two to threefold increase in lettuce leaf total phenolic content and a significant 

increase in antioxidant activity as a result of these stressors (212). It was concluded that while 

the stressors had no impact crop yield, they did increase the phytochemical content of the 

lettuce leaves and hence the health-promoting qualities associated with eating this crop (212). 

Anthocyanin levels in lettuce cultivation varies genetically, depending on the lettuce 

variety (213), and also with environmental factors such as temperature and light (213–215). A 

2005 study suggested that higher growing temperature decreased the lettuce leaf pigment 

concentrations of three Lolla Rosso cultivars (213). After 15 days of growth at 20oC, the three 

lettuce cultivars were each divided evenly into three groups: one of which was kept at 20oC 

day and night, another was increased to 30oC day and night, and the final group was increased 

to 30oC during the day and 20oC at night (213). The results of this study showed that in all three 

cultivars the anthocyanin leaf concentrations were highest in the 20oC plants and lowest in the 

30oC plants (213). The same trend was also observed when chlorophyll b leaf concentrations 

were measured suggesting that higher temperatures have a negative effect on lettuce 

pigmentation and, therefore, reduce any potential health benefits acquired from anthocyanins 

in lettuces (213). A follow up study to this one tested Cireo, Lotto, Valeria, Impuls SVR 9634, 

OOC 1434, OOC 1426, OOC1310, and OOC1441 lettuce cultivars grown in either early or late 

summer to further investigate the effect of planting date on leaf anthocyanin level (214). This 
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study found that lettuces grown in late summer had leaf anthocyanin levels compared to those 

grown in early summer (214). This could potentially be due to the higher temperatures observed 

later in the summer.  

As light intensity also varies with time of year, it is relevant to discuss a 2012 which 

investigated the impact that different light sources – white fluorescent lamps, white light 

emitting LEDs, and red, white, and blue LEDs – had on lettuce leaf anthocyanin content (216). 

Additionally, this study tested lettuces grown under three different CO2 concentrations: 350, 

700, or 1000 µmol.mol-1 (216). It was observed that the conditions which resulted in the highest 

leaf anthocyanin content were the red, white, and blue LEDs, which distributed a broader 

spectrum of light, and 1000 µmol.mol-1 CO2 (216).  

A 2018 study further investigated the effect light intensity had on anthocyanin pigments 

in red leaf lettuce after it was noted that poor leaf colouring is present when lettuces are grown 

under low light intensity (217). Red leaf lettuce seedlings were grown with a light intensity of 

40 µmol-2s-1 for forty days, after which one group of seedlings were transferred to a growing 

area with 100 µmol-2s-1 light intensity and the other group was used as a control (217). When 

the transcriptomes of these two groups of lettuces were compared 3899 differentially expressed 

genes were detected which significantly enrich fourteen genetic pathways, seven of which were 

anthocyanin structural genes (3GT, CHS, ANS, CHI, DFR, F3H, and F3’H) and two of which 

were anthocyanin transport genes (MATE and GST) (217). The authors concluded that the 

change in light intensity during growth altered the anthocyanin biosynthesis of the red leaf 

lettuces (217).  

It can be concluded from these studies that the environmental conditions of lettuce 

cultivation have a major impact on the accumulation of phenolics, vitamin C, and other 

antioxidants in leaf tissue. This impacts the associated health benefits a consumer may acquire 

when eating lettuce. 

 

1.2.2.4. Assessing the Impact of Chitin on Lettuce Growth and Health 

The present study aimed to investigate how chitin growing media amendments 

impacted lettuce cultivation. It was hypothesised that the chitin growing media amendments 

would increase fresh mass yield and overall plant growth as observed in prior studies (4,6,118). 

These studies, however, tested only one concentration of chitin against a control. This thesis 

tested a range of chitin dry weight percentages (1%, 2%, and 3%) in growing media to better 

understand the impact chitin has on the growth and yield of lettuce. The present study also 
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measured not only growth rate, but also lettuce leaf antioxidant properties for a more 

comprehensive assessment of the influence the chitin had on the crop.  

When testing butterhead lettuce as part of this thesis, chitin was tested in substrate 

which was either unfertilised or fertilised with nitrogen, phosphorous, and potassium. This was 

important to investigate, as growing media amendments can perform differently when under 

higher or lower nutrient conditions. It was essential to investigate if the associated benefits of 

chitin for the growth of lettuce observed in previous studies (4–6) was not due only to the 

individual action of chitin alone, and whether it’s interaction with growing media was also 

involved.  

Impacts to the microbiome of the growing media was also of interest, as different 

microbial and fungal communities thrive under the different nutrient conditions. This can 

impact overall quality parameters of the growing media such as water holding capacity and 

nutrient availability (218). Mortierella, investigated as part of this thesis, was known to impact 

the available nitrogen content in growing media and influence water transport to crop roots 

(4,5,219). Mortierella has been shown to break down chitin, releasing nitrates available to 

crops (4). Mortierella could grow more readily depending on the nutrient composition of the 

soil and, therefore, breakdown chitin more readily. Therefore, it was important to determine if 

the nitrogen, phosphorous, and potassium content of the substrate impacted the use of chitin as 

a growing media amendment.  
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1.3. Tomato  

 Tomato plant (Solanum lycopersicum) is in the Solanaceae nightshade family with  

potatoes and tobacco (220). Indigenous to the Andes, this crop began cultivation in Italy in 

1554 and in England in 1576 (221). Today, tomato crop is grown globally and is one of the 

most produced and consumed fruits in the world (222).  

 Text in this introductory chapter is taken from 2022 Biology publication “Tomatoes: 

An Extensive Review of the Associated Health Impacts of Tomatoes and Factors That Can 

Affect Their Cultivation”. Authors: Collins, E. J., Bowyer, C., Tsouza, A., & Chopra, M. (223) 

 Full text in available in appendix 1.  

 

 1.3.1. Introduction 

Tomatoes are a good source of phytochemicals and nutrients such as lycopene, 

potassium, iron, folate, and vitamin C (205,224). Besides lycopene and vitamin C, tomatoes 

provide other antioxidants, such as beta-carotene, and phenolic compounds, such as flavonoids, 

hydroxycinnamic acid, chlorogenic, homovanillic acid, and ferulic acid (205,224,225). 

Tomatoes can make an important contribution to a healthy diet and can be consumed 

raw or cooked while still maintaining their nutritive value (224). Over 80% of all commercially 

grown tomatoes are consumed as processed products such as juice, soup, and ketchup (226). A 

diet rich in tomatoes and tomato products is known to offer several health benefits and many 

of these benefits are attributed to their antioxidant content (224,227,228). This review will 

discuss the impact of growing conditions on the tomato cultivar as well as their health-related 

properties. 

The potential health benefits of tomatoes discussed in this review include anticancer 

properties of lycopene in relation to its anti-angiogenic properties, the reduction in insulin-like 

growth factor (IGF) in blood, and the modulation of cellular pathways that lead to cancer. 

Anticancer properties of other components of tomatoes, including its fibre, vitamin C, and 

phenolic constituent ferulic acid, have also been discussed. Tomatoes may also help to reduce 

the risk of cardiovascular disease, with studies showing associations between tomato 

consumption and a reduction in hypertension and the risk of atherosclerosis. Observational and 

experimental studies highlighting neuroprotection and a role in diabetes-associated oxidative 

stress have been mentioned. The association between tomato consumption and skin health, in 

particular the protection against atopic dermatitis, is discussed. This is followed by the impact 

tomatoes have on the gut microbiome and how this may lead to a reduced risk of liver 

inflammatory disease and inflammatory bowel diseases. Further potential health benefits of 
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tomatoes are then discussed, such as improved exercise recovery and decreased muscle damage 

after physical exertion, immune system modulation, and reduced risk of infertility. 

 

1.3.2. Factors Affecting Tomato Crop Cultivation and Its Nutritional Value 

Tomato cultivation is a major industry, and global production in 2018 was estimated at 

182 million tons (229) in 2018, rising to 186 million tons in 2020 (230). It is known that 

growing conditions such as water availability can impact the growth, metabolism, and yield of 

plants (231). The key limiting factors to consider in crop growth are water availability, 

temperature, salinity, and contaminants (232). Greenhouse systems allow control over many 

factors in tomato cultivation, including light intensity, temperature, and humidity (233). 

Water availability affects plant growth, rate of photosynthesis, fruit production, and 

quality of tomato crop (233,234). Due to this, the use of plant fertigation in combination with 

a drip irrigation system is becoming increasingly common in tomato cultivation (235). These 

systems are beneficial not only for the regular and reliable watering of tomatoes but also for 

the application of a controlled dosage of fertiliser added at regulated times in the growth stage 

(235). 

A 2010 study focusing on the effects of drought in tomato plants grew five varieties of 

cherry tomato plants—Kosaco, Josefina, Katalina, Salome, and Zarina—and subjected them to 

50% of a standard watering regime compared to a control with 100% (234). This study found 

that the Zarina cultivar was the most tolerant to stress, showing greater biomass, leaf relative 

water content, relative growth rate, and a higher antioxidant activity (234). The authors 

concluded that tomato plants show genotypic differences to oxidative stress caused by drought 

and suggested that the Zarina cultivar be used in any studies aiming to improve the growth of 

drought-tolerant plants (234). It is, however, worth noting that drought- and heat-induced stress 

reduces the growth and yield of tomato crops but increases their carotenoid content and 

antioxidant enzyme activity, likely due to raised oxidative stress induced by such conditions 

(236). 

It has been reported that the rate of plant photosynthesis can be impacted by drought 

(237). The stress created by drought may cause an energy imbalance in which the energy 

absorbed through photosynthesising complexes is more than photosystem II can dissipate 

(238). It has been suggested that this excess energy is dissipated in cells by the conversion of 

O2 into reactive oxygen species (ROS), resulting in plants synthesising antioxidants such as 

superoxide dismutase (239–241). 
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The accumulation of antioxidants and phytochemicals in tomato fruit is also heavily 

impacted by the environmental conditions (light intensity, water availability, temperature, 

growing media salinity) that the fruit is grown in (242). A 2009 trial compared tomatoes grown 

in Ireland with tomatoes grown in Spain to investigate if geographical location impacts 

carotenoid content in four different tomato types (cherry, plum, round, and on the vine) (243). 

The authors concluded that the geographical location rather than the type of tomato had a bigger 

impact on the bioaccessibility (bioavailability after consumption of tomatoes) of carotenoids 

in the fruit (243). The bioaccessibility of carotenoids such as lycopene is an important factor 

for the health benefits gained by eating this fruit. 

Vitamin C content in fresh tomatoes increases to a maximum and then decreases during 

the ripening process (244). It was reported by Abushita et al. that salad tomatoes grown in field 

conditions contained 15–21 mg/100 g fresh weight (FW) of vitamin C compared to a range of 

industrial grades of tomatoes with an average vitamin C value of 19 mg/100 g FW (245). As 

vitamin C has been linked to immune modulation (246), this implies that the growing 

conditions of tomato fruit could impact the immune benefits associated with it. 

Another factor to consider in the cultivation of tomatoes is the temperature. Higher 

temperatures are known to affect photosynthesis as they can cause damage to the 

photosynthetic apparatus, leading to the inhibition of photosystem II (247,248). It has also been 

reported that high temperatures reduce photosynthesis through the inhibition of the ribulose-

1,5-bisphosphate carboxylase in the Calvin cycle, leading to an inactivation of carbon dioxide 

(CO2) fixation (249). A 2005 study focussed on the effects of high temperatures in tomato 

cultivation; researchers exposed a group of Campbell-28 variety plants to heat shock treatment 

of 45 °C for 2 h and measured gas exchange, chlorophyll fluorescence, and electrolyte leakage 

(247). This study concluded that the heat shock treatment resulted in reductions in the net 

photosynthetic rate of the plants due to changes in the Calvin cycle and in photosystem II 

functioning (247). 

Temperature impacts the distribution of photoassimilates (biological compounds 

formed by assimilation using light-dependent reactions) between the fruit and the rest of the 

tomato plant (250). At higher temperatures, photoassimilate accumulation in fruits is increased, 

impacting vegetative growth of the tomato plant (243,251). The temperature of the growing 

environment also affects water distribution in the plant, the cellular structures affecting the 

quality of the fruit (such as size and colour), and fruit development (243,252,253). 

The type and number of phenolic compounds found in tomato fruit are known to vary 

greatly with plant genotype, fruit storage, and light intensity during cultivation (230,254). A 
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2006 study grew two tomato cultivars under two different conditions: one designed to transmit 

ambient solar UV radiation in the range 290–400 nm, the other designed to block UV radiation 

below 380 nm (255). The phenolic content of these tomatoes was tested using high-pressure 

liquid chromatography and a colorimetric Folin–Ciocalteu assay, and the results indicated that 

the higher wavelength and intensity of UV radiation exposure of the tomato plants during 

cultivation significantly increased the phenolic levels of the fruit level (255), which are 

beneficial to health. 

The growing media used for tomato cultivation is also known to impact the growth and 

health of the plants and the resulting fruit. In tomato greenhouse production, soilless cultivation 

systems are in place using solid substrates (256) such as peat, bark, rockwool, synthetic foams, 

and perlite (257). Sphagnum peat moss, harvested from wetland ecosystems, is a common 

growing medium in horticulture due to its high nutrient exchange capacity (258). 

The physical properties of the substrates, such as pore size, tortuosity, and continuity, 

are determined by substrate particle size and shape and can affect the availability of water and 

air (259). A study in 2004 tested seven substrates in greenhouse tomato cultivation: rockwool, 

fresh spruce sawdust, spruce wood shaving, composted spruce bark, fine blond peat, and 

mixtures of 66% fine blond peat +33% composted spruce bark and 33% fine blond peat +66% 

composted spruce bark (259). Substrate performance was assessed according to water 

retention, hydraulic conductivity, pore tortuosity, and gas diffusivity (259). While the physical 

properties of these substrates varied greatly, yield was not related to these properties, and if 

irrigation is adjusted for the physical properties of each substrate, then all tested substrates can 

be utilised for tomato greenhouse cultivation (259). 

A study carried out in 2017 investigated three different growing media—rockwool, 

coconut coir, and peat–vermiculite to understand how they affected tomato plant growth, fruit 

yield, and quality (260). Tomato plants grown with coconut coir had an increased 

photosynthesis rate, individual fruit weight, and total fruit yield (261). This study observed that 

coconut coir significantly increased potassium and sulphur uptake compared to tomato plants 

grown on rockwool, and an increased phosphorus and sulphur uptake compared to peat–

vermiculite growing media (260). 

A 2015 study assessed the impact of growing media on the nutritional quality of tomato 

fruit by growing tomato plants with a compost prepared using effective microorganisms 

(EM)—a combination of microbial inoculants that stimulate plant growth (261). The authors 

showed that the EM supplement not only improved plant growth and fruit yield but also 
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lycopene content, antioxidant activity, and defence enzyme activity compared to the control 

(261). 

A 2021 study compared soil-based growing media with hydroponic growing systems 

using rockwool with either drip-feed irrigation or deep-water culture for the cultivation of 

tomato plants (262). This study observed that tomato plants grown with the two hydroponic 

systems were more water efficient and had a lower transpiration rate, requiring less water than 

tomato plants grown in soil (261). It was also observed that the total lycopene and β-carotene 

fruit content was highest in the deep-water culture system (262). 

In a 2020 study, 20 tomato varieties grown in medium and high levels of soil salinity 

were examined for their lycopene, vitamin C, total phenolic content, and total antioxidant 

capacity, and it was reported that tomato plants with a tolerance to higher soil salinities produce 

fruit with increased levels of antioxidants, such as phenolic compounds, and carotenoids, such 

as lycopene (263). This suggests that the salinity of tomato plant growing media can directly 

impact the nutritional quality associated with the fruit, and hence the health benefits associated 

with this fruit. 

It should be noted that inorganic substrates such as rockwool and perlite require large 

amounts of energy to manufacture and are not biodegradable, making them less sustainable 

than other substrates (256). Peat is another substrate known to be unsustainable when utilised 

for crop cultivation (264). The harvesting of peat has negative effects on wetland ecosystems, 

including the loss of peat bogs, which have a major role as carbon sinks (265). Research is 

currently focused on the use of sustainable substrates such as wood fibres, bark, or recycled 

waste products from industries for the sustainable cultivation of tomatoes and other crops 

(264,266–269). 

A sustainable growing media amendment under investigation is chitin and chitosan, 

which are waste products of the shellfish industry (95). Studies have been carried out assessing 

the potential benefits these waste products have on the production of various crops 

(4,6,107,108,113). A 2004 study observed an approximate 20% increase in yield for two out 

of three tomato trials with chitosan applied to soils and leaves as 2.5–5 mL/L solutions (108). 

In all three tomato trials chitosan application resulted in significant control of powdery mildew, 

a fungi which weakens a plant and causes fruit to prematurely ripen (108). 

It is common practice for tomatoes to be harvested at the mature green stage for ripening 

in transit (270), and this can impact the levels of antioxidants such as lycopene, which are 

synthesised during ripening (243). However, unlike carotenoids such as lycopene and β-

carotene, the vitamin C levels of tomatoes are reported to be lower in tomatoes picked at the 
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fully ripened stage compared to those picked at the mature green stage and ripened off the vine 

(271). 

Tomato fruit ripening is known to coincide with seed maturation, and is regulated by 

thousands of genes which control fruit softening and accumulation of pigments, sugars, acids, 

and volatile compounds (272). Fruit softening is essential in tomato ripening to allow mature 

seeds to be easily dispersed following consumption by animals (272). The accumulation of 

sugars, acids, and volatile chemicals increases interest to animals to encourage consumption 

and seed distribution.  

Tomatoes are classed as a climacteric fruit (other examples include banana, apple, and 

avocado) which are characterised by an increase in respiration and ethylene production upon 

ripening (272). Ethylene is known to initiate tomato ripening (273). This hormone is 

synthesised from S-adenosyl methionine via 1-aminocyclopropane-1-carboxylic acid synthase 

and 1-aminocyclopropane-1-carboxylic acid oxidase (274). As ethylene is produced in 

harvested tomatoes and its total concentration in the atmosphere increases, this induces 

ripening in fruit. This is a common issue with harvested fruit during storage and transport and 

is often controlled though the use of packaging which allows gaseous exchange.   

Plant ethylene receptors are endoplasmic reticulum-associated integral membrane 

proteins with protein kinase activities (275). Figure 1.6 describes the ethylene signalling 

pathway, as currently understood, which takes place in tomato. In tomatoes there are seven 

ethylene receptor genes: LeETR1, LeETR2, NR, LeETR4, LeETR5, LeETR6, and LeETR7 

(276). Ethylene receptors are disulphide-linked dimers which, upon binding, are targeted for 

degradation by an as yet unidentified E3 ligase (272). These receptors have protein kinase 

activity, however it is not known whether the active or inactive form of the receptor is 

phosphorylated (272). Ubiquitination is usually associated with phosphorylated forms of 

proteins, therefore figure 1.6 represents the receptor as being targeted for degradation.  

Receptors interact with the negative regulator CTR1 and Ein3-like transcription factors 

(EILs) either activate transcription of ethylene response factors (ERF) family members or are 

targeted for degradation by the EIN3 binding factor (EBF) E3 ligases (272). EIN2 is known to 

be required for ethylene signal transduction, however its role is not yet determined (272). It is 

suggested that it acts downstream of CTR1 and upstream of the EIL family (272).  
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Figure 1.6. The ethylene signalling pathway. Diagram from Klee et al., 2011, represents the 

known mechanisms involved in the binding of ethylene to an ethylene receptor in tomato fruit 

(272).  

 

A critical developmental stage in tomato fruit ripening is the conversion of chloroplasts 

to chromoplasts (272). During this conversion, the photosynthetic capacity of the chloroplast 

is reduced as thylakoid structures breakdown (272,277). As the chromoplast develops, 

plastoglobuli form and accumulate large quantities of carotenoids such as lycopene and β-

carotene (272). Accumulation of these antioxidants allows a visual indicator of the ripening 

stage.  

It is known that antioxidants have a key role in tomato fruit ripening. As tomato fruit 

begins to ripen, production of active oxygen species such as hydrogen peroxide and superoxide 

anion is induced, and antioxidants such as catalase, superoxide dismutase, and ascorbate 

peroxidase are synthesised to control this (273). Ethylene is known to inhibit the activation of 

the gene encoding the lycopene β-cyclase enzyme which converts lycopene into β-carotene 

(272). This process is responsible for the red colouration of mature fruit in most tomato 

varieties. In summary, the antioxidant and phytochemical content of tomatoes can be 

influenced by environmental conditions, including light intensity, water availability, 

temperature, and growing media as well as the ripeness stage, and all this can have an impact 

on their potential health effects. 
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1.3.3. Assessing the Impact of Chitin on Tomato Growth and Health 

Previous studies have investigated the impact of chitin amendments on tomato crop 

(table 1.1) with a focus on either crop growth (3,8) or disease control (115,121–123). This 

thesis was novel in that it investigated the impacts of chitin growing media amendments on the 

cultivation of tomato investigating crop growth and fruit yield, and also fruit antioxidant 

capacity. A study was carried out to mimic a commercial tomato trial, assessing chitin as a 

growing media amendment consistent with how a tomato grower would apply it. Previous 

studies amending tomato plants with chitin were considered when planning this tomato trial. 

These previous studies grew tomato plants on rockwool cubes in a hydroponic system as found 

in commercial settings and, therefore, this method was utilised (3,115).  

In accordance with Horti-BlueC, biochar was also tested as a growing media 

amendment in this thesis. Biochar is a carbon-rich by-product of using biomasses, such as 

organic wastes or crop residues, for producing liquid or gaseous bioenergy (149). Biochar was 

investigated by Horti-BlueC as a sustainable solution for greenhouse cultivation by utilising 

waste growing media as a source of biochar. Biochar is of significance due to its application 

reducing greenhouse gas emissions by sequestering carbon in soils long term (149). Biochar is 

a sustainable carbon source in agriculture when compared to peat, a known carbon source 

which is unsustainably sourced from peatlands in the UK and Ireland (278). This project aimed 

to investigate if biochar could be used as an effective peat-replacement in tomato production.  

Biochar has been observed to increase lettuce crop growth through stimulating the 

production of growth hormones, such as auxins, in the crop (149). Biochar is porous. A 2020 

study used 3D image analysis to show that the majority of biochar pore volume resided in pores 

with 2-11 µm diameters and concluded that growing media amended with biochar had 

increased water retention (279). Growing media water retention is an important factor to 

consider in tomato cultivation as tomato plants are vulnerable to water stress. Water stress in 

tomatoes can impact root health, flower development, and fruit yield (280). 

This study aimed to assess the impact this biostimulant had on tomato plants and fruit 

compared to chitin in an experiment mirroring commercial cultivation conditions. The 

comparison between chitin and biochar as growing media amendments was interesting due to 

biochar being a carbon source and chitin being a nitrogen source. It was initially discussed to 

test a combination of these sustainable growing media amendments; however, this was never 

investigated. No comparisons were made in this thesis, between the use of biostimulants 

compared to standard inorganic fertilisers such as NPK fertilisers high in nitrogen, phosphorus, 
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and potassium which are known to positively influence crop growth (281). This was due to 

aims relating specifically to the use of recycled waste products as part of the Horti-BlueC 

project. However, a comparison between chitin, biochar and inorganic fertilisers such as NPK 

fertilisers would be a relevant future experiment following on from this work.  

Tomato trials were also carried out to investigate the impact of substrate amended with 

a range of dry weight chitin percentages. In the commercial tomato trial, only a 2 kg·m-3 chitin 

amendment had been investigated and, therefore, tomato trials 1 and 2 aimed to test a range of 

chitin dry weight percentages, as tested in the lettuce trials.  

In all tomato trials, how tomato plant growth was impacted by growing media 

amendments was investigated by measuring leaf production, leaf area, leaf chlorophyll, and 

LMA. Fruit yield was assessed, as was antioxidant capacity to further investigate the impact 

amendments had on this crop. Shelf-life of fruit grown as part of this thesis was also assessed. 

Tomato fruit shelf-life is known to be impacted by ripening stage at harvest, ethylene 

concentration, and storage conditions such as temperature and light intensity (282–284). The 

impact growing media amendments chitin and biochar had on fruit shelf-life are discussed as 

part of this thesis.  

 

 1.3.4. Horti-BlueC 

The work carried out as part of this thesis was part of the Interreg 2 Seas project Horti-

BlueC. Horti-BlueC was a multicentre study aimed to create a ‘sustainable greenhouse for the 

commercial cultivation of crops, decrease the use of chemical crop protection and fertilisers, 

and reduce CO2 emissions and provide new circular economy solutions.  

Horti-BlueC aimed to utilised waste chitin for the sustainable crop cultivation, 

investigated as part of this thesis. The chitin investigated was prepared by Horti-BlueC project 

partners, ILVO (Institute for agriculture, fisheries and food research). Project partners, Agaris, 

prepared Horti-BlueC growing media blends for investigation. Horti-BlueC growing media 

blends COM, COC, and COB amended with chitin or biochar were tested as part of this thesis. 

The commercial tomato trial carried out as part of this thesis mirrored the tomato trial of project 

partner, ADAS. Tomato fruit samples grown as part of the ADAS tomato trial were analysed 

in antioxidant assays as part of this thesis. 
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Equipment and Machines 

Apple iPad Pro (Apple Inc., Los Altos, California, USA) 

BioTek PowerWave XS Spectrophotometer (BioTek, Santa Clara, California, USA) 

Carbolite Gero Laboratory Oven AX120 (Carbolite Gero Ltd, Hope Valley, UK) 

Delta TA-T HH2 Moisture meter (Delta-T Devices Ltd, Cambridge, UK) 

Dosatron Green Line D3GL2 (Hingerose Ltd, Kettering, UK) 

Gallenkamp Hot Box Oven (Beacon House, Cambridge, UK) 

Hansatech CL-01 chlorophyll content meter (Hansatech Instruments Ltd, Norfolk, UK) 

Heidolph Titramax 1000 (Heidolph Instruments GmbH & Co., Schwabach, Germany) 

Hettich® Universal 320 centrifuge (Andreas Hettich GmbH & Co., Tuttlingen, Germany) 

Manfrotto 190XDB tripod with an 804RC2 head (Vitec Imaging Solutions Spa, Leicestershire, 

UK) 

MARSXpress Microwave digester (CEM Microwave Technology Ltd, Buckingham, UK) 

Nabertherm Muffle Furnace B180 (Nabertherm GmbH, Lilienthal, UK) 

Nikon D3400 Digital camera (Nikon Inc., Tokyo, Japan) 

Oculus Quest 2 VR Headset (Meta Platforms Inc., Cambridge, Massachusetts, USA) 

Opti-Sciences Y(II) (Opti-Sciences Inc., Hudson, New York, USA)  

PhytoLux LED Plant Growth Lighting (PhytoLux, Surrey, UK) 

Retsch Pellet Press PP 25 (Verder Scientific UK Ltd, Hope Valley, UK) 

Ricoh Theta V 360 Camera (Ricoh Inc., Tokyo, Japan) 

Rigaku ZSX Primus II XRF (Rigaku Corporation, Tokyo, Japan) 

SpectroBlue ICP-OES (SPECTRO Analytical Instruments GmbH, Kleve, Germany) 

Tinytag Ultra 2’ data logger (Gemini Data Loggers Ltd, Chichester, UK) 

Unicam Heλios ϵ spectrophotometer (Unicam Ltd, Somerset, UK) 

Verve Programmable Electronic Water Timer (4280V) (Wilko, Portsmouth, UK) 

VWR DRY-Line DL53, DL 115’ drying oven (VWR International Ltd, Leicestershire, UK) 

X-Tek XT H225 Metris Micro CT scanner (Xtek Inc., Canberra, Australia) 

ZEISS Xradia 520 Versa (Carl Zeiss AG, Jena, Germany) 

 

Reagents 

2,2-diphenyl-1-picrylhydrazyl (DPPH) (11309658, Fisher Scientific, Loughborough, UK) 

Ferric chloride (451649, Merck Life Science UK Limited, Dorset, UK) 

Ferrous sulphate (1270355, Merck Life Science UK Limited, Dorset, UK) 

Folin-Ciocalteu reagent (10191520, Fisher Scientific, Loughborough, UK) 
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Gallic acid (10697181, Fisher Scientific, Loughborough, UK) 

Glacial acetic acid (11478850, Fisher Scientific, Loughborough, UK) 

Hydrochloric acid (1.09970, Merck Life Science UK Limited, Dorset, UK) 

Sodium acetate (10667623, Fisher Scientific, Loughborough, UK) 

Sodium carbonate (11317886, Fisher Scientific, Loughborough, UK) 

2,4,6-tripyridyl-s-triazine (TPTZ) (10147560, Fisher Scientific, Loughborough, UK) 

 

Codes 

Chitin Dry Weight Percentage Codes: 

• 0% – control dry weight percentage of chitin (no chitin present) 

• 0.2% – chitin dry weight percentage treatment 

• 1% – chitin dry weight percentage treatment 

• 2% – chitin dry weight percentage treatment 

• 3% – chitin dry weight percentage treatment 

Cos Lettuce Pilot Study Groups: 

• Group G – Lettuce replicates utilised to measure growth rate, yield, and leaf antioxidant 

activity. 

• Group Y – Lettuce replicates utilised to measure yield.  

• Group S – Lettuce replicates utilised to measure the shelf-life of the harvested lettuce 

leaves, yield, and total leaf area. 

Commercial Tomato Trial Horti-BlueC Codes: 

• COM – The control growing media consisting of 30% coconut coir mix, 20% bark and 

50% wood fibre (vol%), and 0.4 kg·m-3 fertiliser 

• COC – The chitin growing media consisting of 30% coconut coir mix, 20% bark and 

50% wood fibre (vol%), 0.4 kg·m-3 fertiliser, and 2 kg·m-3 shrimp chitin 

• COB – The biochar growing media consisting of 30% coconut coir mix, 20% bark and 

50% wood fibre (vol%), 0.4 kg·m-3 fertiliser, and 2 kg·m-3 biochar derived from 

upcycled coir substrate 
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      2. Materials and Methods 

 2.1. Cos Lettuce Pilot Study  

 A pilot study was conducted to determine the optimum dry weight percentages of chitin 

for greenhouse cultivation of lettuce. Previous published lettuce studies were reviewed to 

identify the optimal growing conditions for the cos lettuce pilot study (4,5,285–290). Chitin dry 

weight percentages 0% (control), 1%, 2%, and 3% were tested in this study. The growing lights 

used were ‘PhytoLux LED Plant Growth Lighting’ lights with an average light intensity of 152 

µmol·m-2·s-1. Throughout the trial, the temperature and humidity of the greenhouse was 

monitored using a ‘Tinytag Ultra 2’ data logger (appendix II). 

2.1.1. Germination  

Commercially available “Lettuce Paris Island Cos” (L. sativa) seeds were tested grown 

in commercially available “Multi-Purpose Compost with John Innes” growing media. The 

growing media germination took place in a greenhouse with a modulated temperature of 19oC 

and a light cycle set to 14 hours. The humidity of the greenhouse could not be modulated; 

however, it was monitored throughout the experiment.  

As specified in the “Lettuce Paris Island Cos” seed user guide, the seeds were covered 

lightly with 1.5 cm of growing media and moistened. A total of 120 seeds were sowed in 

germination trays containing individual pods filled with growing media (figure 2.1). 

Germination trays were placed in trays of tap water to keep the growing media moist. 

a)       b)  

Figure 2.1.5Germination of lettuce seeds in growing media. The germination trials were set-

up as follows: a) lettuce seeds covered with 1.5 cm of growing media in individual germination 

pods. b) germination trays containing growing media and sowed lettuce seeds in trays of water 

to keep the growing media moist. 
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Lettuce seeds sowed in growing media were monitored and the rate of sprouting above 

soil level was measured daily. Throughout the germination process, growing media in all 

germination pods was kept moist by regular watering from below into the trays. After a 

growing period of fourteen days, 48 lettuces of consistent size and leaf number (average of 4 

leaves per sprouted lettuce) were selected and transplanted into 1 L pots containing chitin-

amended growing media.   

 

2.1.2. Preparing Chitin-Amended Growing Media 

Commercially available ‘Sinclair All Purpose Peat-Sand Growing Medium’ was dried 

by transferring to aluminium trays and placing into a ‘VWR DRY-Line DL53, DL 115’ drying 

oven set to 80oC (291). Throughout the drying process, the growing media was weighed daily 

using a digital weighing scale to assess its estimated moisture content. Once the growing media 

stopped losing mass (g) it was concluded that all water loss had occurred and it was completely 

dry. To improve the aeration and nutrient retention of the growing media for this study (292) 

20% ‘Sinclair Vermiculite Medium’ (2.0-5.0 mm graded) was added to the growing media 

after drying.  

This study tested the effect of chitin amended growing media, using processed chitin 

flakes (~0.5-1.5 mm in length) derived from crab shells (Biolog Heppe® GmbH). This crab 

chitin was previously tested by project partners to assess nutrient concentration (table 2.1). 

 

Table 2.1. Nutrient composition of crab chitin. Chemical properties and water-extractable 

nutrient concentrations (mgL-1 extract) of crab chitin (4). EC = electrical conductivity.  

Measurement Unit Crab Chitin 

pH-H2O  8.80 

EC (µS·cm-1) 157.00 

Nitrate (N-NO3)  (mg·L-1) <5 

Ammonium (N-NH4) (mg·L-1) <5 

Total Mineral N  (mg·L-1) <5 

Sulphate (SO4
2-) (mg·L-1) 26.00 

Sodium (Na)  (mg·L-1) 34.25 

Chlorine (Cl)  (mg·L-1) 56.90 

Carbon (C)  (mg·L-1 extract) 86.11 

Magnesium (Mg)  (mg·L-1) 1.31 

Calcium (Ca)  (mg·L-1) 3.84 

Potassium (K)  (mg·L-1) 2.51 
 

The growing media-vermiculite mixture was prepared and weighed in 1 L pots using a 

digital weighing scale. The total dry mass (g) of growing media mixture per 1 L pot was used 
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to calculate the specified dry weight percentage of crab chitin flakes (0%, 1%, 2%, or 3%). The 

chitin dry mass (g) was measured using a digital weighing scale and added to the growing 

media mixture. The mixtures were well mixed and moistened with tap water prior to the 

transplantation of lettuces previously germinated in growing media.  

 

2.1.3. Lettuce Plant Transplantation into Growing Media 

48 lettuce plants were transplanted in total, divided into groups G, Y, and S. Each group 

consisted of 16 lettuce replicates, divided into the four chitin dry weight percentages (figure 

2.2). Group G replicates were primarily grown to monitor lettuce growth rates, and were also 

utilised to measure lettuce yield, root structure, and leaf antioxidant activity. Group Y lettuces 

were grown with the primary purpose of measuring lettuce yields and root mass. Group S were 

primarily grown to assess the shelf life of leaves post-harvest, and were also utilised to measure 

the lettuce yield, and total leaf area.  

 

 

Figure 2.2.6Diagram representing the distribution of lettuce replicates in the cos lettuce 

pilot study. Group G, Y, and S replicates are shown as green, yellow, and blue respectively. 

Each group contains the four chitin dry weight percentages (0%, 1%, 2%, and 3%), each with 

four lettuce replicates represented as circles in the diagram. 

 

Lettuces of consistent size and leaf number (average of 4 leaves per sprouted lettuce) 

were selected and transplanted at random into the prepared 1 L pots. Transplantation into 1 L 

pots was day 1 of the cos lettuce pilot study. All 1 L pots were placed in trays filled with tap 

water to maintain growing media moisture.  

1%  0%  

2%  3%  

0%  1%  

2%  3%  

0%  1%  

2%  3%  

Group G Group Y Group S 



75 

PhytoLux LED Plant Growth Lighting lights were arranged using manufacturer’s 

instructions for even light. However, when the average light intensities (PAR) (µmolm-2s-1) of 

different positions in the greenhouse was measured, it was observed that the light intensity was 

not uniform throughout the greenhouse due to surrounding buildings, resulting in uneven light 

distribution during the day. Therefore, every two days all lettuces were randomly moved 

around the greenhouse to maintain equal light exposure. The tray used for each lettuce was 

kept consistent throughout the experiment to avoid any contamination by mixing leachates. All 

lettuces grown as part of this trial were watered consistently and monitored daily for any signs 

of deterioration.  

 

2.1.4. Lettuce Growth 

2.1.4.1. Leaf Production 

Leaf number counts of Group G lettuces were taken every Monday, Wednesday, and 

Friday for the duration of the trial (52 days). Leaves were counted from the outside of the plant 

inwards. Young leaves not yet unfurled and older senesced leaves were excluded from 

measurement. 

 

2.1.4.2. Leaf Expansion 

On day 9 of the experiment, the youngest fully unfurled leaf from each lettuce in Group 

G was selected. Loops of red cotton were attached loosely to the selected leaves in order to 

identify them. Each leaf was photographed in front of a scaled sheet of plain white paper every 

Monday, Wednesday, and Friday for a two-week period. ImageJ software (293) was used to 

calculate the area (mm2) of the photographed leaves. Measurements were taken over a 14 day 

period to measure the expansion rate of selected leaves. 

  

2.1.4.3. Chlorophyll Fluorescence 

The chlorophyll fluorescence of Group G lettuce leaves was measured on day 21 of the 

experiment, using an Opti-Sciences Y(II) meter. The youngest unfurled leaf and the oldest un-

senesced leaf of each lettuce was measured.  

 

2.1.4.4. Growing Media Measurements 

Every Monday, Wednesday, and Friday during the trial, a Delta TA-T HH2 Moisture 

meter was used to measure the temperature (oC), the EC (ms·m-1), and the moisture content 

(%) of the growing media for each Group G lettuce. Three different positions in the surface of 
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each 1 L pot were probed and the average temperature (oC), EC (ms·m-1), and the moisture 

content (%) were determined.  

 

2.1.5. Lettuce Harvest  

Group Y lettuce leaves were harvested on day 29 for yield measurements, group S 

lettuce leaves were harvested on day 42 for shelf-life measurements, and group G lettuce leaves 

were harvested on day 52 for testing in antioxidant assays. 

 2.1.5.1. Group Y Lettuce Leaf Mass  

Group Y lettuces were cut at the base of the stem using secateurs, removing all biomass 

above the surface of the growing media. The fresh mass yield (g) of each Group Y lettuce was 

measured using a digital weighing scale. These lettuces were then placed in a labelled paper 

bag and dried in a drying oven (VWR DRY-Line with Natural Convection, DL53, DL 115) at 

80oC for 48 hours. This temperature was selected based on a 2007 study (294). A 48 hour 

drying period at 80oC was found to completely dry the lettuce leaves without causing any 

detrimental effects. After 48 hours, the dry mass (g) of the lettuces were measured with a digital 

weighing scale. 

 

2.1.5.2. Group Y Root Mass 

The root systems were isolated using a technique in which the roots were manually 

shaken to remove excess growing media (295). The fresh mass (g) of every lettuce root system 

in Group Y was then measured using a digital weighing scale before they were placed in a 

labelled paper bag and dried in a drying oven (VWR DRY-Line with Natural Convection, 

DL53, DL 115) set to 80oC for 48 hours. This temperature and time period was found to result 

in completely dry roots with no damage. After 48 hours, the dry mass (g) of the root systems 

were measured with a digital weighing scale. 

 

2.1.5.3. Group S Lettuce Mass and Total Leaf Area 

The leaves of Group S lettuces were removed from the stem of the lettuce using 

secateurs and weighed on a digital weighing scale to obtain fresh mass yield (g) per lettuce. 

Leaves were laid flat on a plain sheet of scaled paper and photographed. The area (mm2) of 

each leaf per lettuce was then calculated using ImageJ and these were summed to calculate the 

total leaf area (mm2) of each Group S lettuce.  
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2.1.5.4. Group S Lettuce Shelf-Life 

 Following harvesting of leaves from Group S lettuces, leaf material was transferred to 

individually labelled, clear plastic bags. It should be noted that air tight plastic bags were used 

in this experiment instead of micro perforated bags used in standard commercial practice. This 

decision was made due to the lack of access to micro perforated bags. Leaves from each lettuce 

replicate were organised into 40-50 g of leaf material per bag and labelled, before being stored 

in a 5oC cold room (figure 2.3). These leaf storage conditions were in line with prior literature 

(285,290). There were 3-5 labelled bags of leaf material per lettuce replicate depending on the 

amount of leaf material which could be used. Leaves which were senesced, ripped, wilted, or 

not yet fully unfurled were not used during this experiment. This was to ensure that leaves of 

a consistent age and size between lettuce replicates were tested. While stored at 5oC, each 

labelled bag was monitored every Monday, Wednesday, and Friday for a 3 month period 

according to methods described by Ansorena et al., 2012 (296). Leaves were evaluated on the 

basis of leaf characteristics, such as colour (shade and uniformity), brightness, texture, and 

presence or absence of defects (296). Each bag was assessed for signs of leaf decay such as 

yellowing or browning of leaf material using a light source inside the 5oC cold room. Leaves 

were also assessed for any signs of wilting or changes in leaf texture. Qualitatively, the 

percentage of leaf material per bag showing any of these specific signs of decay was calculated. 

When the total percentage of leaf material showing signs of decay reached 50%, the bag label 

was noted and the bag was removed from the experiment. The total number of days, per bag, 

was calculated upon removing each bag from the experiment and this numerical figure was 

used to estimate the shelf life of the lettuce material in days following the harvesting of the 

leaves. 
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Figure 2.3.7Shelf-life experiment leaf storage. Group S lettuce leaves stored in labelled, clear 

plastic bags (40-50g). The label ‘S0%1(a)’ denotes the following: Group S (S); 0% chitin (0%); 

first replicate (1); first bag from this replicate (a). 

 

2.1.5.5. Group S Root Mass 

For Group S lettuces the growing media was removed from the root system by 

‘washing’. This was done by gentle submersion and motion in a bucket of tap water. Once the 

growing media was removed from the roots, they were placed on blotting paper to remove 

excess water. Fresh mass (g) of roots was measured using a digital weighing scale. The washed 

root systems were transferred to labelled paper bags and placed in a drying oven (VWR DRY-

Line with Natural Convection, DL53, DL 115) set to 80oC for 48 hours and the dry mass (g) 

of root systems measured using a digital weighing scale. 

 

2.1.5.6. Group G Lettuce Leaves 

Group G lettuce leaves were removed from the stem and weighed to obtain fresh mass 

yield (g). One leaf of consistent size from each Group G lettuce was selected and photographed 

in front of a scaled sheet of paper to calculate its area (mm2) in ImageJ. Once photographed the 

leaf fresh mass (g) was measured using a digital weighing scale and it was placed in a labelled 

paper bag in a drying oven (VWR DRY-Line with Natural Convection, DL53, DL 115) set to 

80oC for 48 hours for drying. The dry mass (g) of all 16 Group G lettuces leaves was then 



79 

measured using a digital weighing scale and the area (mm2), fresh mass (g), and dry mass (g) 

were used to calculate the leaf mass area (LMA) (g·m-2) of these leaves.  

Remaining leaves from Group G lettuces were arranged into 15 g collections from each 

plant and transferred to labelled aluminium foil parcels. These aluminium parcels of lettuce 

leaves were then submerged in liquid nitrogen for flash freezing and stored at –80oC. All 

remaining leaves were immediately tested in the antioxidant assays following harvesting.  

 

 

2.1.6. Antioxidant Assays 

2.1.6.1. Lettuce Preparation 

For spectrophotometric analysis, a transparent solution was required for testing. 

Therefore, the following protocol was developed through comparison of different techniques 

for the preparation of lettuce samples for use in antioxidant assays. 15 g of fresh leaf material 

was transferred to a beaker and 15 ml of deionised water was added. This was then 

homogenised using a hand blender for 2 minutes. Following this, the lettuce leaf homogenate 

was filtered through a Millex® 33mm MCE sterile disk filter (pore size 0.45 µm) using a 10 

ml syringe into an Eppendorf. 

 

2.1.6.1.1. Lettuce Homogenate Filtration 

Centrifugation and different methods of filtering were investigated to obtain a 

transparent solution without losing antioxidant capacity of the leaf homogenate. Centrifugation 

was carried out at 3000, 4000, 8000, 10000, and 12000 RPM, using a Hettich® Universal 320 

centrifuge, for time periods of up to 10 minutes. Filtration of homogenate through tights (15 

denier 95% nylon, 5% Lycra™), cheese cloth (grade 90), dry and moistened Whatman® filter 

paper (diameter 47 mm, pore size 2.5 µm), and Millex® 33mm MCE sterile disk filters were 

also tested. Combinations of filtering and centrifugation were tested to obtain a transparent 

solution of lettuce homogenate. The use of Millex® 33mm MCE sterile disk filters was found 

to be the only method to obtain a transparent solution and utilised as described in section 

2.1.6.1. 

2.1.6.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content 

Also known as the Total Phenolic Content (TPC) assay or the gallic acid equivalence 

method (GAE), this assay uses Folin-Ciocalteu reagent consisting of phosphomolybdate and 

phosphotungstate for the determination of phenolic and polyphenolic compounds in a sample 

(194,297). 7.5% sodium carbonate (Na2CO3) solution (7.5 g + 100 ml deionised water) was 

prepared. Gallic acid (C6H2(OH)3CO2H) standards dissolved in deionised water were prepared 
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(100, 50, 25, 10 µg·ml-1). These standards were used to obtain a calibration curve (n = 4) which 

could be used to calculate the gallic acid equivalent (GAE µg·ml-1) of tested lettuce samples. 

Initial experiments were developed for using test tubes, however, to improve the assay 

precision and number of replicates a method was developed to use a 96-well microplate and 

plate reader. 

25 µl of sample, standard, or blank (deionised water) was mixed in a microplate well 

with 125 µl Folin-Ciocalteu reagent diluted 1 in 10 with deionised water. This was then mixed 

by placing the microplate on a Heidolph Titramax 1000 microplate shaker for one minute. Due 

to the photosensitivity of the Folin-Ciocalteu reagent, the microplate was covered with 

aluminium foil and incubated for five minutes in the dark. Following the incubation, 100 µl of 

Na2CO3 was added to each well and mixed by placing the microplate on the microplate shaker 

for one minute. This was followed by a thirty minute incubation period in the dark at room 

temperature, before measuring the absorbance of each well at 765 nm using a BioTek 

PowerWave XS spectrophotometer microplate reader. The calibration curve was used to 

calculate the gallic acid equivalent (GAE µg·ml-1) of lettuce leaf samples. Gallic acid 

equivalents were used to estimate the total polyphenol content (TPC) of samples in the Folin’s 

assay. 

 

2.1.6.3. FRAP Assay to Measure Reducing Ability of Samples 

Developed by Benzie and Strain (1996)(195), this assay assessed the reducing ability 

of samples as a measure of lipophilic antioxidant activity. The FRAP assay is a cheap, quick 

assay with highly reproducible results (196) which several studies have employed the use of to 

generate a database of antioxidant content of foods allowing an easy comparison of antioxidant 

content of food samples (197). The ferric ion reducing antioxidant power (FRAP) assay, first 

performed by Benzie and Strain (1996), is a method based on production of a O- 

Phenanthroline-Fe(2+) complex and its disruption in the presence of chelating agents (195). As 

in the Folin-Ciocalteu reagent assay assay, the FRAP assay was developed using test tubes and 

adapted for use in 96-well plates to test more samples in less time. Reagents 300 mmol·L-1 

acetate buffer (3.1 g sodium acetate + 16 ml glacial acetic acid 99% + 984 ml deionised water), 

20 mmol·L-1 ferric chloride (FeCl3) (54.06 mg FeCl3 + 10 ml deionised water), and 10 mmol·L-

1 TPTZ (2,4,6-tripyridyl-s-triazine) (31.23 mg TPTZ + 10 ml of 40 mmol·L-1 hydrochloric acid 

(HCl)) were prepared prior to the assay. Ferrous sulphate (FeSO4) standard solutions dissolved 

in deionised water in concentrations, 2, 1, 0.5, and 0.25 mmol·L-1, were prepared in a serial 
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dilution to obtain a calibration curve to calculate the concentration of reducing compounds 

(mmol·L-1) in lettuce samples as a measure of antioxidant activity.  

30 µl of sample, standard, or blank (deionised water) were diluted in 70 µl of deionised 

water. 20 µl of these diluted samples, standards, and blank were transferred to a microplate 

well with 180 µl FRAP reagent, consisting of acetate buffer:TPTZ:FeCl3 in ratio 10:1:1. This 

was then mixed by placing the entire microplate on a Heidolph Titramax 1000 microplate 

shaker for one minute. Following this, the microplate was incubated at 37oC for 10 minutes 

using a BioTek PowerWave XS spectrophotometer microplate reader. Absorptions at 593 nm 

were then measured using the microplate reader. The concentration of reducing compounds 

(mmol·L-1) in the lettuce filtration samples was then calculated using the calibration curve 

prepared using the range of ferrous sulphate standards. As discussed, this measurement was 

limited to the hydrophilic antioxidants found in samples and so no lipophilic antioxidants were 

measured.  

 

2.1.6.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples 

An assay which measured the free-radical scavenging activity of samples (198). In this 

assay a free radical with an unpaired valence electron at a nitrogen atom, 2,2-diphenyl-1-

picrylhydrazyl (DPPH), is present and the amount of sample needed to quench 50% of these 

free radicals by donating a hydrogen atom is measured (199). This decolourises the violet 

DPPH solution when a free radical scavenger (hydrogen donor) is present (194). In this way 

the ability of compounds to be free radical scavengers, such as antioxidants, is measured. 

A stock solution of 1 mM DPPH (2,2-diphenyl-1-picrylhydrazyl) (7.88 mg + 20 ml 

methanol) was prepared and on the day the assay took place 100 µM DPPH (stock solution 

diluted 1 in 10 in methanol) was prepared. A serial dilution of gallic acid in the concentrations 

20, 10, 5, and 2.5 µg·ml-1 was used as a range of standards for testing lettuce samples.  

When lettuce leaf material was tested using this assay, precipitate developed during a 

thirty minute incubation period required for the assay. This precipitate interfered with 

spectrophotometry in both the test tube method and the 96-well microplate method resulting in 

large deviations in results. A protocol of centrifuging, using a Hettich® Universal 320 

centrifuge, the solution after the incubation was developed whereby the supernatant was be 

analysed using a Unicam Heλios ϵ spectrophotometer.  

In this updated protocol 0.25 ml of lettuce leaf sample, standard, and blank (deionised 

water) were mixed in test tubes with 0.75 ml of 100 µM DPPH. The reaction mixtures were 

incubated at room temperature in the dark, due to the photosensitivity of the DPPH solution. 
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All samples, standards, and the blank were then centrifuged at 1340 rpm for 3 minutes. The 

absorbance of the supernatant was then read at 517 nm using a Unicam Heλios ϵ 

spectrophotometer. The inhibition (%) of the DPPH free radicals was calculated using equation 

1: 

 

 

Where A0 was absorbance of the controls and A1 was absorbance of the sample (298).  

 

2.1.7. Statistical Analysis 

When data was normally distributed in a Kolmogorov-Smirnov and Shapiro-Wilke test, 

a one-way ANOVA with Tukey post hoc comparison was carried out. Water content data was 

found to be non-parametric on days 24, 26, and 29. In these cases a Kruskal-Wallis H test was 

carried out to show significant differences in the data, and a Dunn pairwise comparison post 

hoc test with Bonferroni corrections was used to assess differences between specific groups. 

These data sets were suggested to be non-parametric due to the large variance in results and 

limited sample size. 

 

2.2. Butterhead Lettuce Trial using Horti-BlueC Growing Media 

2.2.1. Greenhouse Conditions 

Due to the uneven light distribution in the greenhouse, lettuce replicates were randomly 

moved around the greenhouse every two days as carried out in the cos lettuce pilot study. Shade 

nets were also employed in this trial to unify greenhouse light distribution (Figure 2.4). The 

greenhouse temperature was set to 19oC and the light cycle set to 14 hours daylight. The 

growing lights used were ‘PhytoLux LED Plant Growth Lighting’ lights with an average light 

intensity of 152 µmol. Throughout the trial, the temperature and humidity of the greenhouse 

was monitored using a ‘Tinytag Ultra 2’ data logger. 

 

DPPH. Scavenging effect (%) = (A0 − A1)/A0 x 100 – Equation 1 
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Figure 2.4.8Greenhouse shade netting. Shade nets were set up at the top and the back wall 

of the greenhouse to unify uneven light coming into the greenhouse potentially impacting the 

growth of the lettuce. 

2.2.2. Preparing Substrate 

This lettuce trial used growing media prepared by Horti-BlueC project partners, tested 

in a previous lettuce trial within the Horti-BlueC project (5). The growing substrate used was 

labelled LP2B (Universal Substrate, Peltracom, Belgium) consisting of 50% (v/v) black peat, 

50% (v/v) white peat, with additives 4.5 kg·m-3 lime (for pH), and 0.8 kg·m-3 fertiliser, as 

specified by project partner Agaris. Agaris also supplied LP2B without fertiliser for the lettuce 

trial. Agaris carried out elemental analysis on both LP2B growing media by mixing 50 ml of 

the substrates with either 250 ml of deionised water or acetate and filtering (acetate 

concentration and filtering technique were not disclosed). The deionised water was used to 

determine pH of water, nitrate, ammonium, sulphate, and chlorine. EC and pH were determined 

by a probe (model not disclosed), the nitrate with a reflectometer (model not disclosed), and 

the remaining were determined with a spectrophotometer (model and wavelengths not 

disclosed). The acetate was used to determine phosphorus, potassium, calcium, magnesium, 

sodium, and manganese with a multi plasma atomic emission spectrometer (MP-AES) (model 

type not shared). The details of the analysis carried out was not disclosed, only the results 

shown in table 2.3.  



84 

Table 2.3.3Elemental analysis of LP2B substrate with and without fertiliser.  

Measurement Unit LP2B (no fertiliser) LP2B (with fertiliser) 

pH H2O 
 

6.45 5.9 

EC µS·cm-1 68.1 338 

Nitrate (NO3-) mg·L-1 substrate 0 36.16 

Ammonium (NH4+) mg·L-1 substrate 6.85 77.02 

Phosphorus (P) mg·L-1 substrate 8.65 74.5 

Potassium (K) mg·L-1 substrate 30.65 183.95 

Calcium (Ca) mg·L-1 substrate 1820.05 1827.35 

Magnesium (Mg) mg·L-1 substrate 333.55 313.65 

Sulphate (SO4
2-) mg·L-1 substrate 198.5 410 

Sodium (Na) mg·L-1 substrate 26 27.45 

Chlorine (Cl) mg·L-1 substrate 27.4 14.9 

Iron (Fe) mg·L-1 substrate 0.7 0.95 

Manganese (Mn) mg·L-1 substrate 3.25 4 

 

 LP2B growing media was transferred to aluminium trays and dried at 80oC using a 

VWR DRY-Line DL53, DL 115’ drying oven. Both the fertilised and unfertilised LP2B were 

dried at this temperature until they stopped losing mass, indicating all water had evaporated.  

 

2.2.3. Chitin 

The types of chitin tested in this lettuce trial were the chitin flakes from crab processed 

by Biolog Heppe® GmbH and a chitin derived from waste shrimp (Crangon crangon) shells. 

This chitin was prepared by Horti-BlueC project partners first by grinding the shrimp shells 

and adding to water in the ratio 1 in 3. This was followed by a two-step extraction process 

consisting of demineralisation with phosphoric acid (H3PO4) and deproteinization with 

alcalase. The resulting mixture was then washed and dried (details not disclosed by project 

partners) prior to packaging. Total carbon and nutrient content, pH, EC, and N mineralisation 

of this shrimp chitin carried out by project partners is specified in table 2.4.  
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Table 2.4.4Mineral analysis of shrimp derived chitin. pH, EC, total content of C and 

nutrients, and N mineralisation of C. crangon shrimp shells utilised in this tomato study (113). 

DM = dry mass (g). Full materials and methods of chemical analysis in Vandecasteele et al. 

(2021) (113). 

Measurement Unit Shrimp Shell Chitin 

pH H2O  8.9 

EC µS·cm-1 96 

Organic Carbon %/DM 49 

Inorganic Carbon %/DM < 0.1 

Nitrogen (N) %/DM 7.6 

Calcium (Ca) %/DM 9.2 

Potassium (K) %/DM 0.16 

Magnesium (Mg) g·kg-1 DM 0.5 

Sodium (Na) g·kg-1 DM 0.5 

Phosphorus (P) g·kg-1 DM 1.5 

N mineralisation % /total N 65.6 (2.5) 

 

2.2.4. Germination 

Seeds were germinated in either the fertilised or unfertilised LP2B amended with one 

of the two forms of chitin. The previously dried fertilised and unfertilised LP2B was added to 

germination trays and the total dry mass (g) of LP2B per tray was measured using a digital 

weighing scale. Using this, the required total mass of both chitin types was calculated. The 

germination trays were split into four groups: crab chitin with fertilised LP2B, crab chitin with 

unfertilised LP2B, shrimp chitin with fertilised LP2B, and shrimp chitin with unfertilised 

LP2B. Each group was made up of four dry weight chitin percentage treatments – 0% (control), 

1%, 2%, and 3% (figure 2.5). Each dry weight percentage chitin treatment was set up in a 

germination tray containing 20 individual pods filled with the LP2B. The chitin-LP2B substrate 

was mixed and moistened with tap water in the germination pods and the germination trays 

were placed in trays of water to maintain growing media moisture (figure 2.5). 
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a)  

b)  

Figure 2.5.9Set-up of germination trays in the butterhead lettuce trial. Four groups of 

germination trays were established: crab chitin with fertilised LP2B, crab chitin with 

unfertilised LP2B, shrimp chitin with fertilised LP2B, and shrimp chitin with unfertilised 

LP2B. Each group consisted of four germination trays, each containing a specified chitin dry 

weight percentage treatment (0% (control), 1%, 2%, and 3%), each with twenty germination 

pods. a) shows germination trays before adding the substrate, b) shows the germination trays 

after substrate is added, moistened, and water is added to the trays. 

 

This lettuce trial used pelletised butterhead lettuce seeds (Lactuca sativa L. var. capitate 

“Alexandria”) obtained from Rijk Zwaan Distribution B.V. (De Lier, the Netherlands). One 

seed was added to each germination pod (640 in total) and was covered with 1.5 cm of the 

substrate. These were moistened with tap water and germination was monitored daily. After 

fourteen days of monitoring germination, sprouted lettuce plants of consistent size were 

transplanted into 1 L pots for the growing trial. 

 

2.2.5. Lettuce Growing Trial 

2.2.5.1. Experimental Design 

Figure 2.6 is a visual representation of the growing trial. There were one hundred and 

twenty-eight 1 L pots in total, represented as circles in rectangular trays, each containing one 

lettuce. These were split into the four groups established in germination: crab chitin with 

fertilised LP2B, crab chitin with unfertilised LP2B, shrimp chitin with fertilised LP2B, and 
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shrimp chitin with unfertilised LP2B. Each group was made up of the four dry weight chitin 

percentage treatments – 0% (control), 1%, 2%, and 3% – each having eight replicates.  

 

Crab Chitin, Fertilised LP2B Shrimprab Chitin, Unfertilised LP2B 

  

Crab Chitin, Fertilised LP2B Shrimp Chitin, Unfertilised LP2B 

  

 

Figure 2.6.10Diagram representing the distribution of lettuce replicates in the butterhead 

lettuce trial. Rectangles are represented as trays, and circles are the lettuce pots in the trays. 

Four groups represented are as follows: crab chitin with fertilised LP2B, crab chitin with 

unfertilised LP2B, shrimp chitin with fertilised LP2B, and shrimp chitin with unfertilised 

LP2B. Each column represents the dry weight chitin percentage treatment (eight replicates per 

treatment) per group. It should be noted that this diagram is a representation, and that during 

the experiment the lettuces were distributed randomly through the greenhouse and moved every 

Monday, Tuesday, and Friday.  

 

 

0%               1%                2%              3% 0%               1%                2%              3% 

0%               1%                2%              3% 0%               1%                2%              3% 



*Crab chitin lettuce trial started 2 weeks prior to the shrimp chitin lettuce trial due to a lack of 

space in the greenhouse. Difference in the day measurements were taken occurred due to 

weekends when access to the greenhouse was not permitted. 
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The previously dried fertilised and unfertilised LP2B was added to 1 L pots and the mass (g) 

measured using a digital weighing scale. Using this, the amount of chitin needed to prepare 

specific chitin dry weight percentage treatments for all four groups of substrates was calculated. 

The specific form of chitin required was added to the specific LP2B for each treatment and 

mixed and moistened with tap water prior to transplantation of a butterhead lettuces previously 

germination in the same chitin dry weight percentage treatment. 128 lettuces, of consistent size 

and leaf number (average of 4 leaves per sprouted lettuce), were selected and transplanted at 

random into the prepared 1 L pots. These pots were then placed in trays filled with tap water 

to keep the growing media moist. It should be noted that in the cos lettuce pilot study, day 1 of 

the study began when lettuces were transplanted into 1 L pots, whereas in this butterhead lettuce 

trial day 1 began when seeds were sown in the different groups of substrates. 

 

 2.2.5.2. Lettuce Growth 

 2.2.5.2.1. Leaf Production 

Leaf number counts of lettuce replicates 5-8 were taken every Monday, Wednesday, 

and Friday as carried out in section 2.1.4.1.  

 

2.2.5.2.2. Leaf Expansion 

On day 25 of the trial for crab chitin treatments and day 23 of the trial for shrimp chitin 

treatments*, the youngest fully unfurled leaf from each lettuce replicate 5-8 was selected. 

Selected leaves were of a consistent size in each lettuce. Loops of red cotton were attached 

loosely to the selected leaves to identify them. Leaf expansion of selected leaves was measured 

as described in section 2.1.4.2 for 18 days for the crab chitin treatments, and 12 days for the 

shrimp chitin treatments.  

 

2.2.5.2.3. Chlorophyll Fluorescence 

The chlorophyll fluorescence of replicates 5-8 was measured on day 39 of the trial for 

crab chitin treatments and day 45 of the trial for the shrimp chitin treatments*. The chlorophyll 

fluorescence was measured using an Opti-Sciences Y(II) meter on the youngest fully unfurled 

leaf of each lettuce, and the oldest un-senesced leaf for each lettuce. 

 

2.2.5.2.4. Chlorophyll Content 

Chlorophyll content measurements were also taken using a Hansatech CL-01 

chlorophyll content meter according to the manufacturer’s protocol. This took place on day 43 



*Crab chitin lettuce trial started 2 weeks prior to the shrimp chitin lettuce trial due to a lack of 

space in the greenhouse. Difference in the day measurements were taken occurred due to 

weekends when access to the greenhouse was not permitted. 
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of the trial for crab chitin treatments and day 45 of the trial for the shrimp chitin treatments*. 

For each lettuce replicate 5-8 a mature leaf consistent size was selected, and also the third fully 

unfurled leaf from the centre of the plant was selected as a young leaf. Four measurements of 

chlorophyll content were taken for each mature leaf and three measurements for the young 

leaves due to a smaller surface area.  

 

2.2.5.2.5. Growing Media Measurements 

Every Monday, Wednesday, and Friday during the trial, a Delta TA-T HH2 Moisture 

meter was used to measure the temperature (oC), EC (ms·m-1), and the moisture content (%) of 

the different substrates for each lettuce replicate 5-8 using the technique described in section 

2.1.4.4. 

 

 2.2.6. Mortierella Isolation and Identification  

When 1 L pots of the 4 groups of substrates were prepared, a white ‘crust’ began to 

form on the surface of the substrates (figure 2.7). Project partners previously tested the 

significance of chitin on the presence of Mortierella fungi (5). From the family Mortierellaceae, 

the genus Mortierella is known to have species which benefit the growth of plants through 

chitin degradation to release nutrients and biological control of pathogens (5,107). As the 2016 

study carried out by project partners only tested 2% chitin (dry weight percentage), it was vital 

to know if the presence of Mortierella was impacted by different dry weight chitin percentages 

(1%, 2%, and 3%) tested in the butterhead lettuce study. The substrate and lettuce type tested 

were consistent between experiments so that results could be compared.  

Potato dextrose agar (PDA) was prepared to grow Mortierella, for identification 

purposes (219). This agar was prepared with chloramphenicol, an antibiotic to prevent bacterial 

contamination. A stock supply of PDA was prepared ahead of time which was melted down 

for the addition of chloramphenicol on the day of inoculation. To prepare PDA 500 g of PDA 

powder was dissolved in 12.8 L of sterilised deionised water (39 g per L) and autoclaved at 

121oC. On the day of inoculation, 200 mg chloramphenicol was dissolved in 4 ml of ethanol. 

0.5 ml chloramphenicol solution was added per litre of melted PDA and gently mixed before 

adding to sterilised petri dishes for inoculation.  

On day 47 of the crab chitin treatments trial and day 29 of the shrimp chitin treatments 

trial, LP2B samples were removed from the substrate surface using a spatula sterilised with 
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70% ethanol and isolated in sterilised petri dishes. One lettuce replicate per chitin 

treatment was selected at random for LP2B sampling. PDA was melted down and 

chloramphenicol was added (0.5 ml chloramphenicol per litre PDA) before the solution was 

mixed gently and poured evenly into sterilised petri dishes and left to solidify. When solidified, 

a needle sterilised using a Bunsen burner was used to transfer LP2B samples to labelled petri 

dishes. Aseptic technique was always used when preparing these petri dishes. The petri dishes, 

inoculated with LP2B, were left at room temperature away from direct sunlight for six days for 

the growth of fungi.  

 

   

Figure 2.7.11Mortierella identification on LP2B substrate. White ‘crust’ forming on the 

surface of substrates prepared for the butterhead lettuce trial was identified as Mortierella. 

  

 Once developed, samples were photographed for reference (figure 2.8) and transferred 

to new petri dishes for continued growth. Petri dishes of PDA with chloramphenicol (0.5 ml 

per litre PDA) were prepared in the same way and labelled. Samples of fungi morphologically 

similar to Mortierella (figure 2.9) were transferred to the new petri dishes with a needle 

sterilised using a Bunsen burner. Samples were left for seven days at room temperature out of 

direct sunlight for fungi to develop. Every seven days the fungi were transferred to freshly 

prepared agar plates, using this method, to monitor growth and development.  
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Figure 2.8.12Reference photo of fungal development from LP2B sample. Sample shown is 

the third petri dish replicate sampled from fertilised LP2B amended with 3% shrimp chitin 

(lettuce replicate 8).  

 

 

Figure 2.9.13Fungal sample morphologically similar to Mortierella. When developed the 

fungi forms a white shape similar to flower petals. 
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For transportation of fungi samples to project partners in Belgium PDA agar slants of 

each isolate were prepared in sealed, labelled tubes. PDA agar slants were prepared by making 

PDA agar with chloramphenicol (0.5 ml per litre PDA) in the same way. PDA agar was then 

transferred to universal tubes positioned at an angle to ensure the agar solidified at a slant. 

Fungal isolates were transferred to these tubes using a needle sterilised with a Bunsen burner. 

There were six isolates prepared in total, each with three replicate tubes. Table 2.5 shows which 

substrate each isolate was sampled from. All isolates were delivered to project partners in 

Belgium for identification.  

 

Table 2.5.5Describes chitin amended LP2B samples isolated and transported to project 

partners in Belgium for identification.  

Label Growth 

Media 

Chitin 

Type 

Chitin 

Percentage in 

Growth media 

Fungi 

Sampled from 

Lettuce 

Replicate 

Transporting 

Fungi replicates 

US3%3 Unfertilised 

Soil 

Shrimp 3% 

  

3 a, b, c  

FS3%8 Fertilised 

Soil 

Shrimp 3% 8 a, b, c  

UC3%2 Unfertilised 

Soil 

Crab 3% 2 a, b, c  

UC0%3 Unfertilised 

Soil 

Crab 0% 3 a, b, c  

FC3%1 Fertilised 

Soil 

Crab 3% 1 a, b, c  

FC0%5 Fertilised 

Soil 

Crab 0% 5 a, b, c  

 

Mortierella confirmation was first carried out by morphological identification (figure 

2.9). In addition the isolated fungi were observed under a stereo microscope to identify 

Mortierella sporangiophores (219,299,300). Subsequently, a single spore isolate was made 

from two isolates (FC3%1a and UC3%2b) and DNA extraction followed by Sanger sequencing 

of the ITS region was done as described in De Tender et al. (personal communication, paper 
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by De Tender et al. is in preparation). Blasting of the contig sequences confirmed that the 2 

isolates belonged to the genus Mortierella.   

 

2.2.7. Lettuce Harvest 

 Lettuce harvest took place on day 43 for crab chitin amended lettuces and on day 46 for 

shrimp chitin amended lettuces. This difference was caused by the lettuce trials taking place 

two weeks apart due to a lack of resources.  

2.2.7.1. Replicates 1-4 

2.2.7.1.1. Fresh Mass 

Lettuces were isolated using secateurs to remove all leaf biomass above the surface of 

the growing media. The fresh mass yield (g) of each lettuce was measured using a digital 

weighing scale.  

 

2.2.7.1.2. Total Leaf Area 

All leaves from each lettuce replicate were placed on scaled sheets of paper and 

photographed to measure the total leaf area (mm2) of each plant using ImageJ software.  

 

2.2.7.1.3. Shelf-Life 

 

Methods used during this shelf-life experiment were similar to those discussed in 

section 2.1.5.4. Following harvesting from lettuce plants, leaves from each individual lettuce 

replicate were placed in sealed, clear plastic bags. It should be noted that air tight plastic bags 

were used in this experiment instead of micro perforated bags used in standard commercial 

practice. This decision was made due to the lack of access to micro perforated bags. Leaves 

from each lettuce replicate were organised into 40-50 g of leaf material per bag and labelled, 

before being stored in a 5oC cold room. These leaf storage conditions were in line with prior 

literature (285,290). There were 3-5 labelled bags of leaf material per lettuce replicate 

depending on the amount of leaf material which could be used. Leaves which were senesced, 

ripped, wilted, or not yet fully unfurled were not used during this experiment. This was to 

ensure that leaves of a consistent age and size between lettuce replicates were tested. While 

stored at 5oC, each labelled bag was monitored every Monday, Wednesday, and Friday for a 3 

month period according to methods described by Ansorena et al., 2012 (296). Leaves were 

evaluated on the basis of leaf characteristics, such as colour (shade and uniformity), brightness, 

texture, and presence or absence of defects (296). Each bag was assessed for signs of leaf decay 

such as yellowing or browning of leaf material using a light source inside the 5oC cold room. 
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Leaves were also assessed for any signs of wilting or changes in leaf texture. Qualitatively, the 

percentage of leaf material per bag showing any of these specific signs of decay was calculated. 

When the total percentage of leaf material showing signs of decay reached 50%, the bag label 

was noted and the bag was removed from the experiment. The total number of days, per bag, 

was calculated upon removing each bag from the experiment and this numerical figure was 

used to estimate the shelf life of the lettuce material in days following the harvesting of the 

leaves.  

 

2.2.7.2. Replicates 5-8 

2.2.7.2.1. LMA 

One leaf from each replicate was selected (consistent size/age for each lettuce) and 

photographed in front of a white scaled sheet of paper to calculate leaf area (mm2) with ImageJ 

software. The fresh mass (g) of these leaves was then measured before they were placed in 

labelled paper bags and dried at 80oC for 48 hours in a VWR DRY-Line DL53, DL 115’ drying 

oven. Following this, the dry mass (g) of these leaves was measured and used to calculate LMA 

(g·m-2).  

 

2.2.7.2.2. Antioxidant Assays 

Remaining leaves from replicates 5-8 were transferred to labelled aluminium foil 

packages and stored at -80oC for antioxidant analysis. It should be noted that no liquid nitrogen 

was available for the flash freezing of leaves, as carried out in the cos lettuce pilot study, and 

so leaves were transferred to -80oC as quickly as possible.  

 

2.2.8. Water Retention and Leachate Experiment 

This experiment tested fertilised LP2B amended with chitin flakes from crab processed 

by Biolog Heppe® GmbH, under the same conditions as the butterhead lettuce trial. Fertilised 

LP2B, previously dried at 80oC using a VWR DRY-Line DL53, DL 115’ drying oven, was 

transferred to 500 ml pots and the dry mass (g) measured using a digital weighing scale. The 

amount of chitin required to prepare specific chitin dry weight percentage treatments was 

calculated. The chitin dry weight percentages were increased beyond previous experiments: 

0% (control), 1%, 2%, 3% ,4%, 5%, 10%, 15%, and 20%. LP2B amended with these chitin dry 

weight percentages were prepared in triplicate, with each 500 ml pot being stored in a clear 

plastic container to collect leachate (figure 2.10).  
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Figure 2.10.14Water retention and leachate experimental set-up. 500 ml pots, containing 

fertilised LP2B amended with specific chitin dry weight percentages, placed in clear plastic 

containers to collect leachate. 

 

 The individual LP2B-chitin substrates were mixed well and 120 ml tap water was 

gradually applied to slightly moisten the substrates. Once all substrates were prepared, each 

500 ml pot was held above a funnel and a clear plastic bottle as 200 ml of tap water was poured 

through the substrate and the excess water was collected in the bottle. This process was repeated 

for all three replicates of each chitin dry weight percentage pooling leachates from each 

replicate into one bottle (figure 2.11).  

Once saturated with water, the leachate being collected in the bottle would stop dripping 

when the substrate reached its field capacity. The mass (g) of substrate at field capacity was 

measured using a digital weighing scale and a Delta TA-T HH2 Moisture meter was used to 

measure the temperature (oC), the EC (ms·m-1), and the moisture content (%) using the 

technique described in section 2.1.4.4. These measurements were made every 24 hours until 
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the substrates stopped losing mass. Excess leachate, collected in the plastic containers, was 

transferred to plastic bottles and labelled ‘second leachate’.  

 

 

Figure 2.11.15Leachate collected during the water retention and leachate experiment. 

Leachate for each replicate of each substrate was pooled in clear plastic bottles for storage. 

 

2.2.9. Antioxidant Assays  

2.2.9.1. Lettuce Preparation 

Samples were stored in aluminium foil packets at -80oC prior to preparation. 15 grams 

of frozen sample was weighed in a beaker using a digital weighing scale and 15 ml of deionised 

water was added. This was homogenised using a hand blender for 2 minutes. The homogenate 

was filtered through a Millex® 33mm MCE sterile disk filter (pore size 0.8 µm) using a 10 ml 

syringe. 

 

2.2.9.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content 

Lettuce samples were tested using protocols described in section 2.1.6.2. 

 

2.2.9.3. FRAP Assay to Measure Reducing Ability of Samples 

Lettuce samples were tested using protocols described in section 2.1.6.3. 

 

2.2.9.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples 

Lettuce samples were tested using protocols described in section 2.1.6.4. 

 

2.2.10. Statistical Analysis 

When data was normally distributed in a Kolmogorov-Smirnov and Shapiro-Wilke test, 

a one-way ANOVA with Tukey post hoc comparison was carried out. EC data for fertilised 

butterhead lettuces amended with crab chitin was non-parametric on day 43. For unfertilised 

butterhead lettuces amended with crab chitin, leaf area measurements were found to be non-
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parametric on days 37 and 39. Leaf area measurements were also found to be non-parametric 

for unfertilised butterhead lettuces amended with shrimp chitin on day 32. In these cases, a 

Kruskal-Wallis H test was carried out to show significant differences in the data, and a Dunn 

pairwise comparison post hoc test with Bonferroni corrections was used to assess differences 

between specific groups. These data sets were suggested to be non-parametric due to the large 

variance in results and limited sample size. 

A repeated measures ANOVA was carried out for leaf production rate in butterhead 

lettuces amended with crab or shrimp chitin. In all cases there was a violation of sphericity and, 

therefore, a Greenhouse-Geisser correction was used.  

 

2.3. Commercial Tomato Trial  

 A tomato trial was carried out to test three growing media mixtures, each developed by 

project partner, Agaris, for use in the Horti-BlueC project. This trial was designed to mirror 

another trial carried out by project partner, ADAS, for comparison of results. 

 2.3.1. Tomato Trial Experimental Design 

 2.3.1.1. Growing Media Slabs 

 The control growing media, labelled ‘COM’, was a coir mix consisting of 30% coconut 

coir, 20% bark and 50% wood fibre (vol%), and 0.4 kg·m-3 fertiliser. The other two growing 

media consisted of the same mix but amended with either 2 kg·m-3 chitin, labelled ‘COC’, or 

2 kg·m-3 biochar ‘COB’. The chitin used was the Horti-BlueC-produced shrimp chitin tested 

in the butterhead lettuce trial. The biochar, also produced by Horti-BlueC project partner, ECN 

(Energy research Centre of the Netherlands), was the product of upcycling coir substrate 

previously used as growing media. As used in a commercial tomato trial, growing media was 

prepared in bags as ‘growing media slabs’, 1.2 m long and 0.2 m wide.  

The tomato trial was arranged in a randomised block design (figure 2.12) with each 

growing media treatment replicated twice per block. There were six growing media slabs per 

growing media (total of 18 slabs), with two tomato plants per slab (total of 36 tomato plants). 

The randomised block design, along with the shade netting set-up in the butterhead lettuce trial, 

aimed to reduce the effects of uneven light intensity in the greenhouse. The tomato plants were 

fixed two per slab and so regular and random movement of the plants, as carried out in the 

lettuce trial, was not possible.  
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Figure 2.12.16Randomised block design for the commercial tomato trial. Diagram shows 

the distribution of growing media slabs during the experiment. Orange rectangles represented 

growing media slabs on the greenhouse benches (blue). Labels were as follows: COM = 

growing media control, COC = growing media amended with chitin, COB = growing media 

amended with biochar, and numbers represent the replicate. There were three blocks in total, 

each containing two growing media slab replicates. 

 

 Bricks were arranged in rows on each bench with metal grating over them (figure 2.13). 

The growing media slabs were positioned on these metal grates to allow excess water to drained 

and not collected in the growing media slabs leading to tomato root rot.  
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Figure 2.13.17Set-up of the commercial tomato trial. Growing media slabs were positioned 

on metal grates, supported on bricks so that excess water was drained from the bags reducing 

the risk of root rot. 

 

2.3.1.2. Biocontrols 

Diglyphus isaea wasps were purchased (Biobest Group NV – ‘Diglyphus-System-250’) 

as a biocontrol during greenhouse tomato cultivation in response to identifying leaf miners 

identified on tomato plants in growing media slabs COC3 and COM4 (figure 2.14) on day 21 

of the tomato trial. The biocontrol was transported in a 30 ml plastic tube containing 250 adult 

parasitic wasps (figure 2.15 a). The tube was placed in the centre of the greenhouse and the lid 

removed to release the biocontrol.  
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Figure 2.14.18Examples of leaf miner patterns present on tomato leaves. Photographs 

taken were of leaf miner evidence observed in tomato plants on growing media slabs COC3 

and COM4. 

  

 Phytoseiulus persimilis (‘spidex’ purchased from Koppert Biological Systems) was 

purchased to control the common tomato plant pest two spotted spider mite (Tetranychus 

urticae). These biocontrols were delivered as 100 ml bottles containing 2000 adult spidex 

mixed with wood chips (figure 2.15 b). This mixture was gently shaken, and sprinkled over all 

tomato leaves. Encarsia formosa is a parasitic wasp contained in a biological control agent 

called Encarline to control whitefly Trialeurodes vaporariorum (purchased from Bioline 

AgroSciences Ltd.). The parasitic pupae were fixed within a ‘well’ on a card which was 

positioned on a leaf in the middle of each tomato plant (figure 2.15 c).  
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a)  

b)  c)  

Figure 2.15.19Biocontrols were utilised during the commercial tomato trial. Biocontrol 

systems utilised during the commercial tomato trial were as follows: a) Diglyphus-System-250 

30 plastic tube containing 250 adult Diglyphus isaea parasitic wasps, b) Spidex predatory mites 

(Phytoseiulus persimilis) stored in wood chips sprinkled over tomato leaves, c) Encarline 

biological control agent card storing parasitic pupae fixed within a ‘well’ on the card which 

was positioned on a leaf in the middle of each tomato plant. 

 



102 

 2.3.1.3. Tomato Plants 

Cocktail tomato cultivar Brioso, grafted onto Maxifort rootstocks in rockwool cubes 

(purchased from Delfland Nurseries Ltd.) (figure 2.16) were delivered to the University of 

Portsmouth at the first truss stage. Tomato plants were arranged two per growing media slab at 

random. Rockwool cubes were placed on either end of a growing media slab and a wooden 

skewer was used to support the cube in place. Tomato plants were supported with twine tied 

around the stem, attached to the ceiling of the greenhouse. A drip feeder, linked to an irrigation 

system was placed in each rockwool cube supplying each plant with water and fertiliser 

solution. 

 

a)  b)  

Figure 2.16.20Photographs showing Cocktail tomato cultivar Brioso grafted on Maxifort 

rootstocks in rockwool cubes. Photograph (a) shows the scar formed from the grafting 

process. Photograph (b) shows irrigation drip feeders and supportive wooden skewers used in 

each rockwool cube. 

 

All side shoots were removed from the tomato stems daily. Once a week, senesced 

leaves at the base of the plant were removed, and plants were gently agitated daily to encourage 

pollination of flowers inducing fruit development. The twine supporting the plants was adjusted 

daily as the plants grew taller and heavier. When the length of the plants extended beyond the 

ceiling of the greenhouse, the plants were ‘arched’ toward the centre of the greenhouse (figure 

2.17).  
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The temperature of the greenhouse was set to 21oC and the light cycle set to 14 hours 

in line with other Horti-BlueC tomato trials. The growing lights used were ‘PhytoLux LED 

Plant Growth Lighting’ lights with an average light intensity of 152 µmol. The humidity of the 

greenhouse could not be altered or modulated. Throughout the trial, the temperature and 

humidity of the greenhouse was monitored using a ‘Tinytag Ultra 2’ data logger. 

 

Figure 2.17.21Arrangement of tomato plants in the commercial tomato trial. Tomato 

plants were positioned toward the centre of the greenhouse as the length of the plants extended 

beyond the height of the greenhouse. This ‘arching’ effect allowed the continued growth of the 

plants for maximum fruit development. 

 

 2.3.1.4. Irrigation 

The irrigation system was arranged with one single tube stretching the length of all 

three benches. At regular intervals, drip feeders were connected to this central tube to supply 

each individual plant. The irrigation system functioned using a Dosatron Green Line D3GL2 

connected to a tap with a Verve programmable electronic water timer (4280V). Solufeed 

Superior Fleury fertiliser, designed for use in irrigation systems was used to supply tomato 

plants with essential nutrients. A 10% solution (200 g in 2 L of water) was prepared and fed 



104 

into the Dosatron pump at a 1% dilution on the drip feed. This fertiliser in this dilution was 

utilised by other Horti-BlueC tomato trials. When first set-up, the irrigation system was set to 

supply all plants with this solution every six hours for thirty minutes for regular water and 

nutrient supply. As the trial progressed and plants grew up to 4 m in length, this irrigation 

regime was altered to meet the demands of the crop. The most frequent irrigation used in this 

trial was supplying plants every four hours for twenty-five minutes.  

 

 2.3.1.5. Tomato Trial Termination 

 On day 62 of the tomato trial the apical heads of each plant were removed using 

secateurs to stop vertical growth. At this stage each plant had up to 11 trusses with developing 

fruit. With vertical and foliar growth stopped, fruit development in all trusses was the focus of 

the trial.  

 

 2.3.2. Tomato Plant Measurements 

2.3.2.1. Allometry 

During the commercial tomato trial, tomato leaves were measured using allometric 

relationships (301). This was carried out in a non-destructive and a destructive step. In the non-

destructive step measurements of leaf number, length and width of each leaf, per plant were 

taken on a monthly basis. In the destructive step, twice over the trial (on day 13 and 160 of the 

trial) leaves were removed from the top, middle, and bottom canopy layer of each plant. The 

leaves removed were of consistent sizes and the specific number of the leaf taken was recorded. 

The top leaf taken was the 1st or 2nd fully unfurled leaf, the middle leaf taken was the 7th-14th 

fully unfurled leaf, and the bottom leaf was the 16th-20th fully unfurled leaf. The length and 

width of these leaves were measured and a photograph taken of the leaf in front of a scaled 

sheet of white paper to calculate leaf area (mm2) using ImageJ software. The fresh mass (g) of 

these leaves was measured with a digital weighing scale before they were placed in a VWR 

DRY-Line DL53, DL 115’ drying oven set to 80oC for 48 hours. The dry weight of these leaves 

was measured on day 15 of the trial using a digital weighing scale. The length and width 

measurements were plotted on a graph against the leaf area measurements and used as an 

allometric leaf area model used to convert the non-destructive monthly measurements into leaf 

area estimates.  

The trial was completed after 160 days when all developing fruit had been harvested. 

Each tomato plant was removed at the base of the stem with secateurs and individual leaves 

were removed from the stem. The length and width of all leaves were recorded. Following this, 
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the length of the stems was measured as well as the width of the stem at the base, middle, and 

top. The fresh mass (g) of each stem was measured, and it was planned to record dry mass of 

the stem and leaves. However, at this time the ‘VWR DRY-Line DL53, DL 115’ drying oven 

malfunctioned and no other drying ovens were available for use. 

 

2.3.2.2. Chlorophyll Measurements  

On days 9 and 134 of the trial the chlorophyll fluorescence, using an Opti-Sciences 

Y(II) meter, and chlorophyll content, using a Hansatech CL-01 chlorophyll content meter, of 

the tomato plant leaves was measured. For each plant on both dates, the sixth fully unfurled 

leaf was selected and measurements were taken on a leaflet positioned to the left of the leaf, a 

leaflet positioned to the right, and the terminal leaflet.  

 

2.3.2.3. Growing Media Measurements 

On day 20 of the tomato trial a Delta TA-T HH2 Moisture meter was used to measure 

the temperature (oC), EC (ms·m-1), and the moisture content (%) of the growing media slabs 

(figure 2.18). Measurements were taken at the outer part of the growing media slab 

(measurement A), were the drip feeder was positioned, and also in the centre of the slab 

(measurement B) for comparison. 
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Figure 2.18.22Delta TA-T HH2 Moisture meter. This device was used to measure the 

temperature (oC), the EC (ms·m-1), and the moisture content (%) of the growing media slabs. 

 

2.3.3. Tomato Fruit Measurements 

The fruit produced on each truss of each plant was monitored every Monday and Friday 

for the duration of the trial.  

2.3.3.1. Fruit Harvest  

Fruit ripening was monitored daily and was measured using a tomato colour chart by 

the British Tomato Growers’ Association (BTGA) (figure 2.19). When a tomato was between 

6 and 8 on the colour scale it was ripe and ready to be harvested. Every Monday, any fruit 

identified as 6-8 on the BTGA’s colour chart was harvested. Immediately after harvest, the 

fresh mass (g) was measured using a digital weighing scale, and fruit height and width (mm) 
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were measured using callipers (figure 2.20). Tomato height was measured between the two 

poles of the fruit, and width was measured as the widest diameter of each fruit.  

 

 

Figure 2.19.23BTGA tomato colour chart. This chart was used to identify tomato ripeness 

as one of eight stages. When fruit is between six and eight it was considered ripe and can be 

harvested. 
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Figure 2.20.24Callipers and the BTGA tomato colour chart used when harvesting 

tomatoes. The chart indicated the stage of ripeness and the callipers were used to measure the 

width and height of fruit. 

 

2.3.3.2. Shelf-Life 

Tomato fruit was first harvested during the commercial tomato trial on day 48 of the 

trial. Following fresh mass, height, and width measurements, all fruit collected from this 

harvest was utilised as part of a fruit shelf-life trial. The total number of fruit harvest on day 48 

(harvested at ripening stage 6-8 on the BTGA’s colour chart) for COM growing media was 33, 

for COC growing media it was 37, and for COB growing media it was 40. For this shelf-life 

experiment, it was decided to store fruit in open air containers at room temperature (figure 

2.21). Access to a cold room was not possible during this experiment and fruit was exposed to 

south facing window providing light for approximately 8 hours a day during August of 2019. 

While this set-up did not allow a direct comparison to commercial standard practices, it did 

reflect conditions in domestic storage of tomatoes. Fruit was arranged according to plant – with 

fruit per plant placed together in individually labelled open air containers. The condition of 

each individual tomato was assessed every Monday, Wednesday, and Thursday for a 44 day 

period. Fruit was assessed under a light source at room temperature for any signs of decay. 

Signs of decay monitored for included cuticle wrinkling or cracking, tissue discolouration, fruit 

softening, and fungal growth. When individual fruit showed any or all of these signs of decay, 

they were removed from the experiment (figure 2.22). The shelf-life, measured qualitatively as 

number of days in the experiment, was calculated for each individual fruit when it was removed 
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from the experiment. After 44 days, all fruit samples had shown signs of decay and were 

removed from the experiment.  

 

 

Figure 2.21.25The commercial tomato trial shelf-life experiment. Tomatoes harvested from 

each plant on day 48 of the trial were stored in open plastic containers (one per plant) at room 

temperature and monitored daily for signs of decay. 

 

a)  b)  

Figure 2.22.26Signs of decay in the tomato shelf-life experiment. a) shows a tomato from a 

plant in COM3 growing media removed from the shelf-life trial for showing signs of mould, 

b) shows a tomato from a plant in COM5 growing media removed for showing wrinkling.  

 

 2.3.3.3. Antioxidant Assays 

All tomato samples harvested after day 48 were measured using the techniques and 

stored in labelled, sealed, clear plastic bags for transport to the laboratory, where harvested 

tomato samples were prepared for antioxidant assays and stored at -80oC. Antioxidant assays 

on tomato samples took place every Monday following fruit harvest. On day 160 of the trial, 

all developing fruit had ripened and the tomato trial was completed.  
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2.3.4. Tomato Germination Trial 

Loose COM, COC, and COB growing media was provided to the University of 

Portsmouth by Agaris and distributed into germination trays each containing 20 germination 

pods. Brioso tomato seeds were submerged 75 mm in the growing media and moistened with 

water. The germination trays were then placed in trays of tap water to maintain growing media 

moisture. The germination trays were monitored daily for a fourteen day period and the 

percentage of germinating tomatoes per growing media was measured. Germinated tomato 

plants were discarded following the fourteen day period. 

 

 2.3.5. Antioxidant Assays 

2.3.5.1. Tomato Preparation  

Samples grown as part of this commercial tomato trial were tested fresh on the day of 

harvest. Tomato samples from each tomato plant in each growing media were finely chopped 

using a knife and ceramic tile. Fruit samples from each plant were pooled to measure 

antioxidant capacity for fruit per tomato plant. A weighing scale was used to measure 30 g of 

chopped tomato sample in a plastic beaker before adding 30 ml of deionised water. A hand 

blender was used to homogenise tomato samples for 2 minutes before filtering through a 

Millex® 33mm MCE sterile disk filter (0.8 µm pore size). This filtrate was analysed in 

antioxidant assays and remaining homogenate was stored in sealed, labelled plastic tubes and 

frozen at -20oC for 24 hours and transferred to -80oC for any potential future testing. When 

stored homogenate was tested it was removed from -80oC and transferred to 5oC overnight to 

entirely thaw. This thawed homogenate was then filtered and tested using the same method as 

fresh homogenate.  

Samples grown by project partner ADAS were also tested in antioxidant assays at the 

University of Portsmouth. These tomato samples were prepared in the same way as tomato 

samples in the present study for antioxidant assays, and remaining homogenate was stored at -

80oC in the same way.  

 

2.3.5.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content 

Standard solutions of gallic acid 100, 50, 25, and 10 µg·ml-1 in deionised water and 

7.5% sodium carbonate (Na2CO3) solution (7.5 g + 100 ml deionised water) were prepared 

prior to the assay. When testing tomato samples harvested as part of this trial and from ADAS, 

absorbances were out of range of detection, therefore, filtrate samples were diluted 1 in 3 in 

deionised water for testing in this assay. This dilution was considered when calculating the 

phenolic content of samples.  
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25 µl of the filtered tomato sample, standard, or blank (deionised water) was mixed in 

a microplate well with 125 µl Folin-Ciocalteu reagent diluted 1 in 10 with deionised water. 

This was then mixed by placing the microplate on a Heidolph Titramax 1000 plate shaker. 

Following a five minute incubation period at room temperature in the dark, due to 

photosensitivity of the Folin-Ciocalteu reagent, 100 µl of Na2CO3 was added to each well and 

mixed by placing the microplate on the microplate shaker. This was followed by a thirty minute 

incubation period in the dark at room temperature, before measuring the absorbance of each 

well at 765 nm using a BioTek PowerWave XS spectrophotometer microplate reader. From 

these results, a calibration curve was prepared using the 100, 50, 25, 10 µg·ml-1 gallic acid 

standards, and the gallic acid equivalent (GAE µg·ml-1) of tomato filtrates was calculated 

considering the 1 in 3 dilution. 

 

2.3.5.3. FRAP Assay to Measure Reducing Ability of Samples 

The FRAP assay was carried out on tomato samples following the protocol used in 

section 2.1.6.3. 

 

2.3.5.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples 

A stock solution of 1 mM DPPH (7.88 mg + 20 ml methanol) was prepared and on the 

day of the assay 100 µM DPPH (stock solution diluted 1 in 10 in methanol) was prepared. A 

serial dilution of gallic acid in the concentrations 20, 10, 5, and 2.5 µg·ml-1 were used as a 

range of standards for testing tomatoes as part of this trial. As with the TPC assay, in testing 

the absorbances for the filtered tomato samples measurements were out of range of detection, 

therefore, filtrates were diluted 1 in 3 in deionised water prior to the assay.  

50 µl of diluted tomato sample, standard, and blank (deionised water) was added to 

microplate wells with 150 µl of 100 µM DPPH. This solution was mixed by pipetting. The 96-

well microplate was then incubated at room temperature in the dark, due to the photosensitivity 

of the DPPH solution. The absorbance of the supernatant was then read at 517 nm using a 

BioTek PowerWave XS spectrophotometer microplate reader. The inhibition (%) of the DPPH 

free radicals was calculated using equation 1: 

 

 

Where A0 was absorbance of the controls and A1 was absorbance of the sample (298).  

 

DPPH. Scavenging effect (%) = (A0 − A1)/A0 x 100 – Equation 1 

 



112 

2.3.6. Mineral Analysis 

2.3.6.1. X-Ray Fluorescence (XRF)  

For the preparation of samples from the present study tomato were dried, in keeping 

with the University of Portsmouth’s standard protocols, by placing them on aluminium trays 

in a ‘VWR DRY-Line DL53, DL 115’ drying oven set to 80oC for 48 hours (figure 2.24) as 

this duration and temperature were found to result in dried tomatoes without damage. Three 

tomatoes per growing media treatment were required to be dried to obtain 5 g of sample 

required for testing in the XRF assay. All dried tomatoes were stored in sealed, labelled clear 

plastic bags at 5oC.  
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a)  

b)  

Figure 2.24.27Tomato samples were dried prior to mineral analysis. Process of drying 

tomato samples was as follows: a) drying tomato samples from all three growing media 

separately in aluminium trays in a ‘VWR DRY-Line DL53, DL 115’ drying oven set to 80oC, 

b) dried tomato samples stored in sealed, labelled clear plastic bags. 

 

As observed in previous studies (302–305), dried tomato samples were ashed in 

crucibles in a Nabertherm Muffle Furnace B180 at 450oC for five hours (figure 2.25 a) to obtain 

sample as a fine powder (grain size < 1 mm) for XRF analysis. Ashed samples were ground 

into a fine powder with an agate pestle and mortar and were transferred to labelled, sealed clear 

plastic bags at room temperature (figures 2.25 b and c).  
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a)  

 b)  c)  

Figure 2.25.28Tomato samples were ashed prior to mineral analysis. Process of ashing 

tomato samples was as follows: a) dried tomato samples in crucibles in a Nabertherm Muffle 

Furnace B180 at 450oC, b) ashed tomato samples ground into a fine powder with an agate 

pestle and mortar, c) ashed tomato powder stored labelled, sealed clear plastic bags at room 

temperature. 

 



115 

For analysis in XRF, the finely powdered ashed tomato samples were pressed into 

pellets by mixing 5 g of ashed sample with 1 g of binding agent Fluxana Cereox Licowax C 

(Hoechst wax) until the binding agent was completely mixed with the ashed samples. This 

mixture was then added to a Retsch Pellet Press PP 25 and compressed at 20 tonnes of pressure 

creating a pellet which was stored in a labelled, clear plastic sealable bag (figure 2.26). One 

pellet was made from ashed tomato samples from each growing media treatment. All pellets 

were analysed overnight using a Rigaku ZSX Primus II XRF scanner. This machine was a 

wavelength dispersive XRF having an elemental range from beryllium to uranium with 

concentration ranges from PPM levels to 100%.  

 

a)  b)  

c)  

Figure 2.26.29Ashed tomato samples from the commercial trial compressed into pellets. 

These pellets were used for XRF analysis. 
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2.3.6.2. Optical Emission Spectrometry (OES) 

In line with the University of Portsmouth’s standard protocols, acid digestion of tomato 

samples in OES analysis required the preparation of Aqua Regia composed of 50 ml 

concentrated HCl + 225 ml concentrated nitric acid (HNO3) + 25 ml concentrated hydrogen 

peroxide (H2O2). Following failed attempts at acid digestion of tomato samples, the following 

protocol was used based on a 2012 study (306). Previously dried tomato samples were ground 

as finely as possible using an agate pestle and mortar (grain size < 1 mm not required for this 

specific protocol). 0.5 g of ground tomato sample and 0.5 g HR-1 reference sediment 

(Environmental and Climate Change Canada) was added to Teflon tubes with 5 ml of Aqua 

Regia made without H2O2. Each tube was heated on a hot plate set to 95oC for one hour to 

digest. Following digestion, samples were each filtered into labelled plastic tubes through 

Whatman filter paper (pore size 0.7 µm) using a funnel and filtrate was diluted to 50 ml with 

deionised water. 

 

2.3.7. Statistical Analysis 

All data collected for this experiment was found to be normally distributed in a 

Kolmogorov-Smirnov and Shapiro-Wilke test. A one-way ANOVA with Tukey post hoc 

comparison was carried out for all measurements.  

 

2.4. Chitin Amended LP2B Tomato Studies 

2.4.1. Tomato Trial 1 

 This tomato trial, carried out between January-August, aimed to examine the impact a 

range of chitin amendments had on Brioso tomato plants. 

2.4.1.1. Experimental Conditions 

The chitin derived from waste shrimp shells produced by Horti-BlueC project partners 

and tested in the butterhead lettuce trial was utilised in this study. Chitin dry weight percentages 

0% (control), 1%, 2%, and 3% were tested with the addition of chitin dry weight percentage 

0.2%.  

Due to the malfunction with the VWR DRY-Line DL53, DL 115’ drying oven, 

fertilised LP2B was dried at 80oC in a Gallenkamp Hot Box Oven until it stopped losing mass. 

The dried LP2B was transferred to 1 L pots and the dry mass (g) measured using a digital 

weighing scale. The dry mass (g) of shrimp chitin required for each chitin dry weight 

percentage (0%, 0.2%, 1%, 2%, and 3%) was calculated and mixed with the LP2B before 

moistening with tap water. Four replicate 1 L pots were prepared for each chitin dry weight 
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percentage. Prepared growing media in 1 L was placed in a tray of tap water to maintain 

moisture during the tomato plant germination trial. 

The temperature of the greenhouse was set to 21oC and the light cycle set to 14 hours. 

The growing lights used were ‘PhytoLux LED Plant Growth Lighting’ lights with an average 

light intensity of 152 µmol. The humidity of the greenhouse could not be altered or modulated. 

Throughout tomato trial 1, the temperature and humidity of the greenhouse was monitored 

using a ‘Tinytag Ultra 2’ data logger. 

 

2.4.1.2. Germination Trial  

Dried fertilised LP2B was added to germination trays and the total dry mass (g) of 

LP2B per tray was measured using a digital weighing scale. From this, the total mass of shrimp 

chitin required to prepare the chitin dry weight percentages (0%, 0.2%, 1%, 2%, and 3%) was 

calculated. Each dry weight chitin percentage was set up in a germination tray containing 20 

individual pods. Each individual chitin-LP2B substrate was mixed and moistened with tap 

water in the germination pods. These germination trays were placed in trays of tap water to 

keep the growing media moist. In each germination pod a Brioso tomato seed was submerged 

75 mm in the substrate and moistened with tap water. The germination trays were monitored 

daily for a fourteen day period and the percentage of germinating tomatoes per chitin-LP2B 

substrate was measured. 

Following the germination trial, individual tomato plants of a consistent size (four 

leaves per plant) were transferred to 1 L pots containing LP2B amended with a specific chitin 

dry weight percentage prepared for the tomato growing trial (figure 2.27). As in the commercial 

tomato trial, all plants were supported with twine from the greenhouse ceiling.  
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Figure 2.27.30Tomato trial 1 experimental set-up. Germinated tomato plants of a consistent 

size (four leaves per plant) were transferred to 1 L pots each containing LP2B amended with a 

specific shrimp chitin dry weight percentage (0%, 0.2% 1%, 2%, or 3%). 

 

2.4.1.3. Tomato Leaf Measurements 

2.4.1.3.1. Leaf Production 

The number of fully unfurled leaves per tomato plant was measured weekly. 

 

2.4.1.3.2. Leaf Expansion 

On day 40 of the trial, the youngest fully unfurled leaf of each tomato plant was selected 

and a loop of red cotton tied around it to identify it. A photograph of each selected leaf was 

taken in front of a scaled sheet of white paper every Monday, Wednesday, and Friday for a 

fourteen day period. The leaf area (mm2) of each leaf on each day was calculated using ImageJ 

software. 

 

2.4.1.3.3. Chlorophyll Measurements 

Chlorophyll fluorescence and chlorophyll content measurements were carried out on 

day 61 of tomato trial 1 using an Opti-Sciences Y(II) meter and a Hansatech CL-01 chlorophyll 

content meter. The second fully unfurled leaf of each tomato plant was selected and 

measurements were taken on a leaflet positioned to the left of the leaf, a leaflet positioned to 

the right, and the terminal leaflet. 

 



119 

2.4.1.3.4. LMA 

Tomato trial 1 was concluded after 223 days. On this day the 4th unfurled leaf of each 

tomato plant was removed with secateurs and placed on a scaled sheet of white paper for 

photographing. ImageJ software was used to calculate the leaf area (mm2) of each individual 

leaf. Following this, the fresh mass (g) of each leaf was measured using a digital weighing scale 

before they were placed in labelled paper bags and dried at 80oC for 48 hours using a Carbolite 

Gero Laboratory Oven AX120. The dry mass (g) of each leaf was measured using a digital 

weighing scale and used to calculate the LMA of each leaf.  

 

2.4.1.3.5. Antioxidant Assays 

After the conclusion of tomato trial 1, all remaining healthy leaves from each plant were 

collected and placed in labelled, sealed, clear plastic bags – leaves from plants in each chitin 

treatment were pooled in these bags for testing in antioxidant analysis.  

 

2.4.1.3.6. Yellow Spots 

On day 21 of the tomato trial, yellow spots began to develop on the leaves of all plants 

(figure 2.28). A commercially available tomato fertiliser ‘Westland Big Tom Super Tomato 

Food’ was utilised for fertilisation and was prepared in tap water following manufacturer’s 

guidance. Tomato plants were fertilised using a ‘dunk’ technique, in which pots were placed 

in trays containing fertiliser solution for one hour before removing them (307). This technique 

was used once a month until day 99 of the trial when watering was changed to watering daily 

with the fertiliser solution diluted 1 in 10 in water. The occurrence of yellow spots on tomato 

leaves was monitored every Monday, Wednesday, and Friday. 
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Figure 2.28.31Yellow spots present on the leaves of tomato plants. Prevalence of yellow 

spots was monitored throughout tomato trial 1. 

 

2.4.1.4. Tomato Stem Measurements 

Following this, stems were removed at the base using secateurs. Stem length (mm) and 

also stem width at the top, middle and bottom (mm) of each plant was measured using a tape 

measure. The fresh mass (g) of each stem was then measured using a digital weighing scale 

prior to transferring to a labelled paper bag and drying at 80oC for 48 hours in a Gallenkamp 

Hot Box Oven. The dry mass (g) of each stem was then measured using a digital weighing 

scale and used to calculate the gravimetric water content of the stem.  

 

2.4.1.5. Mortierella Measurements 

The presence of a white crust on the surface of the fertilised LP2B, previously identified 

as the beneficial fungi Mortierella, was monitored weekly in this trial. 

 

2.4.1.6. LP2B Measurements 

A Delta TA-T HH2 Moisture meter was used to measure the temperature (oC), EC 

(ms·m-1), and the moisture content (%) of each LP2B replicate weekly using the technique 

specified in section 2.1.4.4. 

 

2.4.1.7. Tomato Fruit Measurements  

Flowers began to develop on plants of all chitin treatments from day 50 of tomato trial 

1 and flower production was monitored weekly. When flower development was impacted by 
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greenhouse temperatures, flower monitoring was altered to reflect tomato trusses which form 

but did not develop into flowers.  

Greenhouse temperature regulation during tomato trial 1 malfunctioned and, therefore, 

shade netting set up in the greenhouse was removed on day 146 of the trial to decrease humidity 

and the temperature of the greenhouse. When removing the shade netting showed no reduction 

in temperature it was decided to move all tomato plants to a different greenhouse with improved 

ventilation. This new greenhouse was also set to 21oC and had ‘PhytoLux LED Plant Growth 

Lighting’ lights (average light intensity of 152 µmol) set to a fourteen hour light cycle. Tomato 

plants continued to be supported by twine attached to the greenhouse ceiling and were watered 

daily with the same fertiliser solution diluted 1 in 10. After relocation flowers on all plants 

began to develop fruit but maturation was halted at the green stage. Weekly monitoring of the 

flowers and developing fruit was continued.  

 

2.4.2. Tomato Trial 2 

 This tomato trial, carried out between July-December, aimed to replicated tomato trial 

1 with an irrigation system compared to bottom watering. 

2.4.2.1. Experimental Conditions 

Tomato trial 2 implemented the same irrigation system used in the commercial tomato 

trial using a 10% solution (200 g in 2 L of water) of Solufeed Superior Fleury fertiliser fed into 

the Dosatron pump at a 1% dilution on the drip feed (figure 2.29). This tomato trial took place 

in the original greenhouse, with the shade netting down, later in the summer so that the higher 

temperatures would not be an issue.  

The set-up regarding the fertilised LP2B, the shrimp chitin dry weight percentages, the 

tomato seeds used, the greenhouse set temperature and the fourteen hour light cycle were all 

consistent with tomato trial 1 (section 2.4.1.1). The Dosatron system was controlled using a 

Verve programmable electronic water timer (4280V) adjusted to the needs of the tomato plants. 
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Figure 2.29.32Dosatron irrigation system utilised for tomato trial 2. Irrigation system was 

arranged to supply each 1 L pot with Solufeed Superior Fleury fertiliser. 

 

2.4.2.2. Germination  

The germination for tomato trial 2 was set-up as described in section 2.4.1.2, with the 

exception that only 10 seeds were sowed per chitin treatment. Germination success rate was 

recorded after fifteen days.  

Following germination, individual tomato plants of consistent size (four leaves per 

plant) were transferred to 1 L pots containing LP2B amended with the specific chitin dry weight 

percentage prepared for the tomato growing trial (preparation method described in section 

2.4.1.1). All plants were supported with twine from the greenhouse ceiling.  

 

2.4.2.3. Tomato Plant Measurements 

Tomato plant measurements were conducted as carried out in tomato trial 1 (sections 

2.4.1.3.1-2.4.1.3.3, 2.4.1.5, and 2.4.1.6) for leaf production, LP2B temperature (oC), EC (ms·m-

1) and the moisture content (%) measurements, and monitoring for a white crust on the surface 
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of LP2B being carried out weekly. Tomato leaf measurements were taken in the same way as 

tomato trial 1 on the following days of the trial: 

• Leaf area measurements on day 18 every Monday, Wednesday, and Friday for 11 days 

• Chlorophyll fluorescence and content measurements on day 55 

  

 2.4.2.3.1. LMA 

On day 132 of tomato trial 2, the third unfurled leaf of each tomato plant was removed 

from the plant using secateurs and it was photographed on a scaled sheet of white paper to 

measure its area using ImageJ software. The fresh mass (g) of each leaf was measured using a 

digital weighing scale before leaves were placed in individual labelled paper bags and dried in 

a Carbolite Gero Laboratory Oven AX120 set to 80oC for 48 hours. The dry mass (g) of leaves 

was measured using a digital weighing scale and used to calculate LMA of the leaves.  

 

2.4.2.3.2. Yellow Spots 

Yellow spots observed on the leaves of tomato plants in tomato trial 1 were also 

observed in tomato trial 2 from day 11 of the trial. The occurrence of these yellow spots was 

monitored weekly throughout the trial.  

 

2.4.2.3.3. Tomato Trial Termination 

Tomato trial 2 concluded on day 145 of the trial. All remaining healthy leaves from 

each plant were collected and stored in labelled, sealed, clear plastic bags. Leaves from plants 

in each chitin treatment were pooled in these bags and stored at -80oC for future testing. 

Following this, measurements of tomato plant stems were made as described in section 2.4.1.4. 

 

2.4.2.4. Tomato Fruit Measurements 

2.4.2.4.1. Fruit Development 

Developing flowers, first observed on day 25 of tomato trial 2, were monitored weekly. 

Fruit development was observed on day 39 for plants in all chitin treatments and controls and 

on day 78 the fruit developing on this truss began to split while ripening in a process known as 

cuticle cracking (figure 2.30). Following this observation, developing fruit was monitored 

daily. To reduce further risk of cuticle cracking, watering was reduced as much as possible 

without causing plant wilting (308,309). The temperature of the greenhouse was increased to 

25 to reduce the impacts of winter on the growth of the crop (310). As the temperature outside 

the greenhouse continued to drop, the greenhouse temperature was set to its maximum of 28oC. 
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The shade netting removed in the high temperatures of the summer was set-up again to maintain 

humidity in the greenhouse.  

 

    

Figure 2.30.33Ripening fruit in tomato trial 2. Fruit shown was on the first truss of the 4th 

replicate of the 3% chitin treatment and show fruit splitting. 

  

2.4.2.4.2. Fruit Harvest 

On day 116 of tomato trial 2, all ripening fruit was harvested and the fresh mass (g) of 

all harvested fruit was measured using a digital weighing scale. Fruit height and width (mm) 

was measured using callipers as described in section 2.3.3.1. Harvested fruit samples were 

pooled per chitin treatment and stored in labelled, clear plastic bags sealed for transport. Due 

to the low yield, all harvested fruit was assessed in antioxidant assays. After this harvest, fruit 

development was monitored daily for signs of ripening and cuticle cracking.  

  

 

2.4.3. Mineral Analysis  

2.4.3.1. LP2B Samples XRF 

Dried fertilised LP2B amended with all shrimp chitin dry weight percentages (0%, 

0.2%, 1%, 2%, and 3%) was prepared prior to use in tomato trials for mineral analysis in XRF 

and OES. These amended LP2B samples were compared to amended LP2B samples taken from 

the surface of each 1 L pot tomato trials 1 and 2 after 195 days and 69 days respectively. The 

amended LP2B samples taken from tomato trials 1 and 2 were transferred to paper bags and 
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dried using a Carbolite Gero Laboratory Oven AX120 set to 80oC for 48 hours. Dried samples 

of the amended LP2B were pooled per chitin treatment and sampling date. 

Dried LP2B samples were ground to a finer powder (grain size < 1 mm) using an agate 

pestle and mortar. For analysis in the XRF assay, the finely powdered LP2B were pressed into 

pellets as described for ash samples in section 2.3.6.1. A total of three replicate pellets were 

prepared for XRF analysis for each LP2B sample per chitin treatment and sampling date for 

tomato trials 1 and 2 respectively (figure 2.31). All pellets were analysed using a Rigaku ZSX 

Primus II XRF scanner to determine the chemical composition of each pellet.  

 

Figure 2.31.34Pressed pellets of each shrimp chitin dry weight percentage amendment of 

fertilised LP2B. These pellets were tested in XRF.  

2.4.3.2. LP2B Samples OES 

Acid digestion of LP2B samples was carried out using protocols prepared by the School 

of Environment, Geography and Geosciences. 1 g of finely powdered amended LP2B (prepared 

in section 2.4.3.1) was transferred to labelled, sealed Teflon tubes (3 replicates per LP2B 

sample taken prior to and on days 195 and 69 of tomato trials 1 and 2 respectively). 0.5 g HR-

1 reference sediment (Environmental and Climate Change Canada) was also added to a Teflon 
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tube for use as a standard. 12 ml of Aqua Regia (preparation specified in section 2.3.6) was 

then added to each Teflon tube and also to an extra tube for use as a blank.  

All Teflon tubes were sealed and placed in a MARSXpress Microwave digester set to 

program ‘EPA 3015_8 Xpress’ (digestion at 175oC for 10 minutes). After cooling, all samples, 

standards, and blanks were filtered through 25 mm Fisherbrand™ MF 300 Microglass Fiber 

Filter Discs (pore size 0.7 µm) into a labelled plastic tube. Filtrate was diluted to 50 ml with 

deionised water for OES analysis using a SpectroBlue ICP-OES (calibration range from 0.005 

ppm to 100 ppm). Wavelengths used were as follows:  

• Aluminium 167.078 

• Arsenic 189.042 

• Cadmium 214.438 

• Cobalt 228.616 

• Chromium 267.716 

• Copper 324.754 

• Iron 259.941 

• Manganese 257.611 

• Nickel 231.604 

• Lead 220.353 

• Tin 189.991 

• Vanadium 292.464 

• Zinc 213.856 

 

2.4.3.3. Tomato Leaf samples 

3 leaves of consistent size and age were collected from all replicates except for 0.2%, 

replicate 3, due to a lack of leaves on this plant. The fresh mass (g) of these leaves was measured 

using a digital weighing scale. On day 69 of the tomato trial, leaf samples were placed in 

labelled paper bags and dried using a Carbolite Gero Laboratory Oven AX120 set to 80oC for 

48 hours before the dry mass (g) was measured using a digital weighing scale. The gravimetric 

water content (g) of leaf samples was calculated from these measurements. Dried leaf samples 

were pooled per chitin treatment for analysis.  

Dried leaf samples were ashed to obtain a fine powder (grain size < 1 mm) using 

protocols developed based on prior literature (311,312,321,313–320). Dried leaf samples were 

ground using an agate pestle mortar and added to crucibles before being positioned in a 
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Nabertherm Muffle Furnace B180 and ashed at 450oC for five hours. Ashed samples were 

cooled and ground into a fine powder (grain size < 1mm) with an agate pestle and mortar and 

were transferred to labelled, sealed clear plastic bags for storage at room temperature. Three 

0.25 g aliquots of ashed leaf sample per chitin treatment were prepared in Teflon tubes for acid 

digestion. Due to limited mass (g) of ashed samples, preparations of pellets for XRF analysis 

could not be carried out. Each pellet required 5 g of sample (table 2.7) and leaf number on 

tomato plants was limited. 

5 ml of Aqua Regia (preparation specified in section 2.3.6) was added to each Teflon 

tube containing 0.25 g aliquoted ashed samples and to an empty Teflon tube as a blank. 12 ml 

Aqua Regia was added to a final Teflon tube containing 0.5 g HR-1 reference sediment 

(Environmental and Climate Change Canada) for use as a standard. All Teflon tubes were 

sealed and placed in a MARSXpress Microwave digester set to program ‘EPA 3015_8 Xpress’ 

(digestion at 175oC for 10 minutes). After cooling, all samples, standards, and blanks were 

filtered, diluted, and scanned as described in section 2.4.3.2 for LP2B samples.  
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Table 2.7.6Representation of ashed leaf samples for tomato trial 2. X, Y, and Z represent 

the three replicates per chitin treatment (0%, 0.2%, 1%, 2%, and 3%). 0.25 g of ashed sample 

was aliquoted per replicate for OES analysis and the remaining ash was not sufficient to prepare 

pellets for XRF analysis.  

Ashed leaf sample Aliquot Ash Mass (mg) Ash Remaining Mass (mg) 

0%X 249.4 532.3 

0%Y 249.8 

0%Z 250.1 

0.2%X 249.7 486.1 

0.2%Y 249.4 

0.2%Z 249.9 

1%X 250.1 744.5 

1%Y 249.9 

1%Z 250.2 

2%X 250.6 502.3 

2%Y 249.9 

2%Z 249.9 

3%X 250.0 52.9 

3%Y 250.3 

3%Z 249.5 

 

 

2.4.4. Antioxidant Assays  

2.4.4.1. Sample Preparation 

For tomato trial 1 all healthy leaves were collected for antioxidant analysis on day 223 

of the trial. Leaf samples were pooled for each chitin treatment. These were homogenised on 

the day of collection for testing by homogenising 15 g of fresh or frozen leaf material with 45 

ml of deionised water with a hand blender. These measurements were shown to result in the 

optimal consistency of homogenate. Homogenate was filtered with Millex® 33mm MCE 

sterile disk filters (pore size 0.8 µm) using a 10 ml syringe prior to analysis in antioxidant 

assays.  

For tomato trial 2, leaf samples were collected on day 123 of the trial. The four youngest 

unfurled leaves for each plant were collected and leaf samples for each chitin treatment were 
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pooled and stored in labelled, clear plastic bags and sealed for transport. These leaf samples 

were homogenised and filtered as described for leaf samples from tomato trial 1.  

Fruit samples from tomato trial 2 were collected on day 166 of the trial and 

homogenised on the day of harvest. In homogenising previous tomato samples, the consistency 

was optimal when the volume (ml) of deionised water was equal to the mass (g) of the fruit. 

The masses of fruit for each chitin treatment and the equivalent volume of deionised water are 

specified in table 2.8. Fruit samples were homogenised in the specified volume of deionised 

water with a hand blender. Homogenate was filtered for analysis in antioxidant assays with a 

Millex® 33mm MCE sterile disk filters (pore size 0.8 µm) using a 10 ml syringe.  

 

Table 2.8.7Tomato trial 2 pooled fruit fresh mass. Fruit fresh mass (g) was used to determine 

the equivalent volume (ml) of deionised water required for homogenisation.  

Chitin Treatment Pooled Fruit Fresh Mass 

(g) 

Volume of Deionised 

Water (ml) 

0% 7.38 8 

0.2% 7.89 8 

1% 5.79 6 

2% 9.14 10 

3% 30.85 31 

 

 

2.4.4.2. Folin-Ciocalteu Reagent Assay to Measure Total Phenolic Content 

The Folin-Ciocalteu assay was carried out on tomato leaf samples from tomato trials 1 

and 2 and also tomato fruit samples from tomato trial 2 as described in section 2.1.6.2. 

 

2.4.4.3. FRAP Assay to Measure Reducing Ability of Samples 

The FRAP assay was carried out on tomato leaf samples from tomato trials 1 and 2 and 

also tomato fruit samples from tomato trial 2 as described in section 2.1.6.3. 

 

2.4.4.4. DPPH Assay to Measure Free Radical Scavenging Activity of Samples 

Tomato leaf filtrates from both tomato trials 1 and 2 were tested in the DPPH assay 

following the protocol described in section 2.1.6.4. Tomato fruit samples from tomato trial 2 

were tested in the DPPH assay following the protocol described in sections 2.3.5.4. 

 



130 

2.4.4.5. Randox Assay  

This assay was carried out on tomato leaf samples from tomato trials 1 and 2 and also 

tomato fruit samples from tomato trial 2 as specified in the manufacturer’s instructions using a 

3 minute incubation period for all samples.  

 

2.4.5. Statistical Analysis 

When data was normally distributed in a Kolmogorov-Smirnov and Shapiro-Wilke test, 

a one-way ANOVA with Tukey post hoc comparison was carried out.  

For tomato trial 1, EC data was found to be non-parametric on days 145, 173, and 194 

and pore water content data was found to be non-parametric on days 208 and 215. For tomato 

trial 2, leaf production data was observed to be non-parametric on days 67 and 116. In these 

cases a Kruskal-Wallis H test was carried out to show significant differences in the data, and a 

Dunn pairwise comparison post hoc test with Bonferroni corrections was used to assess 

differences between specific groups. These data sets were suggested to be non-parametric due 

to the large variance in results at the end of the tomato trials. This could have also been due to 

the limited sample size of these experiments.  

A repeated measures ANOVA was carried out for leaf production, pore water content, 

and EC measurements in tomato trials 1 and 2. In all cases there was a violation of sphericity 

and, therefore, a Greenhouse-Geisser correction was used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 

                 3. Amending Cos and Butterhead Lettuces with Increasing Dry Weight 

Percentages of Chitin to Investigate Impact on Crop Growth and Antioxidant Capacity  

Previous studies to date had not examined the optimal chitin concentration for the 

production of lettuce in terms of crop yield and quality. Most studies focus on the microbial 

impacts of utilising chitin as a lettuce growing media amendment (4–6). The present study 

investigated the impact that a range of chitin had on cos and butterhead lettuce, monitoring 

plant growth, crop yield, shelf-life, and leaf antioxidant capacity. How chitin amendments 

impacted these factors was investigated as these are important in lettuce production. Previous 

studies amending lettuce with chitin investigate plant growth and crop yield and how these 

factors are impacted by chitin amended growing media. This information is of primary concern 

to lettuce producers in which crop yield is a factor to be maximised. Antioxidant analysis was 

investigated as part of this thesis as the impact of chitin growing media amendments on crop 

antioxidant capacity has not previously been investigated in literature. For the Butterhead 

lettuce trial, two different types of chitin were examined as a range of growing media 

amendments. As well as the factors already mentioned, the present study investigated the 

impact a range of chitin had on the presence of the beneficial fungi Mortierella, previously 

associated with chitin amended lettuce crops (4,5). 

This chapter first presents and discusses the results of the cos lettuce pilot study and 

examined the impact of a range of chitin dry weight amendments on the growth, shelf-life, and 

antioxidant capacity lettuce of cos lettuces (see methods 2.1). Cos lettuces were grown in 

growing media amended with 0% (control), 1%, 2%, or 3% crab chitin. Leaf production, leaf 

area, leaf chlorophyll fluorescence, LMA, and growing media water content and EC were 

monitored throughout the growth of cos lettuces. At the conclusion of the growing trial yield 

measurements were taken, followed by leaf shelf-life measurements, and leaf phenolic content 

and antioxidant activity. 

Furthermore, this chapter presents and discusses the results of the butterhead lettuce 

study in which the impacts of two different chitin types and substrate types had on lettuce crop 

growth, antioxidant capacity, and Mortierella prevalence (see methods 2.2). Butterhead 

lettuces were grown in LP2B substrate amended with 0% (control), 1%, 2%, or 3% chitin. Leaf 

production, leaf area, leaf chlorophyll fluorescence and chlorophyll content, LMA, and 

growing media water content and EC were monitored throughout the growth of cos lettuces. 

Following the growing trial, yield measurements were taken, followed by leaf shelf-life 

measurements, and leaf phenolic content, free radical scavenging activity, and antioxidant 
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activity. The presence of Mortierella was also monitored in this lettuce trial to assess the impact 

chitin has on this beneficial fungus. 

 

 3.1. Cos Lettuce Pilot Study Results  

 3.1.1. Germination 

It was observed that the cos lettuce seeds (L. sativa) in growing media first germinated 

on day 3 of the trial. By day seven, germination success was 80%.  

 

 3.1.2. Growth Rate Measurements  

Growth rate measurements were carried out on the selected Group G lettuces (four 

replicates per crab chitin treatment). This ensured that if any handling of the plants impacted 

their growth or yield, it would be limited to these 16 only. Measurements of the Group G 

lettuces included leaf number, leaf expansion rate, LMA, the leaf chlorophyll fluorescence, and 

growing media measurements temperature (oC), EC (ms·m-1), and moisture content (%).  

 

 3.1.2.1. Leaf Production 

Leaf production (emergence) was measured over the course of the lettuce trial (figure 

3.1).  Figure 3.1 represents the average leaf number as leaf production measured over the course 

of the lettuce trial for all replicates. Control treatment lettuces (0% chitin) consistently had the 

lowest average total leaf number. The leaf number of 1% chitin-treated lettuces was found to 

be significantly greater (P ≤ 0.05) to the leaf number of control lettuces on days 17, 19, 22, 24, 

and day 29. The leaf number of 3% chitin-treated lettuces was found to be significantly greater 

(P ≤ 0.05) to the leaf number of control lettuces on day 12.  
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Figure 3.1.35Average leaf production for cos lettuce. Lettuces were grown in growing media 

amended with crab chitin (Group G). Measurements were taken every Monday, Wednesday, 

and Friday for the duration of the trial. Error bars represent standard error of the mean (n = 4). 

Different letters indicate values significantly different from each other (P ≤ 0.05). 

 

 3.1.2.2. Leaf Area 

Figure 3.2 shows the average leaf area expansion (mm2) for each lettuce chitin 

treatment over a nine day period. Over the nine day period, either 1% or 2% chitin-treated 

lettuces had the highest average leaf area overall, despite 2% chitin-treated lettuces having the 

lowest average leaf area for day 12. From day 15, the control lettuces (0% chitin) were shown 

to have the lowest average leaf area overall. It was observed by day 19 that 1% chitin-treated 

and the control lettuces started to reduce in average leaf area as the measured leaves started to 

senesce. As leaves matured it could also be seen that the variability on leaf size increased.  

No significant differences were observed in this data, possibly due to this large 

variability in size between replicates. The data was converted from assessing overall leaf area, 

and instead measuring the percentage increase of leaves relative to the first day of measuring 

(day 10) to normalise growth rate against any starting differences (figure 3.3). 1% chitin-treated 

lettuces consistently showed the largest leaf area increase relative to the starting point. In the 

first two days of measuring, 2% chitin-treated lettuces showed the lowest rate of leaf area 

increase. However, after day 15 these lettuces showed the highest rate of leaf area increase and 
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finished the 9 period with the second largest leaf area increase relative to the starting point. 

After day 15, 3% chitin-treated lettuces and the control (0% chitin) lettuces began to plateau 

and decline in leaf area compared to the starting point. No significant differences were found 

when the data was compared in this way. 

 

 

Figure 3.2.36Average leaf area expansion (mm2) for cos lettuces. Lettuces were grown in 

growing media amended with crab chitin (Group G). Measurements were taken every Monday, 

Wednesday, and Friday for a nine day period. Error bars represent the standard error of the 

mean (n = 4). 
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Figure 3.3.37Average leaf expansion (mm2) of cos lettuces. Calculated leaf area expansion 

was made relative to starting measurements taken on day 10 for cos lettuces in growing media 

amended with crab chitin (Group G). Error bars represent the standard error of the mean (n = 

4). 

 

 3.1.2.3. LMA 

 LMA of 2% and 3% chitin-treated lettuces were shown to be significantly higher (P ≤ 

0.05) than control leaves and 1% chitin-treated leaves (figure 3.4).   
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Figure 3.4.38Average leaf mass area (LMA) (g·m-2) of cos lettuce leaves. Lettuces were 

grown in growing media amended with crab chitin (Group G). Error bars represent the standard 

error of the mean (n = 4). Leaf area measurements were taken on day 52 of the trial and leaf 

dry mass measurements were taken on day 54 of the trial. Different letters indicate values 

significantly different from each other (P ≤ 0.05). 

 

 3.1.2.4. Growing Media Measurements 

 Figures 3.5 and 3.6 show the results of growing medium measurements using a Delta 

TA-T HH2 Moisture meter for pore weather conductivity and percentage moisture 

respectively. The EC (ms·m-1) was shown to decrease for all growing media treatments over 

the course of the cos lettuce pilot study with much variability between replicates (figure 3.5). 

On days 22 and 24 1% chitin-treated lettuce replicates were observed to have significantly 

lower EC compared to control replicates (P ≤ 0.05). 
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Figure 3.5.39Average electrical conductivity (EC) (ms·m-1) of growing media. Growing 

media was amended with crab chitin (Group G). Measurements were taken every Monday, 

Wednesday, and Friday for the duration of the trial using a Delta TA-T HH2 Moisture meter. 

Error bars represent the standard error of the mean (n = 4). 

 

 Results from the average water content (%) of growing media are shown in figure 3.6. 

It was observed that the water content of the control growing media (0%) was consistently 

higher than all chitin-treated growing media. The water content of all growing media was seen 

to begin to drop after day 22, before increasing between days 26-29. Control lettuce replicates 

had a moisture content significantly higher than 2% and 3% for the duration of the experiment, 

and a moisture content significantly higher than 1% on days 19-29 (P ≤ 0.05). 
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Figure 3.6.40Average pore water content (%) of growing media. Growing media was 

amended with crab chitin (Group G). Measurements were taken every Monday, Wednesday, 

and Friday for the duration of the trial using a Delta TA-T HH2 Moisture meter. Error bars 

represent the standard error of the mean (n = 4). 

 

 3.1.2.5. Chlorophyll Fluorescence  

 No significant differences were observed in chlorophyll fluorescence (au) 

measurements of younger lettuce leaves (figure 3.7). Young leaves measured were the 

youngest unfurled leaf present on each plant. It was observed that, in younger lettuce leaves, 

3% chitin-treated lettuce leaves showed the highest chlorophyll fluorescence of all treatments 

tested and 2% chitin-treated lettuce leaves had the lowest. For mature leaves, being the 

outermost un-senesced leaf of each plant, 3% chitin-treated leaves also showed the highest 

average result. 1% chitin-treated lettuce leaves were observed to have the lowest chlorophyll 

fluorescence in this measurement.  

 

0

10

20

30

40

50

60

15 17 19 22 24 26 29

Day

W
at

er
 C

o
n
te

n
t 

(%
)

Chitin Percentage (%)

0% 1% 2% 3%



139 

 

Figure 3.7.41Average chlorophyll fluorescence of cos lettuce leaves. Lettuces were grown 

in growing media amended with crab chitin (Group G). Measurements were made for both 

young and mature lettuce leaves on day 21 of the trial using an Opti-Sciences Y(II) meter. Error 

bars represent the standard error of the mean (n = 4). 

 

 3.1.3. Harvest 

 3.1.3.1. Fresh Mass (Group Y) 

 The average fresh mass (g) of chitin amended lettuce leaves and roots (Group Y) is 

shown in figure 3.8. It was observed that the fresh mass of lettuce leaves was inversely 

proportional to the percentage of chitin in growing media. No significant differences were 

observed for these measurements.  
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Figure 3.8.42Average fresh mass (g) of cos lettuce leaves. Lettuces were grown in growing 

media amended with crab chitin (Group Y). Measurements were taken on day 29 using a digital 

weighing scale. Error bars represent the standard error of the mean (n = 4). 

 

 3.1.3.2. Gravimetric Leaf Water Content (Group Y) 

 Figure 3.9. shows the gravimetric water content (g) of Group Y leaves, calculated from 

fresh and dry mass measurements. It was observed that the moisture content of the leaves was 

inversely proportional to the percentage of chitin in growing media. No significant differences 

were observed for these measurements.  
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Figure 3.9.43Gravimetric water content (g) of cos lettuce leaves. Lettuces were grown in 

growing media amended with crab chitin (Group Y). Gravimetric water content was calculated 

from leaf fresh mass measurements taken on day 29 and leaf dry mass measurements taken on 

day 31 of the trial using a digital weighing scale. Error bars represent the standard error of the 

mean (n = 4). 

 

 3.1.3.3. Fresh Mass and Gravimetric Water Content (Group S) 

 When the fresh mass of Group S lettuces was measured, 1% chitin-treated lettuce leaves 

were observed to have the highest fresh mass (186.31 g) (figure 3.10). 2% and 3% chitin-treated 

lettuce leaves also showed a greater fresh mass than the control lettuces, however, no 

significant differences were found for these measurements when a one-way ANOVA was 

carried out. It could be suggested that the chitin was increasing the fresh mass (g) of the Group 

S lettuces compared to a control, however further testing was required to better understand the 

impact of chitin on lettuce fresh mass.  

Figure 3.10 and figure 3.11 show the fresh mass (g) and gravimetric water content (g) 

respectively for Group S lettuce roots, isolated using the root washing technique. In both the 

fresh and dry mass measurements carried out, it was observed that 3% and 1% chitin-treated 

lettuce root samples had a significantly greater fresh mass and gravimetric water content 

compared to the control and 2% chitin-treated lettuces (P ≤ 0.05).  
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a)  b)  

Figure 3.10.44Average fresh mass (g) for leaves (a) and roots (b) of cos lettuces. Lettuces 

were grown in growing media amended with crab chitin (Group S). Measurements were taken 

on day 42 of the trial using a digital weighing scale. Error bars represent the standard error of 

the mean (n = 4). 

 

 

Figure 3.11.45Gravimetric water content (g) of cos lettuce roots. Lettuces were grown in 

growing media amended with crab chitin (Group S). Gravimetric water content was calculated 

from root fresh mass measurements taken on day 42 and root dry mass measurements taken on 

day 44 of the trial using a digital weighing scale. Error bars represent the standard error of the 

mean (n = 4). Different letters indicate values significantly different from each other (P ≤ 0.05). 
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 3.1.3.4. Total Leaf Area (Group S) 

The results for the average total leaf area (mm2) are shown in figure 3.12. It was 

observed that 3% chitin-treated lettuces obtained the highest average value (272266.59 mm2) 

followed by 1% and 2% chitin-treated lettuces. The lowest total leaf area was measured in 

control leaves (189558.06 mm2). No significant differences were observed for these 

measurements.  

 

 

Figure 3.12.46Average total leaf area (mm2) of cos lettuces. Lettuces were grown in growing 

media amended with crab chitin (Group S). Measurements were taken on day 42 of the trial. 

Error bars represent the standard error of the mean (n = 4). 

 

 3.1.3.5. Shelf-Life (Group S) 

 Lettuce leaves from each lettuce replicate were stored in individually labelled clear 

plastic bags at 5oC while being monitored for signs of decay (methods described in section 

2.1.5.4). When 50% of leaf material contained within the bags showed signs of leaf decay, that 

bag was removed from the experiment and the total number of days for leaves to degrade during 

the shelf-life experiment was calculated. When the average shelf-life of Group S lettuces was 

measured it was observed that 3% chitin-treated lettuces had the longest average shelf-life (12 

days) and 1% chitin-treated lettuces had the lowest average shelf-life (6 days) (figure 3.13). No 

significant differences were found for these measurements.  
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Figure 3.13.47Average shelf-life of cos lettuces. Lettuces were grown in growing media 

amended with crab chitin (Group S). Leaves were monitored every Monday, Wednesday, and 

Friday for the duration of the experiment. Error bars represent the standard error of the mean 

(n = 4). 

  

 

 3.1.4. Antioxidant Assays 

Figure 3.14 shows comparisons between different methods of lettuce preparation when 

analysed in the FRAP assay. It should be noted that the only methods which resulted in a 

transparent final solution were those homogenised with a hand blender or pestle and mortar 

and filtered through a Millex® 33mm MCE sterile disk filter (pore size 0.45 µm). These were 

given the codes H 0.45 (hand blended and filtered) and PM 0.45 (pestle and mortar and 

filtered). All other methods of lettuce preparation tested resulted in precipitate formation in the 

final test solution making absorbance results inaccurate. Of the two methods H 0.45 and PM 

0.45, H 0.45 resulted in a lower average absorbance in the FRAP assay, however, this method 

was selected for future sample preparation due to the homogenate being of a consistency which 

could be more efficiently filtered using the disc filters. No statistical analysis was carried out 

on this data due to poor replication. This data is discussed to show the development of the 

filtering process used in this thesis for lettuce and tomato antioxidant analysis.  
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Figure 3.14.48Comparisons of lettuce preparation techniques in the FRAP antioxidant 

assay. Average concentration (mmol·L-1) of reducing compounds of lettuce samples prepared 

using different methods. H is code for hand blended samples. PM is code for pestle and mortar 

prepared samples. H x2 (10000) and PM x3 (10000) were hand blended and pestled and 

microcentrifuged twice and thrice respectively. 0.45 is code for disc filtration. 8000, 10000, 

12000 is code for the speed (rpm) these samples were centrifuged at for 5 minutes. Error bars 

represent standard error (n = 3). 

 

Figure 3.15 shows the concentrations of reducing compounds of lettuce samples in the 

FRAP assay on the day of preparation (day 1) and the following day (day 2) to compare 

antioxidant activity after storage at 5oC for 24 hours. It was observed that, for both methods of 

sample preparation, the absorbance of the lettuce samples was reduced during the storage 

period. As with the testing of different filtering techniques, this data is only present to discuss 

the development of antioxidant assays used as part of this thesis. No statistical analysis was 

carried out due to poor replication. Following this, any lettuce or tomato filtrate was tested 

immediately or frozen.  
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Figure 3.15.49Antioxidant activity of lettuce samples at two time points in the FRAP 

assay. Average concentration (mmol·L-1) of reducing compounds of lettuce samples prepared 

using different methods on the day of testing (day 1) and the following day (day 2). Prepared 

lettuce samples were tested on day 1, stored at 5oC overnight and testing again on day 2. 

Samples tested were prepared as specified in figure 3.14 Error bars represent standard error (n 

= 3). 

 

  The TPC of lettuce samples grown as part of the cos lettuce pilot study was measured 

in the Folin’s assay as gallic acid equivalents (µg·ml-1) (figure 3.16). It was observed that the 

phenolic content was directly proportional to the percentage of chitin used to grow the lettuce 

samples with 3% chitin-treated lettuce leaves exhibiting the highest average phenolic content 

(3177.45 µg·ml-1). The TPC was observed to significantly increase proportionally with the dry 

weight percentage of chitin (P ≤ 0.05). 
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Figure 3.16.50Average total phenolic content (TPC) of cos lettuce samples. Average TPC 

was measured in gallic acid equivalents (µg·ml-1) in the Folin’s assay. Lettuces were grown in 

growing media amended with crab chitin (Group G). Error bars represent the standard error of 

the mean (n = 4). Different letters indicate values significantly different from each other (P ≤ 

0.05). 

 

  When antioxidant activity of lettuce samples was measured in the FRAP assay it was 

found that the percentage of chitin used to grow the lettuces was directly proportional to the 

antioxidant activity of the lettuce leaf samples (figure 3.17). Control lettuce samples were 

found to have a significantly lower antioxidant activity than 2% and 3% chitin-treated lettuces 

(P ≤ 0.05). 1% chitin-treated lettuce samples were found to have a significantly lower 

antioxidant activity than 2% and 3% chitin-treated lettuces (P ≤ 0.05).  
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Figure 3.17.51Average antioxidant activity of cos lettuce samples. Antioxidant activity was 

measured as the average concentration (mmol·L-1) of reducing compounds in the FRAP assay. 

Lettuces were grown in growing media amended with crab chitin (Group G). Error bars 

represent the standard error of the mean (n = 4). Different letters indicate values significantly 

different from each other (P ≤ 0.05). 
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 3.2. Cos Lettuce Pilot Study Discussion 

 3.2.1. Germination 

Literature varies on the most appropriate method of germination with some favouring 

petri-dish germination (4,5) and others favouring growing media germination (285–290). Petri 

dish germination was also tested as part of this cos lettuce pilot study (data not shown). A 

higher percentage of seeds was observed to germinate in the petri-dishes (100%) compared to 

the growing media (80%). However, within four days of the trial, the seeds in petri-dishes had 

developed a mould that grew to cover most seeds in each of the ten petri-dishes. Regarding the 

development of the mould and the lack of time to identify it, the decision was made to use the 

seeds germinated in growing media for the cos lettuce pilot study. To maintain consistency, all 

following crop trials germinated seeds in growing media. 

 

 3.2.2. Growth Rate Measurements 

The concentrations of chitin used were guided by studies which amended pelletised 

butterhead lettuces with a single concentration 2% (dry weight percentage) (4,5) and another 

study which amended butterhead lettuces with 20% fermented chitinous material (w/w) (6). 

The results observed in the cos lettuce pilot study showed how a range of chitin concentrations 

influenced the growth rate of lettuces and indicated that there was an optimal range (within the 

range tested) of chitin to be utilised in growing media, regarding leaf production and that was 

between 1%-2% chitin.   

Observations seen in leaf expansion correlated with the trend observed in leaf 

production (figures 3.1 and 3.2) in that 1% and 2% chitin-treated lettuces showed a greater leaf 

number and also a greater leaf area over the experiment compared to the control and 3% chitin-

treated lettuces. This suggested that 3% chitin was less beneficial to the growth of the lettuces 

compared to 1%-2% chitin. However, these data indicated that all chitin treatments resulted in 

lettuces with an enhanced leaf area and higher leaf count compared to the control. 

Leaf area was measured using ImageJ software to measure the dark shape of a leaf 

against a white scaled background. This method can have errors occur in leaf shape, such as 

bent leaves not lying flat against the white background, and the camera angle not being 

completely perpendicular to the white background. ImageJ only considers leaf area in two 

dimensions, therefore when the leaf structure is not perfectly flat, the image taken is not 

representative of the whole leaf structure. The result is a measured area which can be smaller 

than the true leaf area. When the camera angle is not completely perpendicular to the leaf, it 

will appear distorted when viewed in two dimensions in ImageJ. This also distorts the leaf area 
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measured and results in a measurement which may not be representative of the true leaf area. 

When measuring the leaf area of many lettuces, errors like this can make overall data 

inaccurate. To mitigate any inaccuracies in measuring leaf area, care was always taken when 

acquiring pictures for ImageJ analysis. Also, multiple pictures were taken per leaf for 

comparison to check that the technique was accurately measuring leaf area each time. While 

the use of ImageJ is commonly used to measure leaf area (322–324), other studies utilise other 

techniques such as allometry to measure this parameter (325). 

The LMA of leaf samples (figure 3.4) is a key measurement to assess plant growth and 

is based on measurements of leaf area and mass (326). LMA is the product of leaf density 

(g·ml-1) and leaf volume to area ratio (ml·m-2) indicating that leaves with higher values were 

overall thicker and/or denser. In LMA, 2% and 3% chitin-treated lettuces were shown to have 

significantly higher measurements. 

LMA is a measure of anatomical tissues within the leaf such as spongey mesophyll and 

are, therefore, associated with photosynthetic, respiratory rates, and carbon and nitrogen 

concentration in leaves (327). In annual species, such as lettuce, a higher LMA is associated 

with a higher leaf carbon concentration due to increased mesophyll volume to area ratio, 

compared to nitrogen concentration which is inversely related to LMA in annual species (327). 

This suggested that 2% and 3% chitin-treated lettuce leaves may have had a lower overall 

photosynthetic rate, compared to thinner leaves, as the plants invested less in leaf nitrogenous 

compounds such as enzymes essential to photosynthesis such as rubisco (328). It should be 

noted that the relationship between LMA and photosynthetic rate is not fully understood, with 

some literature suggesting a higher LMA is associated with a higher rate of photosynthesis 

(326,329).  

Interestingly, despite the high LMA values, 3% chitin-treated lettuce leaves were 

observed to be delicate to the touch and lacked turgidity (figure 3.2.2.1). This could indicate 

that 3% chitin inhibited lettuce water uptake in this experiment. When the gravimetric leaf 

water content (figure 3.9) was calculated, it was observed that 3% chitin-treated lettuce leaves 

had the lowest average moisture content, supporting the previous observation. This thesis 

showed that 3% chitin reduced the pore water content (%) of growing media compared to 

control (figure 3.6). Chitin is known to have hydrophobic properties (330) suggesting that this 

property was the cause of the lower pore water content in 3% chitin amended growing media. 

It has been shown that lettuce leaves produce thicker leaves (higher LMA) of a smaller size to 

reduce leaf water loss through transpiration (331,332). This correlated with trends observed in 
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leaf area (mm2) in this experiment, which found that 3% chitin-treated lettuces had a reduced 

leaf area compared to other chitin treatments to reduce water loss. 

From this it was suggested that chitin was impacting both the leaf size of lettuce leaves 

and also the leaf production. The impact chitin had on the growing media was investigated as 

part of this experiment. Growing media EC and water content (%) were measured continuously 

throughout the experiment for a better understanding of the breakdown of chitin. Chitin has 

been shown to breakdown in growing media in the presence of Mortierella increasing the 

growing media concentration of available nitrogen (4). Increases in available nitrogen, 

measured as increases in growing media EC, have been shown to correlate with increases in 

lettuce biomass such as leaf size and leaf production (4).  

When measured, the EC was shown to decrease over time in all growing media. EC of 

a growing medium is an indication of the solute (Cl-, SO4
2-, HCO3

-, Na+, Ca2+, Mg2+, NO3
-, or 

K+) concentration which directly impacts plant growth (333,334) and health, and chitin 

amendments have been shown to increase this property in previous studies (335). Further 

assessment of the impact chitin had on nutrients in the growing media are discussed later.  

The water content (%) of the chitin-treated growing media was observed to be lower 

than the control throughout the cos lettuce pilot study. This could be associated with the 

hydrophobic nature of the chitin (330) that may have limited water availability to the lettuces 

grown using the chitin-treated growing media and explained results observed in the moisture 

content of the lettuce leaves (figure 3.9) and the LMA (figures 3.4) discussed. A 2001 study 

utilised nuclear magnetic resonance to measure fluids in pore spaces of porous media treated 

with hydrophobic products and found that the hydrophobicity had very little impact on the pore 

water content of the media (336). Further investigation of this association between chitin 

hydrophobicity and growing media pore water content was carried out in following crop 

studies.  

Chlorophyll fluorescence (figure 3.7) is a measure of the quantum efficiency of 

photosystem II (PSII) and was used as an indicator of plant stress (337). Decreases in this 

measurement are indicative of a process known as photoinhibition in which the efficiency of 

PSII is reduced as a result of plant abiotic stress (337). No significant differences were observed 

in younger lettuce leaves, indicating that the chitin amendments were not increasing abiotic 

stress in lettuces.  
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 3.2.3. Harvest 

The impact that a range of chitin growing media amendments have on lettuce root 

structure and growth has not been investigated prior to this thesis. However, studies have been 

conducted to assess the impact specific chitin growing media amendments have on rhizosphere 

microbiology (4,5). Figure 3.8 represents the average fresh mass yield (g) for Group Y lettuce 

leaves and also root samples isolated using a method of manually shaking the roots to remove 

excess growing media (295). When the root systems of Group Y lettuces were observed, visual 

differences could be seen in the root structures of lettuces grown in different chitin percentage 

treatments. In particular, lettuces grown in 3% chitin-amended growing media showed very 

limited root growth. Figure 3.18 shows the difference between a 2% and 3% chitin-amended 

growing media lettuce root system. It could be seen that the 2% lettuce had an extensive root 

system which reached the base of the 1 L pot, whereas the base of the pot in the 3% lettuce had 

no root structures present, and any roots observed were thin and not well distributed.  

 

  

Figure 3.18.52Observational differences in root structures of two different chitin-treated 

lettuce samples. A side-to-side comparison of the root systems of Group Y lettuces grown in 

media containing 2% (left) and 3% (right) chitin. As can be observed the root system in the 2% 

chitin lettuce plant is more distributed throughout the pot with thicker roots than the 3% chitin 

lettuce plant. 
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It was observed that 3% chitin roots had less distribution in Group Y lettuces (figure 

3.18), but they had higher fresh mass (g) compared to control and 1% chitin-treated lettuces. 

This suggested that the difference in fresh mass observed was due to growing media remaining 

on root structures due to the inefficient method of root isolation. The manually shaking of root 

systems also resulted in a large loss of root biomass. This indicated the need for an improved 

method of root isolation and measuring.   

The fresh mass (g) of the leaves was seen to be greatest in the control leaves compared 

to the chitin-treated leaves. The amount of chitin present in growing media was inversely 

proportional to the fresh mass (g) of the lettuce leaves. This data did not correlate with 

measurements taken regarding leaf growth rate. However, when leaves were dried and the 

water content (g) of the lettuce leaves was calculated (figure 3.10, it was also observed to be 

inversely proportional to the percentage of chitin in growing media. Using this data, it was 

suggested that lettuces grown with chitin were showing a reduced fresh mass due to a lower 

gravimetric leaf water content, despite showing greater leaf number and area. 

The fresh mass (g) of Group S lettuces was shown to be highest in 1% chitin-treated 

lettuces (figure 3.10). Group S lettuce leaves were utilised to measure shelf-life; therefore, 

moisture content of these leaves was not measured. These leaves were harvested 13 days after 

the Group Y lettuces which, therefore, could explain differing results for fresh mass. 

For Group S lettuces, root washing was utilised as a method of root isolation. It should 

be noted that this method resulted in a large loss of root biomass and variability in 

measurements. This technique was not taken forward as a viable method for root isolation and 

measurement in future experiments. 

When the average total leaf area (mm2) for Group S lettuces was measured it was 

observed that all chitin-treated lettuces had a larger total leaf area compared to control lettuces 

(figure 3.12). This correlated with measurement taken of the individual leaf area measurements 

for Group G lettuces (figure 3.2) in which all chitin-treated lettuces had leaves with an area 

consistently larger than the control. However, when the average total leaf area of Group S 

lettuces was calculated it was observed that 3% chitin-treated lettuces had the largest value. 

This differed to Group G individual leaf area measurements in which 1% chitin-treated leaves 

were found to have the largest average individual leaf area. No significant differences were 

found for total leaf area measurements for Group S lettuces or for the individual leaf area 

measurements in Group G lettuces and, therefore, these differences in trends were suggested 

to be due to the variability in measuring lettuce leaf areas.  
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Shelf-life measured in this cos lettuce pilot study was observed to be highest in 3% 

chitin-treated lettuce leaves. Lettuce leaf shelf-life is known to be impacted by pre- and post-

harvest factors such as irrigation, nutrient supply, and harvest date (338). Leaf water content 

loss post-harvest is a major factor in leaf texture which contributes to assessment of leaves, and 

it was seen in this cos lettuce pilot study that the chitin amendments had an impact on leaf 

thickness and water content (figures 3.4 and 3.9). The loss of turgidity of lettuce leaves is 

directly related to leaf water content in leaves and leads to the degradation and wilting of leaf 

material (339).  

The impact that chitin growing media amendments had on the shelf-life of lettuce leaves 

was investigated. In the present study, the shelf-life of lettuce leaves was defined as 50% of 

lettuce leaves contained within the clear plastic bags showing signs of decay such as leaf 

discolouration and wilting. The browning observed in stored leaf samples can be linked to the 

leaf increase in polyphenol oxidase (section 1.2.2.2). It has been suggested that cuticle 

discolouration can be delayed in papaya peel when a chitin coating is applied to this crop (340). 

This was attributed to the antimicrobial effects associated with chitin. Shelf-life has also been 

shown to be reduced when lettuce is grown in growing media containing high concentrations 

of nitrogen (190). This was an important factor to consider in this experiment as the presence 

of chitin in growing media is known to increase the concentration of available nitrogen.  

A factor to consider when evaluating these results is that airtight plastic bags were used. 

This would have increased the concentrations of gases such as oxygen and ethylene 

surrounding the leaves. High concentrations of ethylene are known to reduce the shelf-life of 

lettuce and other crops in storage (341). Previous studies have utilised micro perforated storage 

packing for lettuce shelf-life experiments in line with standard commercial practices (342,343). 

This perforation prevents the build-up of gasses such as oxygen and ethylene in packaging 

while leaves are stored. The perforation also prevents build of moisture within the packaging 

which can be contributing factor to leaf wilting. The packaging used during the cos lettuce pilot 

study, however, was sealed, clear plastic bags, with no micro perforation present. As a result, 

lettuces in this shelf-life experiment were subject to a potential build-up of ethylene, oxygen, 

and moisture which would have contributed to the decay and wilting of lettuce leaves.   

While carrying out this experiment it was discussed that the seal of the airtight plastic 

bags could have been opened slightly to prevent gaseous build-up. However, it was difficult to 

measure the size of the opening accurately for each bag and it could not be stated with 

confidence that each bag had the same size opening for gas exchange. Also, with regards to 

checking the leaves every Monday, Wednesday, and Friday, it could not be stated that the 
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handling of the bags would not impact the size of an opening such as this and impact the 

experimental conditions for each bag. Furthermore, the bags were stored in a shared cold room 

and leaving any of the bags partially open for extended periods of time would leave the contents 

vulnerable to contamination from outside sources. Therefore, the decision was made to 

completely seal every bag and subject the leaves to the potential build-up of oxygen, ethylene, 

and moisture.  

It is also important to note that the sample size during this experiment was limited 

compared to lettuce shelf-life trials from previous literature (191,285,290,339,342,344–346). 

Due to the limited sample size of this experiment and the conditions not lining up with standard 

commercial practice it was not possible to conclude if chitin has a significant impact on lettuce 

leaf shelf-life. However, all leaves tested in this experiment were exposed to the same 

conditions throughout the experiment except for chitin dry-weight percentage. Further shelf-

life experiments were carried out to investigate this further in lettuce leaves and also tomato 

fruit as part of this thesis.   

 

 

 3.2.4. Antioxidant Assays  

When different lettuce homogenate filtering techniques were tested, the only method 

which resulted in a clear solution was filtering through Millex® 33mm MCE sterile disk filters 

using a 10 ml syringe. Due to this, it was decided to utilise this filtering technique for all lettuce 

samples. These disc filters are typically used for sterilising organic solvents, aqueous solutions 

or air/gas. The filters consist of a mixed cellulose esters membrane and are available in a 

number of pore sizes. 

When testing lettuce preparation techniques, it was observed that overnight storage 

resulted in a reduced antioxidant activity of samples (figure 3.15). A 2014 study tested the 

phenolic content and antioxidant activity of three types of lettuce leaves stored at either 0, 2, 

4, or 6oC for 15 days (347). It was observed that, for all storage temperatures, the phenolic 

content and the antioxidant activity of the lettuce leaves reduced over the storage period (347). 

It was concluded that lettuce samples were to be tested on the day of preparation, or frozen to 

reduce the loss of antioxidant activity. 

The phenolic content and antioxidant activity of leaf samples were both shown to 

increase with the dry weight percentage of chitin in growing media (figures 3.16 and 3.17). It 

has been shown that mild environmental stressors can induce the production of phenolic 

compounds in lettuce leaves (212). When the chlorophyll fluorescence of these lettuce leaves 
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was measured, no significant differences were found in measurements and 3% chitin-treated 

leaves were shown to have the highest measurements indicating a lower leaf stress. However, 

antioxidant measurements were made 31 days after the chlorophyll measurements were taken 

(figure 3.7), in which time stress due to chitin-impacted water availability could have stressed 

these leaves further and resulted in significantly higher antioxidant activity. The postharvest 

period of a lettuce is characterised as a stressful stage, affecting the quality of the leaves, and 

it has been shown that lettuces submitted to abiotic stresses during production are more 

tolerable of these postharvest stressors due to the synthesis of secondary metabolites such as 

antioxidants (348). This observed increase in lettuce leaf phenolics could, however, result in a 

reduced shelf-life due to associations with polyphenol oxidase and early leaf browning when 

stored. From an agricultural perspective, this is an interesting balance between have a crop with 

more antioxidants perceived to be healthier to consume and selling a product which will have 

a long enough shelf-life to be profitable. In general, however, lettuce producers will always 

favour a crop which has a longer shelf-life. Transport of lettuce crop relies heavily on the leaf 

material being of a good quality when it arrives to sellers for purchase.    

A 2020 study investigated the impact of mild drought stress (drought stress 80% and 

90%) on lettuce quality (348). This study found that not only did lettuces subjected to 80% 

drought stress have a significantly increased carotenoid and flavonoid concentration, but also 

a significantly increased leaf chlorophyll content (348). Following this, the decision was made 

to measure both chlorophyll fluorescence and chlorophyll content in the butterhead lettuce trial.  

Due to limited sample availability from the cos lettuce pilot study, the DPPH assay 

could not be conducted. However, testing of lettuce leaf material in the DPPH assay took place 

using samples grown in the butterhead lettuce trial. 
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 3.3. Butterhead Lettuce Study Results  

 3.3.1. Germination 

Germination success (%) for the four groups of LP2B-chitin combinations was 

measured. For fertilised LP2B amended with crab chitin, it was observed that control LP2B 

resulted in the highest germination success followed by 2% and 3% chitin treatments, with 1% 

chitin resulting in the lowest germination success. For fertilised LP2B amended with shrimp 

chitin, it was observed that 2% chitin resulted in the highest germination success followed by 

control and 3% chitin treatments, with 1% chitin resulting in the lowest germination success. 

It was observed for unfertilised LP2B amended with crab chitin, that the control obtained 

the highest germination success followed by 3% and 1% chitin treatments, with 2% chitin 

resulting in the lowest germination success. For unfertilised LP2B amended with shrimp chitin, 

it was observed that 1% chitin resulted in the highest germination success followed by control 

and 2% chitin treatments, with 3% chitin resulting in the lowest germination success. 

 

 

Figure 3.1953Germination success (%) for pelletised butterhead lettuce seeds in 

fertilised/unfertilised LP2B amended with either crab or shrimp chitin in the dry weight 

percentages 0% (control), 1%, 2%, and 3%. 
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 3.3.2. Growing Rate Measurements 

 3.3.2.1. Crab Chitin 

 3.3.2.1.1. Leaf Production 

For butterhead lettuce amended with crab chitin in fertilised LP2B, it was observed that 

average lettuce leaf number was consistently highest in 1% chitin-treated lettuces (figure 3.20 

a). The lowest leaf number was consistently observed in the control lettuces. Significant 

differences (P ≤ 0.05) were observed on day 27 between samples 1%-3%, day 36 between 0%-

2%, 0%-3%, 1%-2%, and 1%-3%, on day 43 between samples 0%-2%, 0%-3%, 1%-2%, and 

1% and 3%. A repeated measures ANOVA showed that crab chitin treatments did not 

significantly impact the leaf production of butterhead lettuces in fertilised LP2B. 

Measurements for leaf production were carried out over a 16 day period. The repeated measures 

ANOVA found that time as a factor significantly impacted lettuce leaf production 

measurements. No interactions between chitin treatment and time were observed for this data 

set.  

For butterhead lettuce amended with crab chitin in unfertilised LP2B, 1% chitin-treated 

lettuces obtained the highest average leaf number until day 32, when control lettuces 

consistently obtained the highest value (figure 3.20 b). 2% and 3% chitin-treated lettuces were 

seen to have the lowest average leaf number throughout the experiment, with a consistently 

low leaf production rate compared to 1% and the control. Significant differences were found 

on days 29, 33, 36, 39, 41, and 43 between samples 0%-2%, 0%-3%, 1%-2%, and 1%-3%, on 

day 32 between samples 0%-3%, 1%-2%, and 1%-3% (P ≤ 0.05). A repeated measures 

ANOVA found that chitin treatments significantly impacted the leaf production for these 

lettuces grown in unfertilised LP2B compared to control lettuces (P < 0.001). This repeated 

measures ANOVA also found that time as a factor also significantly impacted (P < 0.001) the 

leaf production of these lettuces. These measurements were carried out over a 16 day period, 

suggesting that crab chitin impacted lettuce leaf production over an extended measurement 

period.  

Carrying out the repeated measures ANOVA, an interaction was observed between time 

and crab chitin treatments suggesting that chitin altered the leaf production of lettuces 

compared to control lettuces. It was observed that chitin had the greatest impact on leaf 

production on day 27 at the start of the measurement period. The impact of chitin on leaf 

production reduced at each time point in the 16 day measurement period with chitin having 

least impact on leaf production on day 43. 2% and 3% chitin treatments were observed to 

change the time response of lettuce leaf production compared to control and 1% chitin 
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treatments (figure 3.20 b). The leaf productions of these lettuces were significantly lower 

compared to control and 1% chitin-treated lettuces. The repeated measures statistical analysis 

verified the results observed in the pairwise comparisons between chitin treatments discussed 

above.  
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a)  

b)  

Figure 3.20.54Average leaf production for butterhead lettuces. Lettuces were grown using 

LP2B substrate amended with crab chitin. Figure shown represents lettuces grown in fertilised 

(a) and unfertilised (b) LP2B. Measurements were taken every Monday, Wednesday and Friday 

for the duration of the trial. Error bars represent standard error (n = 4). 
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 3.3.2.1.2. Leaf Area 

 The average leaf area expansion for butterhead lettuces in fertilised LP2B amended 

with crab chitin is shown in figure 3.21 a. Control lettuces were observed to have the lowest 

leaf area (mm2) consistently after day 27. Between days 29-36, 2% chitin-treated lettuces had 

the highest average leaf area. No significant differences were found between treatments in these 

measurements.  

 When the average leaf expansion for lettuces in unfertilised LP2B amended with crab 

chitin was assessed it was observed that control lettuces consistently obtained the highest 

average leaf area (mm2) (figure 3.21 b). 1% chitin-treated leaves consistently obtained the 

second highest average leaf area, followed by 2% chitin-treated leaves, with 3% chitin-treated 

leaves showing the lowest average leaf area throughout the experiment. Significant differences 

were found between 0%-3% on day 29, 0%-2% and 0%-3% on days 32 and 43, 0%-1%, 0%-

2%, and 0%-3% on days 33 and 36 (P ≤ 0.05). Significant differences were also found on day 

39 between treatments 0%-2%, 0%-3%, 1%-2%, and 1%-3%, and on day 41 between 0%-1%, 

0%-2%, 0%-3%, and 1%-3% (P ≤ 0.05). 

 It should be noted that on days in which leaf area was observed to decrease for one 

measurement and then increase, this was due to errors in measuring leaves. Leaves were 

required to be laid flat while area was measured and this was not always completely possible 

due to the natural curve of the lettuce leaf structures.  
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a)  

b)  

Figure 3.21.55Average leaf area expansion (mm2) for butterhead lettuces. Lettuces were 

grown using LP2B substrate amended with crab chitin. Figure shown represents lettuces grown 

in fertilised (a) and unfertilised (b) LP2B. Measurements were taken every Monday, 

Wednesday, and Friday for an 18 day period. Error bars represent standard error (n = 4). 
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 When leaf expansion measurements were converted to average leaf expansion relative 

to starting measurements on day 25 it was observed, for fertilised LP2B amended with crab 

chitin, that 1% chitin-treated lettuces consistently showed the highest average leaf area 

expansion throughout the experiment (figure 3.22 a). 3% chitin-treated lettuces were observed 

to have the lowest average leaf expansion on days 29-39. Control lettuces were observed to 

have a significantly higher leaf area expansion compared to 2% chitin-treated lettuces on days 

32 and 39, and a significantly higher leaf area expansion compared to 3% chitin-treated lettuces 

on days 27-32 and day 39 (P ≤ 0.05). 

 For unfertilised LP2B amended with crab chitin, it was seen that, after day 27, control 

lettuces consistently obtained the highest average lettuce leaf expansion figure 3.22 b). After 

day 27, 1% chitin-treated lettuces showed the second average leaf expansion, followed by 2% 

chitin-treated lettuces, with 3% chitin-treated lettuces showing the average lowest leaf 

expansion. 3% chitin-treated lettuces showed a decrease in leaf area compared to starting 

measurements. Significant differences were found on days 32, 33, and 36 between 0%-3%, and 

on day 39 between 0%-2%, 0%-3%, and 1%-3%, and on days 41 and 43 between 0%-2% and 

0%-3% (P ≤ 0.05). 
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a)  

b)  

Figure 3.22.56Average leaf area expansion (mm2) of butterhead lettuces. Lettuces were 

grown using LP2B substrate amended with crab chitin. Figure shown represents lettuces grown 

in fertilised (a) and unfertilised (b) LP2B. Calculated leaf area expansion was made relative to 

starting measurements taken on day 25. Error bars represent standard error (n = 4). 
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 3.3.2.1.3. LMA 

 The LMA of lettuces in fertilised LP2B amended with crab chitin is shown in figure 

3.23 (a). The highest LMA measurements were seen in the control (25.54 g·m-2), followed by 

1% chitin-treated leaves, 3% chitin-treated leaves, and 2% chitin-treated leaves obtaining the 

lowest LMA (15.76 g·m-2). No significant differences were observed for these measurements.  

 When the LMA of lettuces in unfertilised LP2B amended with crab chitin was measured 

(figure 3.23 b) it was found that 2% chitin treated leaves had the highest LMA (70.32 g·m-2), 

followed by 3% chitin-treated lettuces, control lettuces, and finally 1% chitin-treated lettuces 

had the lowest LMA (31.03 g·m-2). 2% chitin-treated lettuce leaves were observed to have a 

significantly higher LMA compared to control and 1% chitin-treated lettuces (P ≤ 0.05). 
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a)  

b)  

Figure 3.23.57Leaf mass area (LMA) (g·m-2) of butterhead lettuce leaves. Lettuces were 

grown using LP2B substrate amended with crab chitin. Figure shown represents lettuces grown 

in fertilised (a) and unfertilised (b) LP2B. Leaf area measurements were made on day 43 and 

leaf dry mass measurements were made on day 45 with a digital weighing scale. Error bars 

represent standard error (n = 4). Results shown for unfertilised LP2B 3% chitin-treated leaves 

n = 1 due to errors in measuring leaf material. Different letters indicate values significantly 

different from each other (P ≤ 0.05). 
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 3.3.2.1.4. Growing Media Measurements 

 3% crab chitin-treated fertilised LP2B consistently measured the highest EC (figure 

3.24 a). Control fertilised LP2B was observed to have the lowest EC on days 25-29, 32-36, and 

43. Control fertilised LP2B EC was significantly lower than 3% crab chitin-treated fertilised 

LP2B on day 36 (P ≤ 0.05).  

 3% chitin-treated unfertilised LP2B was observed to have the highest EC on days 25-

31, and day 43 (figure 3.24 b). Control unfertilised LP2B consistently had the lowest EC for 

the duration of the experiment. Control unfertilised LP2B EC was significantly lower than 1% 

chitin-treated unfertilised LP2B on days 29 and 43 and significantly lower than 3% chitin-

treated unfertilised LP2B on days 29, 36, and 43 (P ≤ 0.05).  
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a)  

b)  

Figure 3.24.58Average electrical conductance (EC) (ms·m-1) of LP2B substrate. 

Butterhead lettuces were grown using LP2B substrate amended with crab chitin. Figure shown 

represents lettuces grown in fertilised (a) and unfertilised (b) LP2B. Measurements were taken 

every Monday, Wednesday, and Friday for the duration of the trial using a Delta TA-T HH2 

Moisture meter. Error bars represent the standard error of the mean (n = 4). 
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 Pore water content (%) of fertilised LP2B amended with crab chitin highest in 3% 

chitin-treated fertilised LP2B on days 29-36, and day 43, and consistently lowest in fertilised 

LP2B on days 25 and 39. Control fertilised LP2B pore water content was significantly lower 

than 3% crab chitin-treated fertilised LP2B on days 29, 32, and 36 (P ≤ 0.05). Control fertilised 

LP2B pore water content was significantly lower than 1% and 2% crab chitin-treated fertilised 

LP2B on day 32 (P ≤ 0.05). 

 3% chitin-treated unfertilised LP2B was observed to have the highest average water 

content on day 25 and between days 32-43 (figure 3.25 b). Control unfertilised LP2B 

consistently had the lowest water content throughout the experiment. Control unfertilised LP2B 

pore water content was significantly lower than 1% and 3% crab chitin-treated unfertilised 

LP2B on days 29, 36, and 43 (P ≤ 0.05). Control unfertilised LP2B pore water content was 

significantly lower than 2% crab chitin-treated unfertilised LP2B on day 36 (P ≤ 0.05). 
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a)  

b)  

Figure 3.25.59Average pore water content (%) of LP2B substrate. Butterhead lettuces were 

grown using LP2B substrate amended with crab chitin. Figure shown represents lettuces grown 

in fertilised (a) and unfertilised (b) LP2B. Measurements were taken every Monday, 

Wednesday, and Friday for the duration of the trial using a Delta TA-T HH2 Moisture meter. 

Error bars represent the standard error of the mean (n = 4). 
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 3.3.2.1.5. Chlorophyll Fluorescence 

When the chlorophyll fluorescence of young butterhead lettuce leaves in fertilised 

LP2B was measured, 3% chitin-treated lettuces obtained the highest average value (0.73 au), 

followed by the control, 2%, and 1% chitin-treated lettuces having the lowest average 

chlorophyll fluorescence (0.71 au) (figure 3.26 a). For mature lettuce leaves in fertilised LP2B 

amended with crab chitin, 3% chitin-treated lettuces measured the highest average chlorophyll 

fluorescence of these plants (0.73 au) followed by control lettuces, 1% chitin-treated lettuces, 

and 2% chitin-treated lettuces having the lowest average chlorophyll fluorescence (0.71 au) 

(figure 3.26 a). No significant differences were observed for chlorophyll fluorescence 

measurements of young or mature leaves.  

When lettuces grown in unfertilised LP2B were tested it was found that, for young 

leaves, control lettuces obtained the highest average chlorophyll fluorescence (0.71 au), 

followed by 1%, then 3%, and 2% chitin-treated lettuces having the lowest average chlorophyll 

fluorescence (0.69 au) (figure 3.26 b). For mature leaves, 1% chitin-treated lettuce leaves had 

the highest average chlorophyll fluorescence (0.73 au), followed by control leaves, 3%, and 

2% chitin-treated lettuces having the lowest average chlorophyll fluorescence (0.64 au) (figure 

3.26 b). No significant differences were found for young leaves; however, for mature leaves 

control and 1% chitin-treated lettuce leaves were observed to be significantly higher than 2% 

chitin-treated lettuce leaves (P ≤ 0.05). 
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a)  b)  

c)  d)  

Figure 3.26.60Chlorophyll fluorescence of butterhead lettuces. Lettuces were grown using 

LP2B substrate amended with crab chitin. Figure shown represents lettuces grown in fertilised 

(a and b) and unfertilised (c and d) LP2B. Measurements were made for young (a and c) and 

mature (b and d) leaves on day 39 of the trial using an Opti-Sciences Y(II) meter. Error bars 

represent standard error (n = 4). 
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 3.3.2.1.6. Chlorophyll Content 

 The chlorophyll content of lettuces in this trial was also measured. When young leaves 

from lettuces in fertilised LP2B amended with crab chitin were tested, 3% chitin-treated 

lettuces had the highest average chlorophyll content (6.96 au), followed by control lettuces, 

and 2% chitin-treated lettuces, with 1% chitin-amended lettuces obtaining the lowest average 

chlorophyll content (4.86 au) (figure 3.27 a). When mature leaves in fertilised LP2B amended 

with crab chitin were tested, 3% chitin-treated lettuces were observed to have the highest 

average chlorophyll content (8.87 au), followed by 1% then 2% chitin-treated lettuces, with 

control lettuces having the lowest average chlorophyll content (5.66 au) (figure 3.27 a). No 

significant differences were observed for chlorophyll content measurements of young or 

mature leaves. 

 Only young leaves from lettuces in unfertilised LP2B amended with crab chitin were 

tested due to the low leaf number of these lettuces. When measured it was seen that 3% chitin-

treated lettuces had the highest average chlorophyll content (4.38 au), followed by 1% and 

control lettuces, with 2% chitin-treated lettuces having the lowest chlorophyll content (3.25 

au). No significant differences were found between these measurements. 
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a)  b)  

c)  

Figure 3.27.61Chlorophyll content of butterhead lettuces. Lettuces were grown using LP2B 

substrate amended with crab chitin. Figure shown represents lettuces grown in fertilised (a and 

b) and unfertilised (c) LP2B. Measurements were made for young (a and c) and mature (b) 

leaves on day 39 of the trial using a Hansatech CL-01 chlorophyll content meter. It should be 

noted that due to a lack of leaf biomass, mature leaves could not be measured for unfertilised 

LP2B. Error bars represent standard error (n = 4). 
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 3.3.2.2. Shrimp Chitin 

 3.3.2.2.1. Leaf Production  

Butterhead lettuces grown with 1% shrimp chitin in fertilised LP2B consistently had the 

highest leaf number over the course of the experiment of all treatments and was observed to be 

significantly higher than 3% chitin-treated lettuces on day 23 (P ≤ 0.05) (figure 3.28 a). This 

was followed by the control lettuces, 2% chitin-treated lettuces, and 3% chitin-treated lettuces 

had the lowest leaf number throughout the trial. A repeated measures ANOVA showed that 

chitin treatments significantly impacted the leaf production of butterhead lettuces in fertilised 

LP2B (P < 0.001). It was also found that time as a factor significantly impacted these 

measurements (P < 0.001) over the 14 day measurement period. As with crab chitin (figure 

3.20), this suggested that shrimp chitin also had an impact on lettuce leaf production over an 

extended measurement period. No interactions between time and shrimp chitin were observed 

in the repeated measures analysis carried out for lettuces grown in fertilised LP2B. 

For lettuces in unfertilised LP2B amended with shrimp chitin, it was observed that 1% 

chitin-treated lettuces had the highest average leaf number on days 21-25, and day 30 (figure 

3.28 b). One-way ANOVA pairwise comparisons were carried out for every treatment on each 

day and no significant differences were found between treatments. A repeated measures 

ANOVA was carried out for this dataset finding that the impact of chitin treatments was not a 

significant factor for lettuce leaf production, however, obtained a P value of 0.057 indicating 

that it was almost significant in the leaf production for lettuces grown in unfertilised LP2B. 

Time as a factor was found to be significant to lettuce leaf production in this experiment over 

the 14 day measurement period. It was observed that the variance of results for the control 

lettuces was much larger compared to the chitin-treated lettuces, suggesting that chitin had a 

stabilising property in unfertilised LP2B. However, this was not observed in crab chitin-treated 

butterhead lettuces in unfertilised LP2B in which it was observed that the variance of control 

lettuces was reduced compared to chitin-treated lettuces (figure 3.20).  

Crab chitin was shown to impact the lettuce leaf production greater at the start of the 

growing period (figure 3.20). An interaction was observed between time and shrimp chitin 

treatment, on day 32 of the experiment suggesting that chitin changed lettuce leaf production 

over time in unfertilised LP2B (figure 3.28 b). The interaction was observed on day 32, in 

which it was observed that 2% chitin-treated lettuces had a negative impact for leaf production 

compared to other treatments. Trends in this dataset were not clear when interaction between 

time and chitin treatment were interpreted. As no significant differences were observed 

between treatments in this data set when pairwise comparisons were carried out, reporting on 
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trends observed was very limited. It should be noted that when values of leaf produce are 

observed to reduce, this is due to senescing leaves being removed from individual replicates.  

 

a)  

b)  

Figure 3.28.62Average leaf production for butterhead lettuces. Lettuces were grown using 

LP2B substrate amended with shrimp chitin. Figure shown represent lettuces grown in 

fertilised (a) and unfertilised (b) LP2B. Measurements were taken every Monday, Wednesday, 

and Friday for the duration of the trial. Error bars represent standard error (n = 4). 
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 3.3.2.2.2. Leaf Area 

 When the average leaf expansion (mm2) of butterhead lettuce leaves in fertilised LP2B 

amended with shrimp chitin was measured it was observed that 1% chitin-treated lettuces had 

the highest average leaf area on days 23-32 (figure 3.29 a). 3% chitin-treated lettuces 

consistently had the lowest average leaf area. Control lettuces were observed to have a leaf area 

significantly lower than all other treatments on day 23 (P ≤ 0.05) 

 For lettuces in unfertilised LP2B amended with shrimp chitin, control lettuces were 

seen to consistently have the largest leaf area over the period of measurements (figure 3.29 b). 

2% chitin-treated leaves consistently had the lowest average leaf area. Significant differences 

were found between 0%-1%, 0%-2%, and 0%-3% on days 23 and 25, between 0%-2%, and 

0%-3% on days 28 and 32, and 0%-2% on day 30.  
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a)  

b)  

Figure 3.29.63Average leaf area expansion (mm2) for butterhead lettuces. Lettuces were 

grown using LP2B substrate amended with shrimp chitin. Figure shown represent lettuces 

grown in fertilised (a) and unfertilised (b) LP2B. Measurements were taken every Monday, 

Wednesday, and Friday for a 12 day period. Error bars represent standard error (n = 4). 
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 When measured as average leaf expansion relative to starting measurements on day 23, 

it was observed that for days 23-28, 3% shrimp chitin-treated lettuces had the highest rate of 

leaf expansion (figure 3.30 a). Control lettuces were seen to have the lowest average leaf 

expansion on days 23-32. No significant differences were found between treatments.  

 For lettuces in unfertilised LP2B amended with shrimp chitin, it was observed that 1% 

chitin-treated lettuces had the highest leaf expansion between days 28-32 (figure 3.30 b). 3% 

chitin-treated leaves were observed to have the lowest leaf expansion rate between days 23-28 

and on day 32. No significant differences were found between treatments. 
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a)  

b)  

Figure 3.30.64Average leaf area expansion (mm2) of butterhead lettuces. Lettuces were 

grown using LP2B substrate amended with shrimp chitin. Figure shown represent lettuces 

grown in fertilised (a) and unfertilised (b) LP2B. Calculated leaf area expansion was made 

relative to starting measurements taken on day 23. Error bars represent standard error (n = 4). 
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 3.3.2.2.3. LMA 

 When LMA was calculated, control lettuces were observed to have the highest average 

value (37.03 g·m-2), followed by 1% and 2% chitin-treated lettuces, with 3% chitin-treated 

lettuces having the lowest average LMA (24.77 g·m-2) (figure 3.31 a). For unfertilised LP2B 

amended with shrimp chitin, 3% shrimp-chitin lettuces had the highest average LMA (49.36 

g·m-2), followed by control leaves, and 1% chitin-treated leaves, with 2% chitin-treated lettuces 

having the lowest LMA (23.85 g·m-2) (figure 3.31 b). No significant differences were found 

for measurements of lettuces in fertilised and unfertilised LP2B.  
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a)  

b)  

Figure 3.31.65Average leaf mass area (LMA) (g·m-2) of butterhead lettuce leaves. Lettuces 

were grown using LP2B substrate amended with shrimp chitin. Figure shown represents 

lettuces grown in fertilised (a) and unfertilised (b) LP2B. Leaf area measurements were made 

on day 46 and leaf dry mass measurements were made on day 48 with a digital weighing scale. 

Error bars represent standard error (n = 4). For results shown for unfertilised LP2B 2% chitin-

treated leaves n = 1 due to errors in measuring leaf material. 
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 3.3.2.2.4. Growing Media Measurements 

 When the average EC of fertilised LP2B amended with shrimp chitin was measured it 

was observed that 2% chitin-treated LP2B consistently had the highest average EC and the 

control unfertilised LP2B had the average lowest EC after day 25 (figure 3.32 a). No significant 

differences were found for these measurements. 

 For the average EC of unfertilised LP2B amended with shrimp chitin, it was observed 

that 3% chitin-treated LP2B consistently had the largest average EC with control unfertilised 

LP2B having the lowest average EC on day 21 and days 28-32 (figure 3.32 b). Significant 

differences were found on days 25 and 32 between 0%-1%, and on day 28 between 1%-3% 

and 2%-3% (P ≤ 0.05).  
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a)  

b)  

Figure 3.32.66Average electrical conductivity (EC) (ms·m-1) of LP2B. Butterhead lettuces 

were grown using LP2B substrate amended with shrimp chitin. Figure shown represent lettuces 

grown in fertilised (a) and unfertilised (b) LP2B. Measurements were taken every Monday, 

Wednesday, and Friday for the duration of the trial. Error bars represent standard error (n = 4). 
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 The average pore water content of 3% chitin-treated fertilised LP2B was observed to 

highest on days 21-25, and day 32 (figure 3.33 a). Control LP2B was observed to have the 

lowest average water content on days 25-32 and was significantly lower than 2% and 3% chitin-

treated fertilised LP2B on day 28 (P ≤ 0.05). 

 Control unfertilised LP2B was observed to have the highest average pore water content 

on days 21-25, and day 32 (3.33 b). 1% chitin-treated LP2B was observed to have the lowest 

average water content on days 21-25, and day 32. Significant differences were found on days 

25 and 32 between 0%-1%, and on day 28 between 1%-3% and 2%-3% (P ≤ 0.05). 
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a)  

b)  

Figure 3.33.67Average pore water content (%) of LP2B. Butterhead lettuces were grown 

using LP2B substrate amended with shrimp chitin. Figure shown represent lettuces grown in 

fertilised (a) and unfertilised (b) LP2B. Measurements were taken every Monday, Wednesday, 

and Friday for the duration of the trial. Error bars represent standard error (n = 4). 
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 3.3.2.2.5. Chlorophyll Fluorescence 

 When the average chlorophyll fluorescence of young butterhead lettuce leaves in 

fertilised LP2B amended with shrimp chitin was measured, 3% chitin-treated lettuces were 

observed to have the highest average chlorophyll fluorescence (0.73 au), followed by 1% and 

then 2% chitin-treated lettuces (figure 3.34 a). Control lettuces were observed to have the 

lowest average chlorophyll fluorescence of young leaves in all treatments (0.72 au). For mature 

leaves of lettuces in fertilised LP2B were measured for average chlorophyll fluorescence, 1% 

chitin-treated lettuces had the highest average chlorophyll fluorescence (0.75 au), followed by 

2% chitin-treated lettuce and control lettuces (figure 3.34 a). 3% chitin-treated lettuces were 

observed to have the lowest average chlorophyll fluorescence (0.73 au). No significant 

differences were observed between measurements for both young and mature leaves.   

 When the chlorophyll fluorescence of young butterhead lettuce leaves in unfertilised 

LP2B amended with shrimp chitin was measured, only leaves from control and 1% chitin-

treated lettuces could be measured due to a lack of leaves in other replicates. It was observed 

that control lettuces had a higher average chlorophyll fluorescence than 1% chitin-treated 

lettuces (figure 3.34 b). Similarly, for mature lettuces in unfertilised LP2B amended with 

shrimp chitin, 2% chitin-treated lettuces could not be measured due to a lack of leaves. It was 

observed that 3% chitin-treated lettuce leaves had the highest average chlorophyll fluorescence 

(0.70 au), followed by 1% chitin-treated lettuces, with the control lettuces having the lowest 

average chlorophyll fluorescence (0.68 au) (figure 3.34 b). No significant differences were 

observed between measurements for both young and mature leaves.   
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a)  b)  

c)  d)  

Figure 3.34.68Chlorophyll fluorescence of butterhead lettuces. Lettuces were grown using 

LP2B substrate amended with shrimp chitin. Figure shown represents lettuces grown in 

fertilised (a and b) and unfertilised (c and d) LP2B. Measurements were made for young (a and 

c) and mature (b and d) leaves on day 45 of the trial using an Opti-Sciences Y(II) meter. It 

should be noted that due to a lack of leaf biomass, measurements of 2% chitin-treated leaves 

and young 3% chitin-treated leaves in unfertilised LP2B could not be measured. Error bars 

represent standard error (n = 4). 
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 3.3.2.2.6. Chlorophyll Content 

 Chlorophyll content of young and mature butterhead lettuce leaves in fertilised LP2B 

amended with shrimp chitin was measured. It was observed that the percentage of chitin in 

LP2B was directly proportional to the average chlorophyll content of young lettuce leaves 

(figure 3.35 a). No significant differences were found for these measurements.  

 A proportional relationship between percentage of chitin and average chlorophyll 

content was also seen in mature lettuce leaves in fertilised LP2B amended with shrimp chitin 

(figure 3.35 a). The chlorophyll content of control and 1% chitin-treated lettuce leaves was 

significantly lower than 2% and 3% chitin-treated lettuce leaves (P ≤ 0.05).  

 When lettuces in unfertilised LP2B were measured, only young leaves from treatments 

0%, 1%, and 3% could be measured due to reduced leaf growth on 2% chitin-treated lettuces. 

It was observed that 1% chitin-treated lettuces had the highest average chlorophyll content 

(6.41 au), followed by 3% chitin-treated lettuces, with control lettuces having the lowest 

average chlorophyll content (4.13 au) (figure 3.35 b). The chlorophyll content of control lettuce 

leaves was observed to be significantly lower than 1% chitin-treated lettuce leaves (P ≤ 0.05).  
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a)  b)   

c)  

Figure 3.35.69Chlorophyll content of butterhead lettuces. Lettuces were grown using LP2B 

substrate amended with shrimp chitin. Figure shown represents lettuces grown in fertilised (a 

and b) and unfertilised (c) LP2B. Measurements were made for young (a and c) and mature (b) 

leaves on day 45 of the trial using a Hansatech CL-01 chlorophyll content meter. It should be 

noted that due to a lack of leaf biomass, 2% chitin-treated leaves and mature leaves in 

unfertilised LP2B could not be measured. Error bars represent standard error (n = 4). 
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 3.3.3. Harvest 

 3.3.3.1. Fresh Mass 

When fresh mass (g) of butterhead lettuce leaves grown in fertilised LP2B amended with 

crab chitin was measured, it was observed that 2% chitin-treated lettuces had the highest 

average fresh mass (54.26 g) (figure 3.36 a). Control lettuces were observed to have the lowest 

average fresh mass (41.37 g). No significant differences were found between measurements.  

For lettuces grown in unfertilised LP2B amended with crab chitin, an inversely 

proportional relationship was observed between the percentage of chitin and the average fresh 

mass of leaves (figure 3.36 b). Control lettuces had a fresh mass significantly higher than all 

other treatments (P ≤ 0.05) and 1% chitin-treated lettuces had a fresh mass significantly higher 

than 2% and 3% chitin-treated lettuces (P ≤ 0.05).  
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a)  

b)  

Figure 3.36.70Average fresh mass (g) of butterhead lettuces. Lettuces were grown using 

LP2B substrate amended with crab chitin. Figure shown represent lettuces grown in fertilised 

(a) and unfertilised (b) LP2B. Measurements were taken on day 43 of the trial using a digital 

weighing scale. Error bars represent the standard error of the mean (n = 8). Different letters 

indicate values significantly different from each other (P ≤ 0.05). 
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 The average fresh mass of butterhead lettuces in shrimp chitin amended fertilised LP2B 

followed the same trend as that seen in crab chitin amended fertilised LP2B. 2% chitin-treated 

lettuces had the highest average fresh mass (91.68 g), followed by 1% and 3% chitin-treated 

lettuces, with control lettuces having the lowest average fresh mass (70.71 g) (figure 3.37 a). 

No significant differences were found between measurements.  

 When the average fresh mass of lettuces in unfertilised LP2B amended with shrimp 

chitin was measured, it was observed that 1% chitin-treated lettuces obtained the highest 

average fresh mass (4.62 g) (figure 3.37 b). 2% chitin-treated lettuces were observed to have 

the lowest average fresh mass (0.38 g). Control and 1% chitin-treated lettuces had a fresh mass 

significantly higher compared to 2% and 3% chitin treatments (P ≤ 0.05). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



194 

a)  

b)  

Figure 3.37.71Average fresh mass (g) of butterhead lettuces. Lettuces were grown using 

LP2B substrate amended with shrimp chitin. Figure shown represent lettuces grown in 

fertilised (a) and unfertilised (b) LP2B. Measurements were taken on day 46 of the trial using 

a digital weighing scale. Error bars represent the standard error of the mean (n = 8). Different 

letters indicate values significantly different from each other (P ≤ 0.05). 
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 3.3.3.2. Total Leaf Area 

 The average total leaf area was measured for butterhead lettuces grown in fertilised 

LP2B amended with crab chitin. It was observed that 2% chitin-treated lettuces had the highest 

average total leaf area (108579.51 mm2), followed by 1% and control lettuces, with 3% chitin-

treated lettuces having the lowest average total leaf area (78047.25 mm2) (figure 3.38 a). No 

significant differences were found between measurements. For butterhead lettuces grown in 

unfertilised LP2B amended with crab chitin, it was observed that there was an inverse 

relationship between the percentage of chitin and the average total leaf area (figure 3.38 b) and 

the control lettuces had an average total leaf area significantly higher than all other treatments 

(P ≤ 0.05).  
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a)  

b)  

Figure 3.38.72Average total leaf area (mm2) of butterhead lettuces. Lettuces were grown 

using LP2B substrate amended with crab chitin. Figure shown represent lettuces grown in 

fertilised (a) and unfertilised (b) LP2B. Measurements were taken on day 43 of the trial. Error 

bars represent the standard error of the mean (n = 8). Different letters indicate values 

significantly different from each other (P ≤ 0.05). 
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 For average total leaf area (mm2) of butterhead lettuces in shrimp chitin amended 

fertilised LP2B, it was observed that 2% chitin-treated lettuces had the highest value 

(141619.92 mm2). 1% and 3% chitin-treated lettuces had the second and third highest values, 

with control leaves having the lowest average total leaf area of all treatments (98152.89 mm2) 

(figure 3.39 a). No significant differences were found between measurements. For butterhead 

lettuces grown in shrimp chitin amended unfertilised LP2B, it was observed that 1% chitin-

treated lettuces had the highest value of average total leaf area (9392.62 mm2), and control 

lettuces had the second highest value (figure 3.39 b). 2% chitin-treated lettuces had the third 

highest value and 3% chitin-treated lettuces had the lowest value for average total leaf area 

(1451.76 mm2). The average total leaf area of 1% chitin treated lettuces was significantly 

higher than all other treatments (P ≤ 0.05). 
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a)  

b)  

Figure 3.39.73Average total leaf area (mm2) of butterhead lettuces. Lettuces were grown 

using LP2B substrate amended with shrimp chitin. Figure shown represent lettuces grown in 

fertilised (a) and unfertilised (b) LP2B. Measurements were taken on day 46 of the trial. Error 

bars represent the standard error of the mean (n = 8). Different letters indicate values 

significantly different from each other (P ≤ 0.05). 

 

 3.3.3.3. Shelf-Life 

 When measuring butterhead lettuce leaf shelf-life, an error occurred in the planned 

experiment. Unlike cos lettuce measurements, butterhead lettuce leaves did not show signs of 

degradation within 65 days. After 65 days of monitoring, University buildings were closed and 

leaves had to be disposed of and the experiment was forfeited.  
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 3.3.4. Water Retention Experiment  

 When the gravimetric water loss (g) was measured for fertilised LP2B amended with 

increasing dry weight percentages of crab chitin, no significant differences were found in 

measurements between samples. It can be seen in figure 3.40 that results for each treatment 

were consistent and followed the same trend throughout the experiment.  

 

Figure 3.40.74Gravimetric water loss (g) of LP2B. Fertilised LP2B amended with crab chitin 

was weighed every day, using a digital weighing scale, until it stopped losing mass. Changes 

in mass were used to calculate gravimetric water loss. Error bars represent the standard error 

of the mean (n = 3). 

 

 When the pore moisture content of the crab chitin amended fertilised LP2B was 

measured over the experiment a similar trend was observed as seen in average water loss. No 

significant differences were found between treatments and all treatments followed the same 

trend (figure 3.41).  
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Figure 3.41.75Average pore water content (%) of LP2B. Fertilised LP2B was amended with 

crab chitin and pore moisture content was measured daily using a Delta TA-T HH2 Moisture 

meter. Error bars represent the standard error of the mean (n = 3). 

 

 3.3.5. Mortierella Identification 

 The presence of Mortierella in fertilised and unfertilised LP2B was confirmed with 

morphological identification and Sanger sequencing of the ITS region. The presence of 

Mortierella was qualitatively assessed as a ‘white crust’ on the surface of substrate. The 

prevalence of this crust was observed to increase proportionally as the dry weight percentage 

of chitin increased. 

  

 

 3.3.6. Antioxidant Assays 
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crab chitin were assessed in Folin’s, FRAP, and DPPH antioxidant assays. Using the Folin’s 

assay to measure TPC of leaf samples it was observed, for shrimp chitin, that 1% chitin-treated 

lettuces (228 µg·ml-1) had the highest average phenolic content of all treatments, and the 

control had the highest average result for crab chitin treatments (224 µg·ml-1) (figure 3.42). For 
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chitin treatment were all significantly different to each other, and samples from each crab chitin 

treatment were also significantly different to each other (P ≤ 0.05). 

 

 

Figure 3.42.76Average total phenolic content (TPC) of butterhead lettuce samples. TPC 

was measured in gallic acid equivalents (µg·ml-1) in the Folin’s assay. Lettuces were grown 

using fertilised LP2B amended with crab and shrimp chitin. Error bars represent the standard 

error of the mean (n = 4). 

 

 For average antioxidant activity, measured in the FRAP assay by assessing the 

concentration of reducing compounds, the same trend seen in the TPC was observed (figure 

3.43). For shrimp chitin-treated butterhead lettuces, 1% chitin treated lettuces (0.332 mmol·L-

1) were observed to have the highest average antioxidant activity, and control leaves (0.326 

mmol·L-1) were observed to have the lowest. Whereas in crab chitin treated lettuces, control 

leaves (0.149 mmol·L-1) were observed to have the highest average antioxidant activity and 

1% chitin-treated leaves (0.140 mmol·L-1) had the lowest average antioxidant activity. For both 

types of chitin, 2% and 3% chitin-treated lettuces had the second and third highest average 

antioxidant activities respectively. 1% and 2% shrimp chitin treatments resulted in lettuce 

leaves with an average TPC significantly higher compared to control and 3% chitin treated 

lettuces (P ≤ 0.05). 1% crab chitin-treated lettuces had a significantly higher average TPC 

compared to all chitin treatments, and 2% and 3% chitin-treated lettuces had an average TPC 

significantly higher than 1% chitin-treated lettuces (P ≤ 0.05).  
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Figure 3.43.77Average antioxidant activity of butterhead lettuce samples. Antioxidant 

activity was measured as average concentration (mmol·L-1) of reducing compounds in the 

FRAP assay. Lettuces were grown using fertilised LP2B amended with crab and shrimp chitin. 

Error bars represent the standard error of the mean (n = 4). 

 

 For butterhead lettuce samples grown in fertilised LP2B amended with shrimp chitin, 

it was observed that 2% chitin-treated leaves had the highest average inhibition (82.9%) of 

DPPH free radicals (figure 3.44). 3% chitin-treated lettuce samples had the second highest 

average inhibition, followed by 1%, with controls (63.3%) having the lowest average 

inhibition. For crab chitin-treated lettuce samples, 3% chitin-treated lettuces (89.1%) were seen 

to have the highest average inhibition, followed by 2% chitin-treated lettuce samples and the 

control lettuce samples. 1% chitin-treated lettuce samples (71.6%) had the lowest average 

inhibition of DPPH free radicals. For shrimp chitin-treated lettuces, significant differences 

were found in average inhibition measurements between all treatments (P ≤ 0.05). For crab 

chitin-treated lettuce samples, significant differences were found between samples 0%-1%, 

0%-2%, 0%-3%, 1%-2%, and 1%-3% (P ≤ 0.05). 
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Figure 3.44.78Average free radical scavenging activity of butterhead lettuce samples. 

Average free radical scavenging activity measured as DPPH free radical inhibition (%). 

Lettuces were grown using fertilised LP2B amended with crab and shrimp chitin. Error bars 

represent the standard error of the mean (n = 3). 
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 3.4. Butterhead Lettuce Study Discussion 

 3.4.1. Germination 

The impact that a range of chitin dry weight percentages has on lettuce seed germination 

has not been investigated in existing literature prior to this thesis. Debode et al., 2016, tested 

2% crab chitin on the growth of lettuces germinated on filter paper (5). Chitin has been shown 

to promote germination when applied to rapeseed as a hydrogel in sowing (349). In this form, 

the hydrogel promoted the movement of water toward the seed shell (349). For crab chitin in 

both fertilised and unfertilised LP2B, the control treatment (0% chitin) resulted in the highest 

germination. For shrimp chitin, however, the highest germination was in 2% chitin-treated 

fertilised LP2B and 1% chitin-treated unfertilised LP2B. This suggested that the type of chitin, 

and how it is processed impacts the effect it has on lettuce germination.  

 It could also be suggested that the type of substrate used impacted the germination 

success of the lettuces. The fertilised LP2B had an increased amount of phosphorus (mg·L-1 

substrate) (table 2.3), however, a 2012 study observed that the amount of phosphorus in 

growing media (kg·ha-1) did not impact the germination success (%) of lettuce (350). The 

impacts of other nutrients higher in concentration in fertilised LP2B such as potassium, 

calcium, and magnesium are not well documented in literature. However, the impact of 

sulphates, also higher in fertilised LP2B, on lettuce germination was tested in a 1959 study 

(351). This study found that the seed coat of a lettuce seed was impermeable to the sulphates 

and only began sulphate metabolism after seed coat puncture (351). More research into the 

impact of growing media nutrition on lettuce germination is needed to understand the trends 

observed in the present study.  

 For all treatments except 2% crab chitin, the germination of lettuces amended with crab 

chitin was more successful in the unfertilised LP2B. Whereas, for shrimp chitin, all treatments 

except for 1% shrimp chitin were less successful in the unfertilised LP2B. This suggested a 

difference in how each chitin interacts with each substrate. If this experiment was repeated, the 

salinity of each substrate would be assessed. It has been previously shown that increased 

salinity negatively impacts lettuce seed germination (352,353) and this can be affected by 

changes in potassium and phosphorus (354).  

 

 3.4.2. Growth Rate Measurements 

 It was noted that all butterhead lettuces grown in unfertilised LP2B did not grow to full 

size compared to those grown in fertilised LP2B. The lack of essential nutrients nitrogen, 

phosphorus, and potassium in the unfertilised substrate (table 2.3) was suggested to limit 
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overall plant growth compared to lettuces grown in fertilised LP2B. Lettuces grown under 

reduced concentrations of essential nutrients such as nitrogen have been observed to have 

reduced growth compared to a control treatment (355). Measurements carried out on butterhead 

lettuces grown in unfertilised LP2B was, therefore, limited due to limited plant biomass. 

However, the testing of unfertilised LP2B indicated that the benefits of chitin for the growth 

of lettuce observed in the cos lettuce pilot study and in previous studies (4–6) was not based 

solely on the individual action of chitin alone, and that it’s interaction with the substrate had a 

major role to play.  

 For crab and shrimp chitin amendments in unfertilised LP2B, it was observed that the 

control treatments resulted in the highest value for leaf production and leaf area indicating a 

negative response of chitin when added to unfertilised substrate (figures 3.19 b, and 3.27 b). 

However, when added to the fertilised LP2B, crab chitin treatments consistently obtained 

higher values than the control lettuces in leaf production and leaf area and 1% shrimp chitin 

treatments resulted in the highest values for these measurements (figures 3.19 a, and 3.27 a). 

This observation was linked to results obtained in the cos lettuce pilot study in which an 

optimum range of chitin between 1%-2% was key to obtaining the highest growth rate.  

 Differences were observed in leaf production between chitin treatments. For crab chitin, 

the highest average leaf production was 22 leaves for 3% chitin in fertilised LP2B, and for 

shrimp chitin the highest average leaf production was 15 leaves for 1% shrimp chitin in 

unfertilised LP2B (figures 3.19 a, and 3.27 a). An explanation for this difference in maximum 

leaf number was the number of days each trial lasted, with the final leaf production 

measurements taking place at 43 days for the crab chitin trial and 35 days for the shrimp chitin 

trial. Experiments were arranged in this way due to a lack of space in the greenhouse, and a 

lack of time to measure all lettuces on each measurement day. The delay in experiments lead 

to differences in measurement days due to weekends and bank holidays in which access to the 

greenhouse was not possible.   

 When results for leaf production rate were analysed in a repeated measures ANOVA, 

it was found that time significantly impacted the leaf production of all butterhead lettuces. This 

was expected due to the growth and development of the plants over the course of the 

experiment. It was also found that both shrimp and crab chitin impacted the leaf production 

over the individual measurement periods for both lettuce trials. However, when the interaction 

between chitin and time was assessed, it was found that crab and shrimp chitin impacted leaf 

production differently. Crab chitin was observed to have the greatest impact on butterhead 

lettuce leaf production at the start of the measurement period, with its impact on this 
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measurement decreasing towards the end of the measurement period. Shrimp chitin was 

observed to have an impact on leaf production on seemingly random days throughout the 

measurement period. This was suggested to be due to differences in chitin breakdown. The 

results indicated that crab chitin was more readily broken down by fungi such as Mortierella 

and, therefore, more nitrates were available to the crops at the start of the experiment resulting 

in increased leaf production (4). Shrimp chitin was suggested to have been broken down at a 

slower pace making nitrates available more consistently throughout the experiment. This trend 

for leaf production was further investigated and discussed in tomato trials 1 and 2 which utilised 

shrimp chitin for an increased growing period compared to the lettuce growing trials.  

 When the EC of the substrates were measured, the EC of the crab and shrimp chitin 

treatments were observed to be, on average, higher than the control treatments indicating a 

greater amount of available nutrients in the substrate (figures 3.23, and 3.31) (333,334). 

However, it should be noted that EC values for fertilised LP2B were higher than those 

measured in unfertilised LP2B. From this it was suggested that chitin amendments were most 

effective when the nutrient availability of the substrate was at an optimum level. It should also 

be noted that the highest average EC obtained for crab chitin was 121 ms·m-1 for 3% chitin in 

fertilised LP2B but for shrimp chitin the highest value obtained was 141 ms·m-1 for 3% chitin 

in fertilised LP2B indicating that the shrimp chitin resulted in more available nutrients in the 

substrate.  

The increase in available nutrients in fertilised LP2B amended with chitin was 

suggested to be due to the breakdown of chitin by Mortierella resulting in an increase in 

available nitrogen (4). This increase in available nitrogen could have explained the higher EC 

measured in 3% chitin treated LP2B compared to other treatments. This measured increase in 

EC would have been interesting to investigate further with mineral analysis to assess if it was 

due to the suggested increased available nitrogen. Increases in available nitrogen content in 

growing media due to chitin amendment has previously been associated with increased lettuce 

biomass (4). However, this study has no discussion of the impact the increase in available 

nitrogen content had on the EC of growing media. The increase of available nitrogen content 

increasing the lettuce biomass correlates with results observed in this thesis. However, it has 

also been suggested that increases in growing media available nitrogen reduces lettuce shelf-

life (190). This was discussed in a 2010 study by Hoque et al. which observed that increased 

growing media available nitrogen increased the yield of lettuces but resulted in decreased 

postharvest leaf quality (190). In this thesis, chitin was suggested to increase the shelf-life of 

cos lettuces in 2% and 3% dry weight growing media amendments (figure 3.13) and the fresh 
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mass of these Group S 2% and 3% chitin-treated cos lettuces was also observed to be slightly 

increased compared to the control (figure 3.10). However, it should be noted that no significant 

differences were observed for this fresh mass yield or shelf-life of Group S cos lettuces. This 

contradicts observations found by Hoque et al. although the lettuce varieties they tested, ‘Green 

Tower’ and ‘Sharp Shooter’ differed to cos lettuce tested as part of this thesis (190). It could 

be suggested from this comparison that the post-harvest qualities of the different lettuce 

varieties tested react differently to increase available nitrogen, or that chitin contributes more 

to the growing media than just available nitrogen which would also contribute to the observed 

increase in growing media EC.  

 When the cos lettuce pilot study was carried out, it was observed that the 

hydrophobicity of chitin negatively impacted the water content of the growing media (figure 

3.6). With the LP2B substrate this effect was not observed. For crab and shrimp chitin in both 

unfertilised and fertilised LP2B, it was observed that chitin treatments consistently had a higher 

water content (%) compared to the controls (figures 3.23, and 3.31). This was concluded to be 

due to the differences in Sinclair growing media, mainly comprising of peat-sand and 

vermiculite, and LP2B substrates comprising of black and white peat. It was suggested that 

these differences may have resulted in different interactions with the two types of chitin. From 

this, it was concluded that to use chitin as a growing media amendment, it should be used in an 

optimum dry weight percentage and with an optimum substrate type with an optimum amount 

of available nutrients. If more time had been available, a separate experiment testing lettuce 

growth in multiple types of substrate amended with multiple chitin dry weight percentages 

would have been carried out.  

 The LMA of crab chitin-treated lettuces in fertilised LP2B was higher in control lettuces 

and 1% chitin-treated lettuces, although no significant differences were observed (figure 3.23 

a). As discussed in the cos lettuce pilot study, this could suggest that control and 1% chitin-

treated lettuces had a slightly lower photosynthetic rate compared to 2% and 3% crab chitin 

treatments (327). This correlated with the results obtained for leaf production, in which control 

and 1% crab chitin-treated lettuces were observed to have a consistently lower average leaf 

number compared to 2% and 3% crab chitin-treated lettuces (figure 3.20 a).  The LMA of crab 

chitin-treated lettuces in unfertilised LP2B showed the same relationship inversely, with 

control and 1% chitin-treated lettuces having a lower average LMA (higher photosynthetic 

rate) and a higher average leaf number compared to 2% and 3% crab chitin treated lettuces 

(figures 3.19 b, and 3.22 b). 
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 This association between LMA and average leaf number was also observed for shrimp 

chitin-treated lettuces in unfertilised LP2B. The LMA values for each chitin treatment were 

observed to correlate with the average leaf numbers measured (figures 3.27 a, and 3.30 a). 

However, for shrimp chitin-treated lettuces, this trend was not observed in 3% chitin-treated 

lettuce leaves which had the highest LMA and the third highest average leaf number (figures 

3.27 b, and 3.30 b). As discussed, however, lettuces did not grow to full size in the unfertilised 

LP2B and only one lettuce replicate had sufficient leaf material to be tested in LMA.  

 For crab and shrimp chitin-treated lettuces in fertilised LP2B, no significant differences 

were observed for either young or mature leaves in chlorophyll fluorescence (figures 3.25 a 

and 3.33 a), indicating that the crab chitin had no impact on plant abiotic stress (337).  

 In unfertilised LP2B 2% and 3% crab chitin-treated lettuces were observed to have the 

lowest average chlorophyll fluorescence for both young and mature leaves indicating that these 

leaves were under more abiotic stress (figures 3.25 b). In lettuce mature leaf measurements, 

lettuces treated with 2% crab chitin in unfertilised LP2B were observed to have a significantly 

lower chlorophyll fluorescence than control and 1% chitin-treated lettuces. 2% and 3% crab 

chitin-treated lettuces in unfertilised LP2B were also observed to have a higher average LMA 

indicating that these lettuces had a lower photosynthetic rate compared to control and 1% crab 

chitin treatments figure 3.23 b. This further explained the trends observed in these lettuces for 

leaf production in which 2% and 3% crab chitin-treated lettuces had a lower average leaf 

production (figure 3.20 b) 

 Following the antioxidant measurements in the cos lettuce pilot study, it was decided 

to measure lettuce chlorophyll content. Chlorophyll content is a known indicator of plant stress 

(356) - the lower the chlorophyll content, the more abiotic stress a plant is under. When this 

was measured for crab chitin-treated lettuces in fertilised and unfertilised LP2B, no significant 

differences were observed for lettuce in the same LP2B type (figures 3.25 a, and 3.26 a), 

indicating no increase in plant stress as a result of the crab chitin amendments. Other indicators 

of abiotic stress were observed between lettuces grown in the two LP2B types, as discussed. 

The unfertilised LP2B resulted in smaller plants with fewer leaves and reduced leaf area. Leaf 

senescence was observed in unfertilised lettuces quicker than leaves present on fertilised 

lettuces. These visual assessments of plant health were an indicator of higher abiotic stress in 

the unfertilised lettuces, compared to the fertilised ones.  

 For shrimp chitin-treated fertilised LP2B, the average chlorophyll content of 2% and 

3% chitin-treated lettuces was significantly higher than control and 1% chitin-treated lettuces 

(figure 3.35 a). This proportional relationship indicated that as the amount of shrimp chitin in 
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substrate was increased, the abiotic stress was reduced. This correlated with data observed in 

the average EC of substrate, in which on days 21-25, and day 32 of the trial the higher the 

amount of chitin in substrate, the higher the amount of available nutrients (figure 3.32 a). This 

further indicated that chitin in substrate increased available nutrients and lowered plant abiotic 

stress. 

 

 3.4.3. Harvest 

 The average fresh mass of lettuces grown in fertilised LP2B amended with crab chitin 

was observed to be highest in 2% chitin treated lettuces (figure 3.36 a) with 1% chitin treated 

lettuces having the second highest average fresh mass, and control lettuces having the lowest 

average fresh mass. This correlated with average leaf production rate results which showed 1% 

and 2% chitin-treated lettuces to consistently have the largest leaf number (figure 3.20 a). 2% 

crab chitin-treated lettuces in fertilised LP2B were also observed to have the lowest average 

LMA, indicating that these lettuces had the highest photosynthetic rate (327). This trend was 

also observed when the average total leaf area was measured for these lettuces (figure 3.38 a) 

indicating that the optimum dry weight percentage of crab chitin to use in a fertilised substrate 

was 2%. 

 This trend was also observed when the fresh mass of shrimp chitin-treated lettuces in 

fertilised LP2B was measured (figure 3.37 a). As observed in crab chitin-treated lettuces in 

fertilised LP2B (figure 3.36 a), the control lettuces had the lowest average fresh mass. This 

correlated with EC measurements for shrimp chitin-treated fertilised LP2B, in which the 

control treatments consistently had the lowest EC, and 2% chitin-treated fertilised LP2B 

consistently had the highest EC (figure 3.32 a). It was suggested that this increased amount of 

available nutrients resulted in a higher average fresh mass of the plants. As seen in crab chitin-

treated lettuces in fertilised LP2B, the average total leaf area for shrimp chitin-treated lettuces 

in fertilised LP2B showed the same trend measured in average fresh mass (figure 3.39 a). This 

further indicated that the optimum dry weight percentage of chitin in fertilised substrate was 

2%.  

 When the average fresh mass of crab chitin-treated lettuces in unfertilised LP2B was 

measured, an inverse relationship was observed between the percentage of chitin and the fresh 

mass (figure 3.36 b). Control lettuces had a significantly higher average fresh mass compared 

to all chitin treatments, and 1% chitin-treated lettuces had a significantly higher average fresh 

mass compared to 2% and 3% chitin-treated lettuces (P ≤ 0.05). This trend was also observed 

in the average total leaf area of these lettuces (figure 3.38 b). This correlated with leaf 
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production rate of these lettuces, in which the control lettuces had the highest average leaf 

number on days 33-43 (figure 3.20 b), and also leaf expansion rate in which control lettuces 

were observed to consistently have the highest leaf area (figure 3.21 b). Control and 1% crab-

chitin treated lettuces in unfertilised LP2B were also observed to have the lowest average LMA, 

indicating these plants had the highest photosynthetic rate (figure 3.23 b) (327). These lettuces 

were also observed to have the highest chlorophyll fluorescence in mature and young leaves 

indicating that these lettuces were under the least amount of abiotic stress (figures 3.25 b). The 

combination of these factors explained the differences in fresh mass observed in crab chitin-

treated unfertilised LP2B compared to fertilised LP2B.  

 For shrimp chitin-treated lettuces in unfertilised LP2B, it was observed that 1% chitin-

treated lettuces had the highest fresh mass, and control lettuces had the second highest fresh 

mass (figure 3.37 b). Again, these measurements correlated with average total leaf area results 

for these lettuces (figure 3.39 b). Control and 1% shrimp chitin-treated lettuces in unfertilised 

LP2B were consistently seen to have the highest leaf production rate (figure 3.28 b) and leaf 

area (figure 3.29 b). However, this data did not correlate with LMA and EC data in the way 

other treatments have. EC of control and 1% shrimp chitin-treated lettuces in unfertilised LP2B 

was lowest throughout the trail (figure 3.32 b) and LMA was not lowest for 1% chitin-treated 

lettuces, as seen in crab chitin-treated lettuce data (figures 3.30 b, and figure 3.23 b).  

The average chlorophyll fluorescence of 1% shrimp chitin-treated lettuces in unfertilised 

LP2B was not observed to be the highest of all treatments as seen in other treatments, indicating 

that the lettuces which obtained the highest yield in this treatment were under a higher amount 

of abiotic stress (figure 3.34 b). However, these lettuces, as discussed, were visually under 

more abiotic stress compared to fertilised lettuces in this study. This was most likely due to the 

lack of available nutrients in the unfertilised LP2B compared to the fertilised LP2B. A lack of 

nutrients in growing media has previously been linked to increased abiotic stress in lettuce crop 

supporting these suggestions (357–359). 

The shelf-life experiment carried out as part of this experiment was forfeited due to the 

butterhead lettuce leaves not degrading after a 65 day period. After 65 days of this experiment, 

University buildings were closed and the samples had to be disposed of. When planning this 

experiment, it was estimated that all leaf material would degrade within 30-40 days of the start 

of the shelf-life trial and, therefore, enough time was set aside for the experiment. This 

experiment utilised the same method used in the cos lettuce pilot study (methods described in 

section 2.1.5.4). As with the cos lettuce pilot study, this experiment used sealed, clear plastic 

bags for leaf material storage, compared to micro perforated bags used in standard commercial 
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practice. This would have resulted in a build-up of oxygen, ethylene, and moisture in the leaf 

atmosphere during storage and contributed to leaf wilting and degradation. Even under these 

conditions, leaf material in this experiment showed no signs of degradation after 65 days of 

storage. This could have been due to an unknown fault with the cold room they were stored in 

potentially being colder than 5oC. Although this did not appear on the sensor of the cold room, 

an error could have occurred overnight in which lettuce samples were partially frozen, slowing 

leaf respiration and degradation.  

 

 3.4.4. Water Retention 

 A water retention experiment was planned to investigate the impact higher 

concentrations of crab chitin had on the water holding capacity of fertilised LP2B. The 

experiment was carried out without lettuce so that the plant growth did not impact the results. 

This allowed for the use of higher chitin dry weight percentages which may have been 

detrimental to plant growth. When the average mass of water loss was measured daily (figure 

3.40) it was observed that all treatments had the same trend of water loss, with no significant 

differences. This was also observed for the water content of all treatments over the given time 

period (figure 3.41). 

 This suggested that differences observed in the water content of LP2B substrate 

amended with chitin were due to the growth of lettuces within the substrate. The differences 

observed in the growth of the lettuces in each treatment were affecting the water uptake from 

roots. An increase in photosynthesis in lettuce has been associated with an increase in water 

uptake (360,361). When LMA results were reviewed it was observed that 2% and 3% crab 

chitin-treated lettuces in fertilised LP2B had the lowest average LMA, suggesting these plants 

had the highest photosynthetic rate (figure 3.23 a) (327). However, when the moisture content 

for these treatments was measured it was observed that 2% and 3% crab chitin had the highest 

overall water content throughout the trial (figure 3.25 a). When the LMA and water content of 

shrimp chitin in fertilised LP2B was reviewed, the same trend was observed (figures 3.30 a and 

3.32 a), implying that the photosynthetic rate was not impacting the water uptake of these 

lettuces.  

 Further testing is needed to understand the way chitin impacts growing media or 

substrates and how this impacts the growth of plants such as lettuce. However, it was shown in 

this experiment that the growth of lettuce was key to understanding the relationship between 

chitin and the substrate. 
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 3.4.5. Mortierella Identification 

The presence of Mortierella in LP2B substrate was confirmed with Sanger sequencing 

of the ITS region. The abundance of this fungi was monitored qualitatively by assessing the 

‘white crust’ which formed on the surface of the substrate. This white crust was observed to 

increase in abundance as the percentage of both types of chitin increased. 

Mortierella has species associated with biocontrol, plant growth promotion, nitrogen 

and phosphorus cycles, and chitin breakdown (5). In 1999, chitin in dune soils was suggested 

to be broken down by Mortierella sp. (362). A 2016 study showed that growing media amended 

with 2% dry weight crab chitin showed a 10-fold increase in relative abundance of Mortierella 

(5). This was also observed in a 2019 study under the same conditions (4). These studies used 

the same crab chitin, lettuce variety, and LP2B substrate utilised in the present lettuce study 

and observed an increase in lettuce fresh weight (5). The present study utilised the same LP2B 

substrate, lettuce variety, and crab chitin flakes, as well as shrimp chitin and successfully 

identified the presence of Mortierella in the substrate. The present study was vital to investigate 

if the presence of Mortierella was impacted by different dry weight chitin percentages (1%, 

2%, and 3%) of both crab and shrimp chitin dry weight percentages were tested. Testing the 

impact that a range of chitin dry weight percentages had on the prevalence of Mortierella in 

this way was novel.  

De Tender et al. suggested that the growth promotion of lettuce was due to Mortierella 

sp. inducing a cascade degradation of chitin to N-acetylglucosamine and then ammonium, 

leading to an increase in available nitrate (4). The increase in lettuce fresh weight due to 

Mortierella breaking down chitin could explain increases in biomass observed as part of the 

butterhead lettuce study as well as the cos lettuce pilot study. However, as the presence of white 

crust on the surface of substrate increased with dry weight percentage of chitin, it would be 

expected to see a continued increase in plant fresh weight due to the available nitrogen. In the 

present study and the cos lettuce pilot study, however, 3% chitin was shown to be detrimental 

to the lettuce fresh mass (figures 3.8, 3.10, 3.35, and 3.36). 

A similar trend was reported in a 2021 trial, in which strawberry plants (F. ananassa 

cultivar Elsanta) were grown in white peat-based substrate either with or without 2 g of chitin 

per litre (107). This study found that the chitin treatment led to an attraction of Mortierella 

towards the plant root, resulting in increased nitrogen mineralisation and uptake (107). It was 

reported, however, that nitrogen concentration in leaves increased 30% over the optimal range 

for this plant, potentially explaining a decrease in fruit yield (107).  
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This increase in leaf nitrogen concentration above optimal levels, due to Mortierella 

presence, could explain the optimal range of chitin between 1%-2% observed in the present 

lettuce trials. Results indicated that 1%-2% chitin amendments were the optimal amount 

needed for an ideal prevalence of Mortierella which could increase fresh mass and growth rate, 

but not cause a detrimental build-up of nitrogen in leaves. Given the time and resources, this 

hypothesis would have been tested by analysing the nitrogen content of lettuce leaves grown 

in a range of chitin dry weight percentages.  

  

 

 3.4.6. Antioxidant Assays 

 Compared to lettuces grown in the cos lettuce pilot study, in which antioxidant capacity 

was proportionally related to chitin dry weight percentage, different trends were observed in 

the butterhead lettuce study. In TPC, FRAP, and DPPH assays, all shrimp chitin-treated lettuces 

were shown to consistently have antioxidant values higher than control lettuces, with 1% 

chitin-treated lettuces showing the highest average value in TPC and FRAP (figures 3.41, 3.42, 

3.43). For shrimp chitin-treated lettuces, the highest inhibition of DPPH free radicals was 

observed in 2% chitin-treated lettuce samples. This was due to each antioxidant assay working 

on a different principle and measuring a different aspect of antioxidant activity (196,198,297). 

Samples were shown to have similar trends in TPC and FRAP, and it could be suggested from 

this association that the trends observed in reducing ability could be due to the hydrophilic 

polyphenols measured in TPC. For example, it could be concluded from this that 1% shrimp-

chitin treated lettuces had the highest average reducing ability in the FRAP assay, due to the 

high concentration of hydrophilic polyphenols measured in the TPC. It should be noted that 

butterhead lettuce contained 3.8 mg vitamin C per 100 g (172), and this vitamin C would have 

also contributed to the antioxidant activity measured in the FRAP assay. Due to limited 

availability of samples and time constraints cause by the Covid-19 lockdowns, the effect of a 

range of chitin treatments on lettuce vitamin C content could not be measured.  

 However, these factors were not observed to impact the results observed in the DPPH 

assay. For this assay, 2% shrimp chitin-treated lettuces were consistently shown to have the 

highest inhibition. This suggested that the compounds present in 2% shrimp chitin-treated 

lettuces, which were scavenging DPPH free radicals, were not phenolic antioxidants. For 

example, vitamin C is a hydrophilic antioxidant present in lettuce which is known to have free 

radical scavenging activity (363). A 2007 study testing different lettuce varieties in TPC and 

DPPH assays found that the level of TPC observed in lettuce varieties did not correlate with 
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the DPPH scavenging activity (176). It was concluded that the differences observed between 

antioxidant assays was due to the different types of hydrophilic antioxidants present in lettuce 

samples.  

 For crab chitin-treated lettuces, it was observed that control lettuces had the highest 

average values for TPC and FRAP assays (figures 3.41 and 3.42). This chitin type was used in 

the cos lettuce pilot study, in which the percentage of chitin correlated with higher antioxidant 

activity and phenolic content. The only factors which changed between the two studies was the 

growing media used and the lettuce type. It is known that different lettuce types have different 

antioxidant activities (165), however, it is not well documented how the antioxidant activity of 

different lettuce types treated with chitin can be impacted. The present study shows that cos 

and butterhead lettuce potentially have different antioxidant responses to the same chitin. 

However, these differences could also have been caused by the change in growing media. 

Given the time and resources, an experiment would have been carried out testing different 

lettuce varieties in the same growing media amended with chitin to investigate this.  

 As observed in shrimp chitin-treated lettuces, the results for the DPPH assay did not 

correlate with the TPC and FRAP assays. 2% and 3% crab chitin-treated lettuces were observed 

to have the highest DPPH scavenging activity of all treatments, implying the presence of 

antioxidant compounds which were not readily detectable in the TPC and FRAP assays (figure 

3.44).  

 Chlorophyll content was also measured in the present study, and these results were 

compared to those collected in the TPC assay, to assess the impacts of abiotic stress (348). For 

shrimp chitin-treated lettuces in fertilised LP2B, it was observed that all chitin treatments had 

average values higher than the controls in both chlorophyll content and TPC (figures 3.34 a, 

and 3.41) indicating a stress associated with chitin. However, for chlorophyll content 3% 

shrimp chitin-treated leaves had the highest value, and in TPC 1% shrimp chitin-treated lettuces 

had the highest value. For shrimp chitin-treated lettuces in fertilised LP2B, 1% chitin-treated 

lettuce samples were observed to have the lowest value in the TPC (figure 3.42). When the 

chlorophyll content of young lettuce leaves was measured, it was seen that 1% shrimp chitin-

treated had the lowest average value (figure 3.27 a). 

 

 3.5. Summary 

 The aims of the cos lettuce pilot study and butterhead lettuce trial included investigating 

the impact a range of chitin amendments had on the growth and nutritional quality of lettuce 

crop. Referring specifically to the hypotheses of this thesis, chitin was observed to increase the 
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leaf area, leaf production, fresh mass yield, phenolic content, and antioxidant activity of cos 

and butterhead lettuces. Previous studies had investigated the impact one chitin amendment 

had on the growth of lettuce crops with no focus on nutritional quality (4–6), therefore, this 

thesis aimed fill these gaps in the literature. For both chitin types, an optimum range of chitin 

between 1%-2% dry weight was observed to result in cos and butterhead lettuce with the 

greatest leaf number and leaf area. For cos lettuce amended with crab chitin, it was observed 

that the TPC and antioxidant activity increased proportionally with the chitin percentage. For 

butterhead lettuces in fertilised LP2B, however, it was observed that 1%-2% shrimp chitin 

resulted in the highest leaf TPC and antioxidant activity, and that all crab chitin percentages 

resulted in am TPC and antioxidant activity significantly lower than the control. When fresh 

mass yield and total leaf area of butterhead lettuces in fertilised LP2B were measured for crab 

and shrimp chitin-treated lettuces, 2% crab chitin was concluded to be the optimum amendment 

for these measurements. The greater fresh mass yield and total leaf area for 2% crab and shrimp 

chitin-treated lettuces was observed to correlate with a suggested higher photosynthetic rate 

indicated by LMA measurements. This correlated with the results observed in the cos lettuce 

pilot study, which found 1-2% chitin to be an optimum range for crab chitin. The prevalence 

of the beneficial fungi Mortierella was visually observed to increase as the percentage of both 

chitin types increased. Observations of increased lettuce leaf number, leaf area, and fresh mass 

were suggested to be associated with the increased prevalence of Mortierella, which has 

previously been associated with increased lettuce growth (4,5). This was further investigated 

in tomato trials carried out as part of this thesis. Similar crop measurements of biomass and 

plant health were assessed for comparison with the lettuce experiments. The presence of 

Mortierella was also monitored to further assess the impact of this fungi on crop growth.  
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                  4. Amending Brioso Tomato with Chitin to Investigate Impact on Crop 

Growth, Fruit Yield, and Antioxidant Capacity 

 Chitin and biochar are promising, sustainable growing media amendments which can 

both be considered alternatives to peat and artificial fertilisers. The impacts that recycled waste 

chitin and biochar has on Brioso tomatoes was investigated as part of this thesis while working 

with Horti-BlueC, a project which aimed to utilise waste products such as chitin and biochar 

as a sustainable alternative to the use of chemical fertilisers. Plant growth and leaf chlorophyll 

fluorescence and content were investigated to assess the impact growing media amendments 

had on the overall health of the plant. Fruit yield was investigated as it was essential to 

understand how this factor was impacted by growing media amendments. Fruit yield was 

important when communicating results with tomato growers as this is the primary factor 

considered in tomato production. Antioxidant capacity of tomato leaf and fruit samples was 

measured due to gaps literature. Previous investigations into amending tomato plants with 

chitin focused on fruit yield and did not also investigate impacts to leaf and fruit antioxidant 

capacity. This is an important factor to consider when communicating results to the general 

public as antioxidants present in tomatoes have previously been linked to health benefits (223).  

This chapter first presents and discusses the results of the tomato trial carried out under 

commercial conditions to compare chitin and biochar growing media amendments on Brioso 

tomato crop growth, fruit yield, and nutrition (see methods 2.3). Brioso tomato plants were 

grown using control growing media, growing media amended with chitin, or growing media 

amended with biochar. While growing the tomato plants, leaf chlorophyll fluorescence and 

content, growing media water content and EC, and developing fruit numbers. Following fruit 

development, the fresh mass yield of fruit was measured with the fruit height, width, and shelf-

life. Fruit phenolic content, free radical scavenging activity, and antioxidant activity was 

measured to assess the impact of chitin and biochar on fruit antioxidant capacity.  

Furthermore, this chapter presents and discusses results of tomato trials 1 and 2 carried 

out to investigate the impact of a range of chitin dry weight amendments had on Brioso tomato 

crop growth, fruit yield, and nutritional properties (see methods 2.4). In these tomato trials, 

Brioso tomato plants were grown using LP2B substrate amended with crab chitin in the dry 

weight percentages 0% (control), 0.2%, 1%, 2%, and 3%. Leaf number and area were measured 

during these tomato trials, as was leaf chlorophyll fluorescence and content, and substrate water 

content and EC. Fruit fresh mass yield, height, and width were measured before measuring fruit 

phenolic content, free radical scavenging activity, and antioxidant activity.  
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 4.1. Commercial Tomato Study Results 

 The commercial tomato trial investigated tomato crop grown at ADAS and the 

University of Portsmouth (see methods 2.3). Tomato plants were supplied to the University of 

Portsmouth by ADAS and grown under conditions which mirrored the tomato trial at ADAS.  

 For growing media bags, the codes used were as follows: ‘COM’ represents the control 

growing media, ‘COC’ represents growing media amended with 2 kg·m-3 shrimp chitin, and 

‘COB’ represents growing media amended with 2 kg·m-3 biochar. 

 4.1.1. Germination 

 As discussed in section 2.3.4, Brioso tomato seeds were germinated in loose COM, 

COC, and COB growing media to determine how the growing media amendments impacted 

seed germination. Germination success rate of Brioso seeds in the three types of growing media 

was monitored over a 14 day period. It was observed that COC resulted in the lowest 

germination success (90%) compared to COM and COB (both 100%).  

 

 4.1.2. Tomato Plant Measurements 

 4.1.2.1. Chlorophyll Fluorescence 

 Figure 4.1 shows chlorophyll fluorescence measurements of Brioso tomato plants taken 

on day 9 and day 134 of the commercial tomato trial. At day 9, COC tomato plants had the 

lowest average chlorophyll fluorescence (0.724 au). At day 9, COM (control) tomato plants 

were observed to have the highest average chlorophyll fluorescence (0.730 au) and COB 

tomato plants were observed to have the second highest chlorophyll fluorescence (0.728 au). 

No significant differences were found between measurements taken on day 9. 

 At day 134 of the trial, COC tomato leaves were observed to have the highest average 

chlorophyll fluorescence (0.635 au). COM tomato plants were observed to have the second 

highest average chlorophyll fluorescence (0.608 au) and COB tomato plants had the lowest 

(0.533 au). No significant differences were found between measurements taken on day 134.  
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Figure 4.1.79Average chlorophyll fluorescence of Brioso tomato leaves. Tomato plants 

were grown using growing media amended with shrimp chitin or biochar. Measurements were 

taken on day 9 and 134 of the trial with an Opti-Sciences Y(II) meter. Error bars represent the 

standard error of the mean (for day 9 n = 12, for day 134 n = 6). 

 

 4.1.2.2. Chlorophyll Content 

 Chlorophyll content of Brioso tomato plants was measured on day 9 and 134. It was 

observed that the COM tomato plants had the highest average chlorophyll content on both 

measurement days (41.4 au on day 9, and 4.1 au on day 134) (figure 4.2) and COC tomato 

plants had the lowest average chlorophyll content on both measurement days (39.4 au on day 

9, and 3.2 au on day 134). Significant differences were not observed for measurements taken 

on each day, however, when results from day 9 and day 134 were compared the chlorophyll 

content measurements taken for day 9 were significantly higher than those taken on day 134 

(P ≤ 0.05).  
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Figure 4.2.80Relative chlorophyll content of Brioso tomato leaves. Tomato plants were 

grown using growing media amended with shrimp chitin or biochar. Measurements were taken 

on day 9 and 134 of the trial using a Hansatech CL-01 chlorophyll content meter. Error bars 

represent the standard error of the mean (for day 9 n = 12, for day 134 n = 6). Different letters 

indicate values significantly different from each other (P ≤ 0.05). 

 

 4.1.2.3. Growing Media Measurements 

 EC of each growing media was measured, it was observed that COB had the highest 

average EC (122.33 ms·m-1), COC had the second highest (117.33 ms·m-1), and COM had the 

lowest average EC (107.50 ms·m-1) (figure 4.3). No significant differences were observed for 

these measurements. 
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Figure 4.3.81Average electrical conductivity (EC) (ms·m-1) of growing media. Growing 

media tested was amended with either shrimp chitin or biochar. Measurements were taken on 

day 20 of the trial using a Delta TA-T HH2 Moisture meter. Error bars represent the standard 

error of the mean (n = 12). 

 

 Pore moisture content was measured on day 20. COM was observed to have the highest 

average pore moisture content (50%), COC had the second highest average (41%), and COB 

had the lowest average pore moisture content of all treatments (34%) (figure 4.4). Control 

growing media was observed to have a significantly higher pore moisture content compared to 

biochar amended growing media (P ≤ 0.05). 
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Figure 4.4.82Average pore moisture content (%) of growing media. Growing media tested 

was amended with either shrimp chitin or biochar. Measurements were taken on day 20 of the 

trial using a Delta TA-T HH2 Moisture meter. Error bars represent the standard error of the 

mean (n = 12). Different letters indicate values significantly different from each other (P ≤ 

0.05). 

  

 4.1.2.4. Allometric Measurements 

 Allometric measurements of tomato plants were not successful due to the 

malfunctioning of the ‘VWR DRY-Line DL53, DL 115’ drying oven. This limited the final 

measurements needed for the allometric leaf area model used to convert the non-destructive 

monthly measurements into leaf area estimates.  

  

 

 4.1.3. Tomato Fruit Measurements 

 4.1.3.1. Fruit Development 

 As fruit developed on tomato plants, the average number of developing fruit per plant 

was monitored. The results of this are shown in figure 4.5. Measurements were stopped on day 

35 when fruit began ripening. It should be notes that at this stage, all fruit was present on the 

plant first trusses only. No significant differences were observed for these results. 
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Figure 4.5.83Average number of developing fruit per Brioso tomato plant. Tomato plants 

were grown using growing media amended with chitin or biochar. Fruit development 

measurements were taken every Monday and Friday of the trial until fruit ripened. Error bars 

represent the standard error of the mean (n = 12). 

 

 4.1.3.2. Fruit Number 

 When harvested, the average fruit mass per tomato plant was calculated by dividing the 

sum of the fruit mass per tomato truss per plant by the number of tomatoes per truss per plant. 

The results of this are shown in figure 4.6. Truss 6 resulted in the lowest average mass of fruit 

per tomato plant for all treatments (COM = 24.12 g, COC = 20.58 g, COB = 23.68 g). Truss 2 

resulted in the highest average mass of fruit per tomato plant for COM treatment (33.75 g), 

truss 11 resulted in the highest average mass of fruit per tomato plant for COC treatment (35.06 

g), and truss 9 resulted in the highest average mass of fruit per tomato plant for COB treatment 

(31.79 g). COM tomatoes were observed to have the highest average fruit mass per plant for 

trusses 2, 3, 4, 5, and 6. COC tomatoes were observed to have the highest average mass per 

plant for trusses 1 and 11. COB tomatoes were observed to have the highest average fruit mass 

per plant for trusses 7, 8, 9, and 10. No significant differences were observed for average fruit 

mass per tomato plant between COM, COC, and COB at each truss.  
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Figure 4.6.84Average fruit mass (g) at harvest per Brioso tomato plant. Tomato plants 

were grown using growing media amended with chitin or biochar. Results shown are for 

weekly measurements using a digital weighing scale. Error bars represent the standard error of 

the mean (n = 12). 

 

 4.1.3.3. Fruit Height 

 When the average fruit height was measured, COM tomatoes had the lowest average 

fruit height for truss 8 (28.21 mm), and the highest average fruit height was observed for truss 

2 (34.82 mm) (figure 4.7). For COC, the lowest average fruit height was observed for truss 6 

(29.07 mm), and the highest average fruit height was observed for truss 2 (33.97 mm). For 

COB, the lowest average fruit height was observed for truss 11 (30.39 mm), and the highest 

fruit height was observed for truss 2 (33.99 mm). COM tomatoes were observed to have the 

highest average height in trusses 2, 3, 5, and 7. COC tomatoes were observed to have the 

highest average height in trusses 1 and 11. COB tomatoes were observed to have the highest 

average height in trusses 4, 6, 8, 9, and 10. No significant differences were observed for average 

fruit height between COM, COC, and COB at each truss. 
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Figure 4.7.85Average fruit height (mm) at harvest per Brioso tomato plant. Tomato plants 

were grown using growing media amended with chitin or biochar. Results shown are for 

weekly measurements using callipers. Error bars represent the standard error of the mean (n = 

12). 

 

 4.1.3.4. Fruit Width 

 For average fruit width (mm) measurements per truss, the lowest average fruit width 

for all growing media treatments was observed in truss 6 (COM = 36.61, COC = 35.08, COB 

= 37.02) (figure 4.8). The highest average fruit width for COM was truss 2 (41.11 mm), for 

COC was truss 11 (41.22 mm), and for COB was truss 9 (40.86 mm). COM tomatoes were 

observed to have the highest average width for trusses 2, 3, 4, 5, and 7. COC tomatoes were 

observed to have the highest average width for trusses 1 and 11. COB tomatoes were observed 

to have the highest average width for trusses 6, 8, 9, and 10. No significant differences were 

observed for average fruit width between COM, COC, and COB at each truss. 
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Figure 4.8.86Average fruit width (mm) at harvest per Brioso tomato plant. Tomato plants 

were grown using growing media amended with chitin or biochar. Results shown are for 

weekly measurements using callipers. Error bars represent the standard error of the mean (n = 

12). 

 

 4.1.3.5. Fruit Number 

 The average number of fruit at harvest per truss was also measured, and the lowest 

average fruit number was observed on the 11th truss for each treatment (COM = 7.50, COC = 

6.00, COB = 6.00) (figure 4.9). The highest average fruit number for COM was on truss 9 

(10.67). The average fruit number for COC and COB were highest for trusses 2 (10.67) and 1 

(10.50) respectively. The average number of tomatoes was observed to be highest for COM on 

trusses 4, 5, 6, 9, 10, and 11. COC tomatoes were observed to have the highest average tomato 

number for trusses 1, 2, and 8. COB tomatoes were observed to have the highest average tomato 

number for trusses 3 and 7. No significant differences were observed for average fruit number 

between COM, COC, and COB at each truss. 
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Figure 4.9.87Average fruit number at harvest per Brioso tomato plant. Tomato plants were 

grown using growing media amended with chitin or biochar. Measurements were made weekly. 

Error bars represent the standard error of the mean (n = 12). 

 

 4.1.3.6. Shelf-Life 

 Fruit sampled from each tomato plant stored at room temperature were monitored daily 

for signs of decay such as cuticle wrinkling or cracking, tissue softening or discolouration, or 

fungal growth. When an individual tomato showed any or all of these signs of decay, they were 

removed from the experiment and the shelf-life was calculated as number of days from when 

the shelf-life experiment started. COB tomatoes were observed to have the highest average 

shelf-life (33.33 days), compared to COC tomatoes (30.68 days) (figure 4.10). COM tomatoes 

were observed to have the lowest average shelf-life (23.64 days). No significant differences 

were observed for these measurements. In total, the experiment continued for 44 days before 

all fruit samples showed signs of decay and were removed from the experiment.  
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Figure 4.10.88Average fruit shelf-life per Brioso tomato plant. Tomato plants were grown 

using growing media amended with chitin or biochar. Shelf-life was monitored daily from 

harvest day. Error bars represent the standard error of the mean (COM n = 33, COC n = 37, 

COB n = 40). 

 

 4.1.4. Antioxidant Assays 

 4.1.4.1. ADAS Tomato Samples 

 The antioxidant status of tomato samples grown by ADAS using COM, COC, COB, 

rockwool, and Millenium Ultima coir growing media was analysed. TPC of tomato samples 

was measured as gallic acid equivalents in the Folin’s assay. Figure 4.13 represents the mean 

value of three separate Folin’s assays (each assay with samples in quadruplicate) carried out 

on tomato samples sourced from ADAS to determine fruit total phenolic content. It was found 

that samples from tomato plants grown using COM, COB, and COC resulted in similar average 

gallic acid equivalents. COM tomato samples had an average gallic acid equivalent of 131.26 

µg·ml-1, COB samples had an average value of 130.96 µg·ml-1, and COC samples had an 

average value of 132.44 µg·ml-1. Samples grown using rockwool growing media slabs had an 

average gallic acid equivalent of 122.10 µg·ml-1, and samples grown using Millenium Ultima 

coir slabs had the lowest average value of 113.14 µg·ml-1. No significant differences in average 

gallic acid equivalents were found. 
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Figure 4.13.89Average total phenolic content (TPC) of ADAS Brioso tomato samples. 

Average TPC was measured in gallic acid equivalents (µg·ml-1) in the Folin’s assay. Brioso 

tomato samples were grown using growing media amended with chitin or biochar, Millenium 

Ultima coir, and rockwool. Error bars represent the standard error of the mean (n = 3). 

 

 Figure 4.14 represents the mean value of three separate FRAP assays (each assay with 

samples in quadruplicate) carried out on tomato samples sourced from ADAS to assess the 

antioxidant activity of these samples. COB tomato samples were observed to have the highest 

average concentration of reducing compounds (1.51 mmol·L-1), followed by COC tomato 

samples (1.50 mmol·L-1) and COM tomato samples (1.48 mmol·L-1). Tomato samples grown 

using these three growing media had similar average results compared to rockwool tomato 

samples with an average value of 1.34 mmol·L-1 and Millenium Ultima coir samples with the 

lowest average value of 1.26 mmol·L-1. Tomato samples grown using Millenium Ultima coir 

growing media had a significantly lower antioxidant activity compared to samples grown using 

COB and COC growing media (P ≤ 0.05).  
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Figure 4.14.90Average antioxidant activity of ADAS Brioso tomato samples. Antioxidant 

activity measured as average concentration (mmol·L-1) of reducing compounds in the FRAP 

assay. Brioso tomato samples were grown using growing media amended with chitin or 

biochar, Millenium Ultima coir, and rockwool. Error bars represent the standard error of the 

mean (n = 3). Different letters indicate values significantly different from each other (P ≤ 0.05). 

 

 Figure 4.15 represents the mean value of two separate DPPH assays (each assay with 

samples in quadruplicate) carried out on tomato samples sourced from ADAS to assess the free 

radical scavenging activity of these samples. COB tomato samples were observed to have the 

highest average inhibition of DPPH free radicals (86.7%), followed by rockwool tomato 

samples (86.7%), COM tomato samples (86.6%), COC tomato samples (86.0%), with 

Millenium Ultima coir tomato samples resulting in the lowest average inhibition (84.0%). 

Tomato samples grown using Millenium Ultima coir growing media had a significantly lower 

inhibition compared to samples grown using rockwool, COM, and COB (P ≤ 0.05). 
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Figure 4.15.91Average free radical scavenging activity of ADAS Brioso tomato samples. 

Average free radical scavenging activity measured as DPPH free radical inhibition (%). Brioso 

tomato samples were grown using growing media amended with chitin or biochar, Millenium 

Ultima coir, and rockwool. Error bars represent the standard error of the mean (n = 3). Different 

letters indicate values significantly different from each other (P ≤ 0.05). 

 

 4.1.4.2. Commercial Tomato Trial Tomato Samples 

 Tomato samples grown using COM, COC, and COB growing media as part of this 

thesis were analysed in antioxidant assays. Figure 4.16 represents the mean value of three 

separate Folin’s assays (each assay with samples in quadruplicate), testing tomato samples 

from three different Brioso plants in growing media types COM, COC, and COB to determine 

the total phenolic content of fruit. COM tomato samples were found to have the highest average 

gallic acid equivalent (153.24 µg·ml-1), followed by COB tomato samples (147.68 µg·ml-1), 

with COC tomato samples having the lowest average result (142.81 µg·ml-1). No significant 

differences were observed.  
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Figure 4.16.92Average total phenolic content (TPC) of Brioso tomato samples. Average 

TPC was measured in gallic acid equivalents (µg·ml-1) in the Folin’s assay. Tomato samples 

were harvested from tomato plants grown using growing media amended with chitin or biochar. 

Error bars represent the standard error of the mean (n = 9). 

 

 Figure 4.17 represents the mean value of three separate FRAP assays (each assay with 

samples in quadruplicate), testing tomato samples from three different Brioso plants in growing 

media types COM, COC, and COB to assess the antioxidant activity of these samples. The 

highest average concentration of reducing compounds was observed in COB tomato samples 

(1.11 mmol·L-1), the second highest was observed in COM tomato samples (1.02 mmol·L-1), 

and the lowest average concentration was observed in COC tomato samples (0.94 mmol·L-1). 

No significant differences were observed.  
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Figure 4.17.93Average antioxidant activity of Brioso tomato samples. Antioxidant activity 

measured as average concentration (mmol·L-1) of reducing compounds in the FRAP assay. 

Tomato samples were harvested from tomato plants grown using growing media amended with 

chitin or biochar. Error bars represent the standard error of the mean (n = 9). 

 

 Figure 4.18 represents the mean value of four separate DPPH assays (each assay with 

samples in quadruplicate), testing tomato samples from three different Brioso plants in growing 

media types COM, COC, and COB to assess the free radical scavenging activity of these 

samples. The highest average inhibition of DPPH free radicals was observed in COB tomato 

samples (73.6%), with the second highest average inhibition observed in COM tomato samples 

(70.5%), and the lowest average inhibition observed in COC tomato samples (68.1%). No 

significant differences were observed.  
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Figure 4.18.94Average free radical scavenging activity of Brioso tomato samples. Average 

free radical scavenging activity measured as DPPH free radical scavenging inhibition (%). 

Tomato samples were harvested from tomato plants grown using growing media amended with 

chitin or biochar. Error bars represent the standard error of the mean (n = 12). 

 

 4.1.5. Mineral Analysis 

 Figure 4.19 shows XRF mineral analysis compositions of Brioso tomatoes grown using 

COM, COC, and COB growing media as part of this thesis. Nickel(II) oxide (NiO) was 

detected in COM tomato samples only. Strontium oxide was detected in COM and COB tomato 

samples but not COC tomatoes. In the pie chart diagrams, elements with a mass percentage of 

less than 1% are represented in a separate chart. For samples grown using each growing media 

the element most present was potassium oxide (K2O) (COM = 73%, COC = 74%, COB = 74%). 

Trends observed for the chemical composition of elements were similar for samples grown 

using each growing media treatment. OES mineral analysis was not possible due to limitations 

regarding the Covid-19 pandemic. 
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a)  

b)  

XRF Mineral Composition Analysis of Brioso Tomatoes 

Grown in COM Growing Media

Na2O MgO Al2O3 SiO2 P2O5 SO3

Cl K2O CaO MnO Fe2O3 NiO

CuO ZnO Br Rb2O SrO MoO3

XRF Mineral Composition Analysis of Brioso Tomatoes 

Grown in COC Growing Media

Na2O MgO Al2O3 SiO2 P2O5 SO3

Cl K2O CaO MnO Fe2O3 NiO

CuO ZnO Br Rb2O SrO MoO3

Na2O Al2O3 SiO2 P2O5 SO3

K2O Fe2O3

Rb2O MoO3

Na2O Al2O3 SiO2 P2O5 SO3 

K2O Fe2O3 

Rb2O MoO3 
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c)  

Figure 4.19.95XRF mineral analysis of growing media. XRF mineral analysis composition 

(% mass) of Brioso tomatoes grown using a) COM, b) COC, c) COB growing media. Elements 

represented are as follows: sodium oxide (Na2O), magnesium oxide (MgO), aluminium oxide 

(Al2O3), silicon dioxide (SiO2), phosphorus pentoxide (P2O5), sulphur trioxide (SO3), chlorine 

(Cl), potassium oxide (K2O), calcium oxide (CaO), manganese(II) oxide (MnO), iron(III) oxide 

(Fe2O3), nickel(II) oxide (NiO), copper(II) oxide (CuO), zinc oxide (ZnO), bromine (Br), 

rubidium oxide (Rb2O), strontium oxide (SrO), molybdenum trioxide (MoO3). 
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 4.2. Commercial Tomato Study Discussion 

 4.2.1. Germination 

 Germination of tomato seeds is known to be influenced by growing media conditions 

such as temperature (364–366), salinity (365), and water content (366). It was observed that 

tomato seeds sowed in growing media amended with 2 kg·m-3 shrimp chitin (COC) had a 10% 

lower germination success compared to COM and COB growing media, implying that chitin 

had a negative impact on this. This has not been reported previously and has been highlighted 

as part of the present study in tomato trial 1 which germinated tomato seeds in growing media 

amended with increasing dry weight percentages of chitin.  

 

 4.2.2. Tomato Plant Measurements 

  Due to limitations in carrying out allometric measurements, it was decided not to use 

this method of leaf assessment in future tomato trials. For future tomato trials, it was decided 

to measure leaf production and leaf area as carried out in the lettuce trials. This also allowed 

for the comparison of results between lettuce and tomato trials. 

 When the chlorophyll fluorescence and content of tomato leaves were measured, no 

significant differences between growing media treatments COM, COC, and COB were found 

(figures 4.1 and 4.2). As no significant differences were found for chlorophyll fluorescence, 

and all values were within a range indicating healthy plant, it was concluded that the chitin and 

biochar growing media amendments did not increase abiotic stress to the tomato plants (337). 

No significant differences were observed between chlorophyll content values between COM, 

COC, and COB tomato plants further indicating no increased abiotic stress to the tomato plants 

(356).  

 No significant differences were observed when the average EC of COM, COC, and 

COB growing media were measured. COB growing media was observed to have the highest 

average EC, and COM was observed to have the lowest (figure 4.3). However, the inverse of 

this trend was observed when moisture content of the growing media was measured. COM 

growing media was observed to have a significantly higher moisture content than COB growing 

media (figure 4.4). This trend correlated with a 2019 study which tested the volumetric soil 

moisture content of soils amended with increasing concentrations of commercially available 

granular biochar (367). Authors reported that the volumetric soil moisture content decreased 

as the concentration of biochar in soil increased suggesting that the porosity of the biochar had 

an impact on the accuracy of soil moisture measurements (367).  
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 The pore size of biochar was investigated by a 2020 study which used 3D image 

analysis to show that the majority of biochar pore volume resided in pores with 2-11 µm 

diameters (279) concluding that growing media amended with biochar had an increased water 

retention and that the different pore sizes were relevant when considering the impact this 

amendment has on the plant being grown using the growing media (279). However, it was 

observed that water stored in the biochars was not released due to the lack of hydrological 

connectivity between the biochar and growing media (279). This explains the observed 

increased water retention in COB and may also explain how water available to the plant may 

be reduced in this growing media. A decrease in water availability can adversely affect the 

growth and development of tomato plants (368). However, no stress was indicated for COB 

tomato plants in chlorophyll measurements and no significant differences in plant growth and 

fruit yield were observed. Therefore, it was unlikely that the observed decrease in pore water 

content adversely affected the growth or development of COB tomato plants.  

 

 4.2.3. Tomato Fruit Measurements 

 No significant differences were observed in the average fruit number development 

between tomato plants grown using each growing media treatment (figure 4.5). Tomato plants 

were delivered to the University of Portsmouth at the first truss stage for consistency with other 

Horti-BlueC tomato trials, therefore fruit development measurements started at the beginning 

of the tomato trial. Fruit number development was consistent for each growing media treatment 

indicating that the different growing media amendments did not significantly impact tomato 

fruit development. This concurred with chlorophyll measurements which indicated no increase 

in plant abiotic stress as a result of chitin or biochar amendments (figures 4.1 and 4.2). 

 Tomato flowers mostly self-fertilise as the stamens enclose the stigma, thus agitating 

the plants once a week loosened pollen and initiated flower fertilisation. Following the use of 

this technique, fruit development was observed on plants in each growing media treatment after 

5 days (figure 4.5). When ripened and measured, no significant differences were observed in 

the mass, size (height and width), or number of fruit per plant for each growing media treatment 

(figures 4.6-4.9). This was observed for fruit on 11 trusses, over the duration of the commercial 

tomato trial. A 2010 study amended tomato plant grown in fertigated soilless media with 1%, 

3%, and 5% (w/w) biochar, observing that the biochar amendment had no impact on flower or 

fruit yield (369). The biochar amendment utilised as part of this thesis was lower than the 

reported study (2 kg·m-3) and, therefore, it was not expected to observed significant differences 

in flower development.  



238 

 The average fruit mass of tomato plants in growing media treatments was shown to be 

consistent for all trusses except for trusses 5 and 6 in which values were slightly, though not 

significantly, lower. The average fruit width and height was also observed to be lower for truss 

6 for all growing media treatments. The water flow between the stem and fruit has been shown 

to vary based on the time of day due to alterations in the fruit water potential gradient (370). 

This has been shown to alter fruit size and mass as fruit swells with water (370). It could be 

suggested from this information, that if tomato fruit on trusses 5 and 6 were measured at a time 

of day in which tomato fruit are not swollen with water, this could impact the size and mass of 

these fruit compared to other trusses. Overall, it was concluded that the three different growing 

media treatments had no significant difference on the production of fruit, or its size or mass. 

 

 When shelf-life was assessed, no significant differences were found, although it was 

observed that COB grown tomatoes had the highest average shelf-life compared to the other 

growing media treatments (figure 4.10). Previous studies investigating the impact of different 

growing media types (perlite, pine bark, rockwool, soil, and coir pith) on tomato fruit shelf-life 

have concluded that different growing media tested had no significant impact on the fruit shelf-

life and that shelf-life is largely dependent on the tomato cultivar (371,372). This correlated 

with the results of the present trial, in which the growing media amendments biochar or chitin 

had no significant impact on the shelf-life of fruit.  

 Storage conditions for tomato shelf-life experiments vary, for example storing tomatoes 

at 12oC in plastic (371,373), or at room temperature in cardboard (372). Tomatoes are rarely 

stored in sealed containers to prevent the build-up of ethylene which can lead to degradation 

of fruit. As part of this thesis, tomato samples were stored in open plastic containers at room 

temperature. It was originally planned for tomato samples to be stored in a cold room for 

storage, however, this was not possible. As part of this experiment, tomatoes were stored in the 

presence of natural light from a south-facing window. Being stored with a light source has been 

suggested to increase anthocyanin content of tomato fruit, extending shelf-life (373).  

 Early harvest is common practice for commercial production of tomato fruit (374). 

Tomato samples are picked prior to ripening and stored at 10-13oC in the dark for transport 

(374). The sample size of this experiment was smaller when compared to standard commercial 

practice. When the standard commercial practices are considered, the tomato shelf-life 

experiment described as part of this thesis cannot in confidence be compared to commercial 

experiments into shelf-life that have taken place. However, if biochar or chitin growing media 

amendments had any significant impact on post-harvest shelf-life it would have been observed 
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in this shelf-life experiment. Any significant impacts to shelf-life as a result of the chitin or 

biochar growing media amendments could have been further investigated on a larger scale as 

future work.  

 

 It was noted from this data, that the growing media amendments had neither beneficial 

or detrimental effects on the yield of tomato fruit. This finding is important and shows that 

tomato growers can utilise recycled waste products chitin and biochar (2 kg·m-3) in growing 

media without having detrimental effects on the yield of fruit.  

 The commercial tomato trial used a 2 kg·m-3 chitin amendment and, when calculated 

as a volume percentage, its value was 0.2% which is equivalent to 1.11% dry weight 

percentage. This % is a result very similar to the 1% dry weight chitin percentage used in the 

lettuce trials, which was shown to have significant effects on the lettuce leaf production, leaf 

area, and leaf antioxidant activity. However, these impacts were not observed in tomato plants, 

possibly due to the different optimum chitin percentages required for specific crops. This is 

discussed further for tomato trials 1 and 2, in which a range of chitin dry weight percentages 

were tested in line with the lettuce trials to further investigate the impact chitin dry weight 

percentages have on tomato crop.  

  

  

 4.2.4. Antioxidant Assays 

 Tomatoes delivered from ADAS were grown under the same conditions as the 

commercial tomato trial (see methods 2.3) using the same three growing media slabs COM, 

COC, and COB as well as commercially available Millenium Ultima coir slabs and rockwool 

slabs. When tomato samples from ADAS were tested in antioxidant assays it was observed that 

the phenolic content in tomato samples grown using COM, COC, and COB slabs was higher 

than those grown with the rockwool or Millenium Ultima coir slabs (figure 4.13). The 

difference between COC tomatoes and Millenium Ultima coir tomatoes were large but not 

significant. Similarly, antioxidant activity, measured in the FRAP assay, was higher in tomato 

samples grown using COM, COC, and COB slabs when compared to those grown with 

rockwool or Millenium Ultima coir slabs. The antioxidant activity of COB and COC tomatoes 

was significantly higher than Millenium Ultima coir tomatoes (figure 4.14).  

As all growing media types were subjected to the same fertigation, this suggested that 

differences occurred in the nutrient retention between the commercially available Millenium 

Ultima coir compared to COM, COC, and COB. The lower antioxidant activity and phenolic 
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content of tomatoes grown using the Millenium Ultima coir growing media could indicate that 

these plants were under a lower abiotic stress compared to other tomato plants in the experiment 

and, therefore, were producing fewer secondary metabolites as a result of stress. Secondary 

metabolites, produced in response to plant stress, have been linked to antioxidant capacity in 

tomatoes in a 2020 study by Lu et al., in which ultrasound was used to stress tomatoes 

postharvest stimulating the production of secondary metabolites (375). When Horti-BlueC 

project partners responsible for growing tomato plants tested as part of this thesis were 

questioned, it was confirmed that no significant differences were observed for chlorophyll 

content measurements between tomato plants grown in the growing media. This indicated no 

significant difference in plant abiotic stress between growing media types.  

 This suggested that the increased antioxidant activity measured in the FRAP assay was 

as a result of the observed increases in phenolic content, as observed in the lettuce trials. 

Tomato samples were homogenised in deionised water to extract hydrophilic antioxidants from 

the sample instead of lipophilic antioxidants. It has been shown that 86-88% of the total 

phenolics found in tomatoes are hydrophilic, with flavonoids contributing 28-38% of this 

(205). By extracting tomato antioxidants in deionised water, it was ensured that only the 

hydrophilic antioxidants were assessed as part of this thesis. 

 When ADAS tomato samples were tested in the DPPH assay rockwool tomato samples 

were observed to have the second highest inhibition, compared to the TPC and FRAP assays 

in which these tomato samples obtained the second lowest value. This suggested that, when 

grown using rockwool, tomatoes accumulated free radical scavenging antioxidants which were 

not polyphenols, for example, the hydrophilic compound vitamin C (205,363). However, the 

specific vitamin C levels of tomato samples could not be assessed to inform how the specific 

growing media types influence this antioxidant. Tomato samples were tested using the 

microplate method to enable testing of more samples in a shorter period of time. Precipitate 

formation was observed in the final solution when lettuce leaf samples were tested in the DPPH 

assay, thus the assay required the use of centrifugation and the 96-well microplate method 

could not be used. When lettuce samples were tested, the trend observed for the DPPH assay 

differed to that of the TPC and FRAP assays. This was also observed with ADAS tomato 

samples. The only similarities between trends was that Millenium Ultima coir tomatoes had a 

significantly lower free radical scavenging activity than the all other samples minus COC 

tomatoes, and that no significant differences were observed between COM, COC, or COB 

tomatoes (figure 4.15).  
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 The nutrient retention of growing media is known to be essential in plant cultivation, 

being directly linked to the health of the plant and the plant growth (376). As discussed, the 

nutrient retention of Millenium Ultima coir growing media could be greater than the COM, 

COB, or COC growing media. Retaining more essential nutrients such as nitrogen, potassium, 

or phosphorus delivered by the fertigation system and allowing for more plant absorption could 

have resulted in tomato plants grown using Millenium Ultima coir growing media having a 

slightly lower abiotic stress. This was suggested as an explanation of why fruit grown on plants 

which used Millenium Ultima coir were observed to have a lower antioxidant activity.  

 As discussed, when ADAS tomato samples were tested, no significant differences were 

observed between COM, COC, and COB tomato samples in all antioxidant assays. This was 

also observed when commercial trial tomato samples were tested (figure 4.16-4.18). This 

correlated with data obtained in the fruit measurements at harvest in which no significant 

differences were observed for fruit yield. From this it was concluded that the chitin and biochar 

amendments had no impact on the size, mass, or antioxidant capacity of the fruit. The 

conclusion that the chitin and biochar amendments did not impact the antioxidant capacity of 

the fruit was demonstrated in two trials under the same conditions.  

 This was a beneficial result in communicating to tomato growers. It was communicated 

that they could utilise sustainable resources sourced from recycled waste products as growing 

media amendments, without having any detrimental impact to crop yield or plant health.  

 

 4.2.5. Mineral Analysis 

 Mineral analysis of COM, COC, and COB growing media and Brioso tomatoes grown 

as part of the commercial tomato trial was carried out. The mineral analysis assays carried out 

were x-ray fluorescence (XRF) and optical emission spectrometry (OES). Standard protocols 

for preparing growing media and tomato samples for these assays were developed in 

collaboration with the School of the Environment, Geography and Geosciences at University 

of Portsmouth, as there was limited literature available for the preparation of tomato samples 

for these assays. Some papers prepared tomato samples for OES through acid digestion of fresh 

samples which had been chopped into smaller pieces (377,378). However, for the preparation 

of samples from the present study it was advised to use dried tomatoes in keeping with the 

University of Portsmouth’s standard protocols by using a ‘VWR DRY-Line DL53, DL 115’ 

drying oven.  

 For elemental analysis in OES, ashed tomato samples were prepared by acid digestion 

using the University of Portsmouth’s standard protocols (section 2.3.6). In the first acid 
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digestion protocol attempted, 1 g of ashed tomato sample was added to individually labelled 

Teflon tubes in triplicate. 0.5 g of HR-1 reference sediment (Environmental and Climate 

Change Canada) was added to a separate labelled Teflon tube as a standard. 15 ml of the 

prepared Aqua Regia was added to each Teflon tube and a final empty tube as a blank. All 

Teflon tubes were labelled, sealed, and transferred to a MARSXpress Microwave digester set 

to program ‘EPA 3015_8 Xpress’ (digestion at 175oC for 10 minutes). This process, which was 

intended to digest tomato samples for analysis in OES, resulted in all samples drying out 

becoming unusable.  

 Following this, a 2012 study which acid digested tomato samples was followed (306). 

Using methods from this study, 1 g of ashed tomato samples and 0.4 g of HR-1 reference 

sediment (Environmental and Climate Change Canada) was measured into Teflon tubes with 

10 ml concentrated nitric acid and into the microwave digester set to 1280W. The ramp was 

set to 20 minutes, 10 minutes hold at 210oC. A tomato sample grown using COB exploded in 

the microwave digestor damaging the machine and stopping the experiment. It was concluded 

that the explosion was caused due to a lack of H2O2 not digesting organic compounds present 

in tomato samples which acted as a catalyst in the highly pressurised acid. 

 Following this, acid digestion of dried tomato samples which were not ashed was 

attempted. Dried tomato samples were ground as finely as possible using an agate pestle and 

mortar. Grain size ≤ 1 mm was not required as this digestion did not use the microwave 

digestor. 0.5 g of ground tomato sample and 0.5 g HR-1 reference sediment (Environmental 

and Climate Change Canada) was added to Teflon tubes with 5 ml of Aqua Regia made without 

H2O2. Each tube was heated on a hot plate set to 95oC for one hour to digest. There was no risk 

of explosion using this protocol as the process did not create pressure in the Teflon tubes. 

Following digestion, samples were each filtered into labelled plastic tubes through Whatman 

filter paper (pore size 0.7 µm) using a funnel and filtrate was diluted to 50 ml with deionised 

water. 

 Due to limitations regarding the Covid-19 lockdowns, XRF analysis of tomato samples 

could not be repeated and tomato samples prepared for OES were discarded before analysis 

could take place.  

 When the results from the XRF carried out were compared, the mineral composition of 

tomato samples from COM, COC, and COB growing media were very similar (figure 4.19). 

This correlated with antioxidant data obtained when these samples were tested, in which no 

significant differences were observed between samples. It was suggested that similarities in the 

nutrient composition found between the three growing media tested could explain the similarity 
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found in tomato plant and fruit measurements. This theory was investigated when the nutrient 

composition of growing media amended with different percentages of chitin was tested in 

tomato trials 1 and 2.  
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 4.3. Chitin Amended LP2B Tomato Studies Results 

 Tomato trials 1 and 2 were carried out following the commercial tomato trial to 

investigate the impact of a range of shrimp chitin dry weight amendments on the growth, fruit 

yield, and fruit antioxidant activity of Brioso tomato plants (see methods 2.4).  

 

 4.3.1. Tomato Trial 1 

 4.3.1.1. Germination 

 0.2% chitin-treated Brioso tomato seeds had the lowest overall germination success 

throughout the trial beginning germination at day 6. All other chitin-treated Brioso seeds began 

germinating at day 5. 0.2% chitin-treated Brioso seeds resulted in 80% germination success, 

compared to the control seeds (95%), and all other chitin treatments (100%).  

 

 4.3.1.2. Tomato Plant Measurements 

 4.3.1.2.1. Leaf Production 

 Large variability in leaf number was observed over the course of the trial between chitin 

treatments (figure 4.20). Throughout the trial, each chitin treatment resulted in tomato plants 

with the highest average leaf number except for 0.2% chitin. Significant differences were 

observed on day 47 between treatments 0%-1%, 0%-2%, 0%-3%, and 0.2%-3%, on day 54 

between treatments 0%-0.2% and 0.2%-3%, and on day 82 between treatments 0.2%-3% when 

pairwise comparisons were carried out (P ≤ 0.05).  

A repeated measures ANOVA found that chitin treatments did not have a significant 

impact on the leaf production of tomato plants in this experiment. Time, however, was found 

to be a significant factor for leaf production. When the interaction between time and chitin 

treatments was assessed, the impact of chitin treatments on lettuce leaf production was 

observed to vary over the course of the experiment. An interaction between time and chitin 

treatment was observed on day 110 indicating that chitin changed the time response on this 

day. Another interaction was observed on day 187, however at this point of the experiment all 

tomato plants were experiencing leaf senescence at a quicker rate due to changes in greenhouse 

temperature which would have impacted leaf production results.  

No clear trends were observed for this data when carrying out the repeated measures 

analysis, and no interactions between time and chitin treatment were observed for days 47 and 

54 when significant differences in leaf production were observed in the pairwise comparisons 

carried out. It can be observed in figure 4.20 that there are very large error bars for some 

measurement days, especially toward the end of the experiment when leaf senescence occurred 
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at a quicker rate. With more replication in future tomato trials, error bars may have been 

reduced in size and trends in the data would be clearer.  

It should be noted that as tomato leaves matured and senesced, they were subsequently 

removed from the stem. This was the cause of the leaf number being observed to reduce on 

days 152 and 180 (figure 4.20). 

 

Figure 4.20.96Average leaf production of Brioso tomato plants. Tomato plants were grown 

using LP2B amended with shrimp chitin. Measurements were made weekly throughout the 

trial. Error bars represent standard error (n = 4). 

 

 4.3.1.2.2. Leaf Area 

 When leaf area expansion was calculated it was observed that control tomato plants 

consistently had the lowest average leaf area over the course of the investigation (figure 4.21). 

1% chitin-treated tomato plants had the highest average leaf area over the course of the trial. 

Significant differences were observed between treatments 0%-0.2% and 0%-1% on day 47, 

0%-1% and 0%-2% on day 49, 0%-1%, 0%-2% and 0%-3% on day 51, and 0%-1%, 0%-2%, 

0%-3%, 0.2%-1%, and 0.2%-3% on day 54 (P ≤ 0.05).  
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Figure 4.21.97Average leaf area expansion (mm2) of Brioso tomato plants. Tomato plants 

were grown using LP2B amended with shrimp chitin. Measurements were made every 

Monday, Wednesday, and Friday for a 14 day period. Error bars represent standard error (n = 

4). 

 

 When the leaf area increase relative to day 40 measurements was calculated, it was 

observed that 3% chitin-treated tomato plants consistently had the highest average leaf area 

increase (figure 4.22). 1% chitin-treated tomato plants consistently had the second highest 

average leaf area increase and 2% chitin-treated tomato plants consistently had the third highest 

average leaf area increase. Control tomato plants were observed to have the lowest average leaf 

area increase until day 54. No significant differences were observed between chitin treatments.  
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Figure 4.22.98Leaf area expansion (mm2) of Brioso tomato plants. Calculated leaf area 

expansion was made relative to starting measurements taken on day 40 for Brioso plants grown 

using LP2B amended with shrimp chitin. Error bars represent standard error (n = 4). 

 

 4.3.1.2.3. Mortierella 

 The presence of a white crust on the surface of the fertilised LP2B, previously identified 

as the beneficial fungi Mortierella, was identified on day 19 of the trial on all 0% and 2% chitin 

replicates, three replicates of 3% chitin, and two replicates of 1% chitin (table 4.1). On day 26 

of the trial, for 0.2% chitin treatments only one replicate did not show a white crust. From day 

33 of the trial all replicates showed the white crust associated with Mortierella. The prevalence 

of the white crust was observed to increase proportionally as the dry weight percentage of chitin 

increased. 

 

Table 4.1.8Table representing presence of Mortierella. Fungal presence was assessed by 

monitoring the formation of a white crust on the LP2B substrate surface for all Brioso tomato 

replicates grown using LP2B amended with shrimp chitin. ‘y’ represents that Mortierella was 

present, ‘n’ represents that Mortierella was not present. 

Day 0% Chitin 0.2% Chitin 1% Chitin 2% Chitin 3% Chitin 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

19 y y y y n n n n y y n n y y y y n y y y 

26 y y y y y y y n y y y y y y y y y y y y 

33 y y y y y y y y y y y y y y y y y y y y 
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4.3.1.2.4. Growing Media Measurements 

When the EC of LP2B amended with chitin was measured (figure 4.23) 1% chitin-

treated tomato plants were observed to have the highest EC compared to control tomato plants. 

After day 145, it was observed that 0.2% chitin-treated tomato plants had the highest overall 

EC compared to control plants.  

 Significant differences were found when pairwise comparisons of every treatment 

were carried out for each individual measurement day shown in table 4.2. It was observed that 

the EC of chitin treatments was significantly higher compared to control treatments at the start 

of the experiment (table 4.2). In particular it was observed that 1% chitin-treated lettuce had a 

significantly higher EC compared to the control treatment up until day 47 of the experiment 

(table 4.2). This changed slightly toward the end of the measurement period when it was 

observed that the EC of chitin treatments 1%, 2%, and 3% were significantly lower compared 

to 0.2% chitin-treatment tomato plants (table 4.2). Between days 54-82, the EC of 0.2% chitin 

was observed to be significantly higher than 3% chitin-treated tomato plants, and between days 

138-194, 0.2% chitin-treated tomato plants were observed to have a significantly higher EC 

compared to 2% chitin-treated tomato plants (table 4.2).  

A repeated measures ANOVA found that chitin treatments had a significant impact on 

the EC of LP2B in tomato trial 1 compared to the control treatment (P < 0.05) as did time (P < 

0.001). Interactions between time and chitin treatments were observed to be distributed over 

the course of the dataset. In particular, an interaction between time and chitin treatment was 

observed for day 54 of the experiment, in which pairwise comparisons also found 0.2% chitin-

treated tomato plants to have a significantly higher EC compared to all other chitin treatments 

and the control (table 4.2). Another interaction between time and chitin treatment was observed 

on day 138, in which pairwise comparisons found 2% chitin-treated tomato plants to have a 

significantly lower EC compared to control and 0.2% chitin-treated tomato plants. The repeated 

measures ANOVA, therefore, supported results observed for 0.2% chitin-treated tomato plants 

in the pairwise comparison carried out for this dataset.     
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Table 4.2.9Significant differences observed in electrical conductivity (EC) (ms·m-1) for shrimp chitin-treated. 

Day 0%-0.2% 0%-1% 0%-2% 0%-3% 0.2%-1% 0.2%-2% 0.2%-3% 1%-2% 1%-3% 2%-3% 

26 / (P ≤ 0.05) / / / / / / / / 

33 / (P ≤ 0.05) / / / / / (P ≤ 0.05) / / 

40 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

47 / (P ≤ 0.05) / / / / / / / / 

54 (P ≤ 0.05) / / / (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / 

61 (P ≤ 0.05) / / / / / (P ≤ 0.05) / / / 

68 / / / / / / (P ≤ 0.05) / / (P ≤ 0.05) 

75 / / / / / / (P ≤ 0.05) / / / 

82 / / / (P ≤ 0.05) / / (P ≤ 0.05) / / / 

138 / / (P ≤ 0.05) / / (P ≤ 0.05) / / / / 

145 / / / / / (P ≤ 0.05) / / / / 

152 / / / / / (P ≤ 0.05) / / / / 

173 (P ≤ 0.05) / / / / (P ≤ 0.05) / / / / 

194 / / / / (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / 
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Figure 4.23.99Average electrical conductivity (EC) (ms·m-1) of LP2B. LP2B measured was 

amended with shrimp chitin. Measurements were taken weekly using a Delta TA-T HH2 

Moisture meter. Error bars represent standard error (n = 4). 

 

 When the pore water content of LP2B amended with chitin was measured (figure 4.24) 

1%, 2%, and 3% chitin-treated tomato plants consistently had the highest observed pore water 

content throughout the experiment. Pairwise comparisons were carried out between each 

treatment for each individual measurement day (table 4.3). Significant differences were not 

largely observed throughout the dataset. On day 33 of the trial, 1% chitin-treated tomato plants 

were observed to have a significantly higher pore water content compare to 0.2% and 2% 

chitin-treated tomato plants. Towards the end of the tomato trial, 3% and 1% chitin-treated 

tomato plants were observed to have a significantly higher pore water content compared to 

0.2% and 2% chitin treatments and the control treatment (table 4.2). However, toward the end 

of this tomato trial, tomato plants were visually assessed to be less healthy compared to the 

start of the tomato trial. This was due to the temperature of the greenhouse rapidly changing 

toward the end of the tomato trial. Therefore, significant differences observed toward the end 

of the tomato trial were considered with caution when comparing to other results and drawing 

conclusions from the data.  

A repeated measures ANOVA found that chitin treatments did not have a significant 

impact on the pore water content of LP2B in tomato trial 1 compared to a control, but time as 
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a factor did significantly impact pore water content (P < 0.001). Interactions between time and 

chitin were observed toward the end of the tomato trial, in particular on day 201. However, as 

discussed, results obtained from the end of the tomato trial were not used to draw conclusions 

about the impact chitin had on pore water content due to the environmental impact on the 

tomato plants resulting from the rapid change in greenhouse temperature.  
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Table 4.3.10Significant differences in pore water content (%) observed between LP2B shrimp chitin amendments. 

Day 0%-0.2% 0%-1% 0%-2% 0%-3% 0.2%-1% 0.2%-2% 0.2%-3% 1%-2% 1%-3% 2%-3% 

33 / / / / (P ≤ 0.05) / / (P ≤ 0.05) / / 

194 / (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) / (P ≤ 0.05) 

208 / / / (P ≤ 0.05) / / (P ≤ 0.05) / / (P ≤ 0.05) 

215 / / / / / / (P ≤ 0.05) / / / 
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Figure 4.24.100Average pore water content (%) of LP2B. LP2B measured was amended 

with shrimp chitin. Measurements were taken weekly using a Delta TA-T HH2 Moisture meter. 

Error bars represent standard error (n = 4). 

 

 4.3.1.2.5. Chlorophyll Fluorescence  

 Average chlorophyll fluorescence was observed to be highest in 0.2% chitin-treated 

tomato plants (0.633 au), followed by 3% chitin-treated tomato plants, 2% chitin-treated tomato 

plants, control plants, and finally 1% chitin treated tomato plants had the lowest average 

chlorophyll fluorescence (0.604 au) (figure 4.25). No significant differences were found 

between different chitin treatments.  
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Figure 4.25.101Average chlorophyll fluorescence of Brioso tomato plants. Tomato plants 

were grown using LP2B amended with shrimp chitin. Measurements were taken on day 61 of 

the trial using an Opti-Sciences Y(II) meter. Error bars represent standard error (n = 4). 

 

 4.3.1.2.6. Chlorophyll Content 

 Average chlorophyll content was observed to be highest in control tomato plants (13.12 

au) and the lowest average chlorophyll content was observed in 0.2% chitin-treated tomato 

plants (10.31 au) (figure 4.26). No significant differences were found between different chitin 

treatments. 
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Figure 4.26.102Average chlorophyll content of Brioso tomato plants. Tomato plants were 

grown using LP2B amended with shrimp chitin. Measurements were made on day 61 of the 

trial using a Hansatech CL-01 chlorophyll content meter. Error bars represent standard error (n 

= 4). 

 

 4.3.1.2.7. LMA 

 Average LMA was observed to be highest in control tomato plants (33.56 g·m-2) and 

lowest in 1% chitin-treated tomato plants (26.24 g·m-2) (figure 4.27). No significant differences 

were found between different chitin treatments.  
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Figure 4.27.103Average leaf mass area (LMA) (g·m-2) of Brioso tomato leaves. Tomato 

plants were grown using LP2B amended with shrimp chitin. Leaf area measurements were 

taken on day 233 of the trial, and dry mass measurements were taken on day 235 of the trial 

using a digital weighing scale. Error bars represent standard error (n = 4). 

 

 4.3.1.2.8. Gravimetric Leaf Water Content 

 Gravimetric leaf water content was observed to highest in 2% chitin-treated tomato 

plants (5.75 g) and lowest in 1% chitin-treated tomato plants (4.79 g) (figure 4.28). No 

significant differences were observed for these measurements. 
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Figure 4.28.104Gravimetric leaf water content of Brioso leaves. Tomato plants were grown 

using LP2B amended with shrimp chitin. Calculated by comparing leaf fresh mass on day 233 

of the trial and the leaf dry mass on day 235 of the trial. Error bars represent standard error (n 

= 4). 

 

 4.3.1.2.9. Stem Measurements 

 Average tomato plant stem length was found to be highest in 2% chitin-treated tomato 

plants (4268 mm), followed by 0.2%, 3%, 1 %, and the control tomato plants were found to 

have the lowest average stem length (3851 mm) (figure 4.29 a). Average stem fresh mass was 

observed to be highest in control tomato plants (227 g), with 3% chitin-treated plants having 

the lowest average stem fresh mass (182 g) (figure 4.29 b). Gravimetric stem water content was 

also observed to be highest in control tomato plants (193.65 g), with 3% chitin-treated plants 

having the lowest average stem fresh mass (154.38 g) (figure 4.29 c). When Brioso tomato 

plant stem length, fresh mass, and water content were measured, no significant differences were 

found between chitin treatments.  
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a)  

b)  

c)  

Figure 4.29.105Stem measurements of Brioso tomato plants grown using LP2B amended 

with shrimp chitin. Stem measurements were as follows: a) represents average stem length 

(mm), b) represents average fresh mass (g), and c) represents gravimetric water content (g). 

Error bars represent standard error (n = 4). 
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 4.3.2. Tomato Trial 2 

 In tomato trial 1, there was a lack of fruit development. Tomato trial 2 was carried 

out to investigate if the irrigation system used in tomato trial 1 was responsible for the lack of 

fruit development. All measurements and environmental conditions were consistent with 

tomato trial 1, however, tomato trial 2 utilised the irrigation system and fertiliser used in the 

commercial tomato trial (see methods 2.4.2). 

 

 4.3.2.1. Tomato Plant Measurements 

 4.3.2.1.1. Leaf Production 

 In measuring leaf production for tomato trial 2, it was observed that control plants had 

the highest average leaf number on days 11 and 60-137 and 0.2% chitin-treated tomato plants 

were observed to have the lowest average leaf number on days 25-53, 81, and 95-137 (figure 

4.30). Pair wise comparisons were carried out between all treatments on each measurement day 

and significant differences were observed between treatments 0%-0.2%, 0%-3%, and 2%-3% 

on day 67, and on day 74 significant differences were found between treatments 0%-3% (P ≤ 

0.05). A repeated measures ANOVA found that chitin treatments did not significantly impact 

the leaf production of tomato plants compared to a control, but time as a factor did significantly 

impact leaf production (P < 0.001). An interaction between time and chitin treatment was 

observed on day 53 of the experiment, when it was observed that 0.2% chitin was lower than 

all other chitin treatments and the control. However, the pairwise comparisons carried out did 

not show any significant differences for this day. An interaction between time and chitin 

treatment was also observed for day 95 of the experiment. No significant differences were 

observed in the pairwise comparisons for this measurement day, however it was observed in 

figure 4.30 that there was a slight divergence in leaf production results on this day between 

control and 1% chitin treatments and 3%, 0.2% and 0.2% chitin treatments. As previously 

stated, observed reductions in leaf number were due to the removal of senesced leaves from 

stems.  
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Figure 4.30.106Average leaf production of Brioso tomato plants (tomato trial 2). Tomato 

plants were grown using LP2B amended with shrimp chitin. Measurements were taken weekly 

throughout the trial. Error bars represent standard error (n = 4). 

  

4.3.2.1.2. Leaf Area 

 Average leaf area was observed to be highest in 1% chitin-treated tomato plants on days 

22 and 27 and lowest in 0.2% chitin-treated tomato plants for days 18-22 (figure 4.31).  No 

significant differences were observed between chitin treatments.  
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Figure 4.31.107Average leaf area expansion (mm2) of Brioso tomato plants (tomato trial 

2). Tomato plants were grown using LP2B amended with shrimp chitin. Measurements were 

taken every Monday, Wednesday, and Friday for an 11 day period. Error bars represent 

standard error (n = 4). 

 

 When expressed as leaf area expansion relative to measurements made on day 18 of the 

trial, it was observed that control tomato plants had the lowest average value on days 22-27, 

and 0.2% chitin-treated tomato plants had the highest average leaf area expansion and on days 

22-29 (figure 4.32). No significant differences were observed between chitin treatments.  
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Figure 4.32.108Leaf area expansion (mm2) of Brioso tomato plants (tomato trial 2). 

Calculated leaf area expansion was made relative to starting measurements taken on day 18 for 

Brioso plants grown using LP2B amended with shrimp chitin. Error bars represent standard 

error (n = 4). 

 

 4.3.2.1.3. Mortierella 

 The presence of a white crust on the surface of the fertilised LP2B, previously identified 

as the beneficial fungi Mortierella, was observed on day 11 of the trial on all replicates. The 

prevalence of the white crust was observed to increase proportionally to the increasing chitin 

dry weight percentages. 

 

Table 4.4.11Table representing presence of Mortierella (tomato trial 2). Fungal presence 

was assessed by monitoring the formation of a white crust on the LP2B substrate surface for 

all Brioso tomato replicates grown using LP2B amended with shrimp chitin. ‘y’ represents that 

Mortierella was present, ‘n’ represents that Mortierella was not present. 

Day 0% Chitin 0.2% Chitin 1% Chitin 2% Chitin 3% Chitin 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

4 n n n n n n n n n n n n n n n n n n n n 

11 y y y y y y y y y y y y y y y y y y y y 

18 y y y y y y y y y y y y y y y y y y y y 
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 4.3.2.1.4. Growing Media Measurements 

 When the EC of LP2B amended with chitin was measured (figure 4.33) it was observed 

that the control treatment had the lowest EC up until day 25 of the experiment, when it had the 

highest EC. The control treatment also had the highest EC between days 53-109. Between days 

53-116, 1% chitin-treated tomato plants were observed to have the lowest EC of all treatments. 

Following day 81 of the experiment, the EC of the 3% chitin treatment was observed to increase 

at a higher rate compared to other treatments (figure 4.33). 

 Pairwise comparisons of each treatment were carried out for each measurement day of 

the experiment (table 4.5). Between days 53-109, the control treatment was observed to have a 

significantly higher EC compared to all chitin treatments (table 4.5).  

A repeated measures ANOVA found that chitin treatments significantly impacted the 

EC of tomato plants compared to a control treatment (P < 0.001). Time as a factor was also 

observed to significantly impact the EC of tomato plants in this experiment (P < 0.001). 

Interactions between time and chitin treatments were observed on days 53 and 60 of this 

experiment. When the pairwise comparisons carried out were compared with this finding it was 

observed that, at this point of the experiment, the control treatment had a significantly higher 

EC than all chitin treatments (table 4.5). On day 53, 0.2% chitin-treated tomato plants were 

also observed to be significantly higher than 1% and 2% chitin treatments and the 1% chitin 

treatment was significantly lower than the 3% chitin treatment (table 4.5).
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Table 4.5.12Significant differences observed in electrical conductivity (EC) (ms·m-1) measurements between LP2B shrimp chitin 

amendments (tomato trial 2). 

Day 0%-0.2% 0%-1% 0%-2% 0%-3% 0.2%-1% 0.2%-2% 0.2%-3% 1%-2% 1%-3% 2%-3% 

11 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / (P ≤ 0.05) (P ≤ 0.05) 

18 / / / / / / / / (P ≤ 0.05) / 

32 / / / / / / (P ≤ 0.05) / / / 

53 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / (P ≤ 0.05) / 

60 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

67 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

74 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

81 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / 

88 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05)  (P ≤ 0.05) (P ≤ 0.05)  (P ≤ 0.05) 

95 (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05)    (P ≤ 0.05)  

102  (P ≤ 0.05)         
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Figure 4.33.109Average electrical conductivity (EC) (ms·m-1) of LP2B (tomato trial 2). 

LP2B measured was amended with shrimp chitin. Measurements were taken weekly using a 

Delta TA-T HH2 Moisture meter. Error bars represent standard error (n = 4). 

 

 When LP2B pore moisture content was measured, it was observed that 3% chitin-

treated LP2B had the highest average moisture content on days 4, 18, 32-53, 74, and 95-116 of 

the experiment (figure 4.34). The control treatment was observed to have the lowest moisture 

content on days 4-53, 67-88, and 116. All treatments, including the control treatment, were 

observed to follow a similar pattern until days 67-95 when the pore water content of control 

treatments rises at a slower rate compared to all chitin treatments.  

 Pairwise comparisons were carried out between each treatment on each individual 

measurement day of the experiment (table 4.6). 2% and 3% chitin treatments were observed to 

have a significantly higher pore water content compared to the control treatment for most 

measurement days throughout the experiment (table 4.6).  

A repeated measures ANOVA found that chitin treatments did not significantly impact 

the EC of tomato plants in this experiment compared to a control.  Time as a factor, however, 

did significantly impact the pore water content throughout the experiment (P < 0.001). No 

interactions between time and the chitin treatments were observed for this dataset. This was 

likely due to the similar pattern followed by all treatments in this experiment.  
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Table 4.6.13Significant differences in pore water content (%) observed between LP2B shrimp chitin amendments (tomato trial 2). 

Day 0%-0.2% 0%-1% 0%-2% 0%-3% 0.2%-1% 0.2%-2% 0.2%-3% 1%-2% 1%-3% 2%-3% 

4 / (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

11 / / (P ≤ 0.05) / / (P ≤ 0.05) / (P ≤ 0.05) / / 

18 / / / (P ≤ 0.05) / / / / / / 

32 / / (P ≤ 0.05) (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) / / / 

53 / / / (P ≤ 0.05) / / / / (P ≤ 0.05) / 

60 / / (P ≤ 0.05) / / / / (P ≤ 0.05) / / 

67 / / (P ≤ 0.05) (P ≤ 0.05) / / / (P ≤ 0.05) (P ≤ 0.05) / 

74 / / (P ≤ 0.05) (P ≤ 0.05) / / (P ≤ 0.05) / / / 

81 (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

88 / / (P ≤ 0.05) (P ≤ 0.05) / / / (P ≤ 0.05) / / 
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Figure 4.34.110Average pore water content (%) of LP2B (tomato trial 2). LP2B measured 

was amended with shrimp chitin. Measurements were taken weekly using a Delta TA-T HH2 

Moisture meter. Error bars represent standard error (n = 4). 

 

 4.3.2.1.5. Chlorophyll Fluorescence 

 For chlorophyll fluorescence measurements, control tomato plants had the highest 

average chlorophyll fluorescence (0.7 au) and 2% chitin-treated tomato plants had the lowest 

average chlorophyll fluorescence (0.656 au) (figure 4.35). 2% chitin-treated tomato plants had 

an average leaf chlorophyll fluorescence significantly lower than control and 1% chitin-treated 

tomato leaves (P ≤ 0.05). 
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Figure 4.35.111Average chlorophyll fluorescence of Brioso tomato plants (tomato trial 2). 

Tomato plants were grown using LP2B amended with shrimp chitin. Measurements were taken 

on day 55 of the trial using an Opti-Sciences Y(II) meter. Error bars represent standard error 

(n = 4). Different letters indicate values significantly different from each other (P ≤ 0.05). 

 

 4.3.2.1.6. Chlorophyll Content 

 In chlorophyll content measurements, the control was observed to have the highest 

average result (12.8 au) and 2% chitin-treated tomato plants having the lowest average 

chlorophyll content (9.4 au) (figure 4.36). No significant differences were found between 

different chitin treatments.  
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Figure 4.36.112Average chlorophyll content of Brioso tomato plants (tomato trial 2). 

Tomato plants were grown using LP2B amended with shrimp chitin. Measurements were made 

on day 55 of the trial using a Hansatech CL-01 chlorophyll content meter. Error bars represent 

standard error (n = 4). 

 

 4.3.2.1.7. LMA 

 Average LMA of tomato plants was observed to be highest in 2% chitin-treated tomato 

plants (32.43 g·m-2) and 0.2% chitin-treated tomato plants obtained the lowest (21.92 g·m-2) 

(figure 4.37). No significant differences were found between different chitin treatments. 
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Figure 4.37.113Average leaf mass area (LMA) (g·m-2) of Brioso tomato leaves (tomato 

trial 2). Tomato plants were grown using LP2B amended with shrimp chitin. Leaf area 

measurements were taken on day 132 of the trial, and dry mass measurements were taken on 

day 134 of the trial using a digital weighing scale. Error bars represent standard error (n = 4). 

 

 4.3.2.1.8. Gravimetric Leaf Water Content 

 The highest gravimetric leaf water content was observed in 1% chitin-treated tomato 

plants (5.82 g) and 3% chitin-treated tomato plants had the lowest gravimetric leaf water 

content (3.60 g) (figure 4.38). No significant differences were found between different chitin 

treatments. 
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Figure 4.38.114Gravimetric leaf water content of Brioso leaves (tomato trial 2). Tomato 

plants were grown using LP2B amended with shrimp chitin. Calculated by comparing leaf fresh 

mass on day 132 of the trial and the leaf dry mass on day 134 of the trial. Error bars represent 

standard error (n = 4). 

 

 4.3.2.1.9. Stem Measurements  

 When average stem length was measured it was found that control tomato plants had 

the highest value (4082 mm) and 0.2% chitin-treated tomato plants had the lowest average stem 

length (3360 mm) (figure 4.39 a). Average stem fresh mass was highest in 1% chitin-treated 

tomato plants (370.40 g) and lowest in 0.2% chitin-treated tomato plants (figure 4.39 b). 

Average stem water content was highest in 1% chitin-treated tomato plants (341.93 g) and 

lowest in 0.2% chitin-treated tomato plants (180.98 g) (figure 4.39 c). When Brioso tomato 

plant stem length (mm), fresh mass (g), and water content (g) were measured, no significant 

differences were found between chitin treatments.  
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a)  

b)  

c)  

Figure 4.39.115Stem measurements of Brioso tomato plants grown using LP2B amended 

with shrimp chitin (tomato trial 2). Stem measurements were as follows: a) represents 

average stem length (mm), b) represents average fresh mass (g), and c) represents average 

water content (g). Error bars represent standard error (n = 4). 
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 4.3.2.2. Tomato Fruit Measurements 

 The average fresh mass of fruit grown with 3% chitin was observed to be the highest 

(2.75 g) and 2% chitin-treated tomato plants resulted in fruit with the lowest average fresh mass 

(1.078 g) (figure 4.40). The average fresh mass of fruit grown with 3% chitin was significantly 

higher than control, 0.2%, and 2% chitin treatments (P ≤ 0.05).  

 

 

Figure 4.40.116Average fruit fresh mass (g) of Brioso tomato plants (tomato trial 2). 

Tomato plants were grown using LP2B amended with shrimp chitin. Error bars represent 

standard error – 0% n = 6, 0.2% n = 7, 1% n = 4, 2% n = 9, and 3% n = 28. Fruit measurements 

were made on day 116 of the trial using a digital weighing scale. Different letters indicate 

values significantly different from each other (P ≤ 0.05). 

 

 

 4.3.3. Antioxidant Assays 

 4.3.3.1. Tomato Trial 1 Leaf Samples 

 Figure 4.43 represents the mean value of three separate Folin’s assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato leaf samples to determine TPC as gallic 

acid equivalents. The average TPC of Brioso tomato leaf samples was observed to be 

significantly higher (P ≤ 0.05) in plants grown with 3% chitin (534.19 µg·ml-1) compared to 

all other treatments (figure 4.43). Samples grown using control LP2B were observed to have a 

significantly lower (P ≤ 0.05) TPC compared to other treatments (363.88 µg·ml-1). No 

significant differences were observed between samples grown with 0.2%, 1%, and 2% chitin. 

Of these three chitin treatments, 2% obtained the highest average value (512.02 µg·ml-1), 

followed by 0.2% (466.55 µg·ml-1) and 1% (465.14 µg·ml-1). 
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Figure 4.43.117Average total phenolic content (TPC) of Brioso tomato plant leaf samples. 

Average TPC measured in gallic acid equivalents (µg·ml-1) in the Folin’s assay. Tomato plants 

were grown using LP2B amended with shrimp chitin. Error bars represent standard error (n = 

3). Different letters indicate values significantly different from each other (P ≤ 0.05). 

 

 Figure 4.44 represents the mean value of three separate FRAP assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato leaf samples to determine the 

antioxidant activity of these samples. The control samples (1.04 mmol·L-1) had an average 

concentration of reducing compounds significantly lower (P ≤ 0.05) than the other treatments. 

No significant differences were observed between different chitin treatments. Of these 

treatments, 3% chitin resulted in the highest average concentration of reducing compounds 

(1.54 mmol·L-1), followed by 0.2% (1.35 mmol·L-1), 2% (1.34 mmol·L-1), and 1% chitin (1.33 

mmol·L-1).  
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Figure 4.44.118Average antioxidant activity of Brioso tomato plant leaf samples. 

Antioxidant activity measured as average concentration (mmol·L-1) of reducing compounds in 

the FRAP assay. Tomato plants were grown using LP2B amended with shrimp chitin. Error 

bars represent standard error (n = 3). Different letters indicate values significantly different 

from each other (P ≤ 0.05). 

 

 Figure 4.45 represents the mean value of three separate DPPH assays (each assay with 

samples in triplicate) carried out on Brioso tomato leaf samples to assess the free radical 

scavenging activity of these samples. Control samples were significantly lower (P ≤ 0.05) than 

other samples with an average inhibition of 81.4%. No significant differences were found 

between chitin treatments. Of these treatments, 3% chitin-treated leaf samples had the highest 

average inhibition (90.7%), followed by 2% (89.5%), 0.2% (87.6%) and 1% (88.0%). 
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Figure 4.45.119Average free radical scavenging activity of Brioso tomato plant leaf 

samples. Average free radical scavenging activity measured as DPPH free radical inhibition 

(%). Tomato plants were grown using LP2B amended with shrimp chitin. Error bars represent 

standard error (n = 3). Different letters indicate values significantly different from each other 

(P ≤ 0.05). 

 

 Total antioxidant status (TAS) measurements using the Randox antioxidant assay failed 

to show any antioxidant activity in control (-0.67 mmol·L-1) and 0.2% chitin-treated samples 

(-0.24 mmol·L-1) showing negative values for both. 3% chitin-treated samples, however, were 

observed to have a significantly higher TAS (2.36 mmol·L-1) compared to control and 0.2% 

treatments (P ≤ 0.05) (figure 4.46).  
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Figure 4.46.120Average total antioxidant status (TAS) (mmol·L-1) of Brioso tomato plant 

leaf samples. Tomato plants were grown using LP2B amended with shrimp chitin. Error bars 

represent standard error (n = 3). Different letters indicate values significantly different from 

each other (P ≤ 0.05). 

 

 4.3.3.2. Tomato Trial 2 Leaf Samples 

 Figure 4.47 represents the mean value of three separate Folin’s assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato leaf samples to determine TPC as gallic 

acid equivalents. Significant differences were found between treatments 0%-2%, 0%3%, 0.2%-

1%, 0.2%-2%, 0.2%-3%, and 1%-3% (P ≤ 0.05). 3% chitin-treated leaf samples had the highest 

average TPC (197.65 µg·ml-1), followed by 2% (188.64 µg·ml-1), 1% (182.54 µg·ml-1), control 

(175.40 µg·ml-1), and 0.2% (168.49 µg·ml-1) chitin treatments. 

 

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0% 0.2% 3%

C
o
n
ce

n
tr

at
io

n
 (

m
m

o
l·

L
-1

)

Chitin Percentage (%)

a a

b



278 

 

Figure 4.47.121Average total phenolic content (TPC) of Brioso tomato plant leaf samples 

(tomato trial 2). Average TPC (µg·ml-1) measured in gallic acid equivalents (µg·ml-1) in the 

Folin’s assay. Tomato plants were grown using LP2B amended with shrimp chitin. Error bars 

represent standard error (n = 3). Different letters indicate values significantly different from 

each other (P ≤ 0.05). 

 

 Figure 4.48 represents the mean value of three separate FRAP assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato leaf samples to determine the 

antioxidant activity of these samples by measuring the concentration of reducing compounds. 

The average concentration of reducing compounds of leaf samples was observed to be 

significantly higher (P ≤ 0.05) in plants grown with 3% chitin (0.399 mmol·L-1) compared to 

all other treatments. Samples grown using control LP2B were observed to have a significantly 

lower (P ≤ 0.05) average value compared to other treatments (0.261 mmol·L-1). No significant 

differences were observed between samples grown with 0.2%, 1%, and 2% chitin. Of these 

three chitin treatments, 2% obtained the highest average value (0.360 mmol·L-1), followed by 

1% (0.338 mmol·L-1) and 0.2% (0.324 mmol·L-1).  
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Figure 4.48.122Average antioxidant activity of Brioso tomato plant leaf samples (tomato 

trial 2). Antioxidant activity measured as average concentration (mmol·L-1) of reducing 

compounds in the FRAP assay. Tomato plants were grown using LP2B amended with shrimp 

chitin. Error bars represent standard error (n = 3). Different letters indicate values significantly 

different from each other (P ≤ 0.05). 

 

 Figure 4.49 represents the mean value of three separate DPPH assays (each assay with 

samples in triplicate) carried out on Brioso tomato leaf samples to assess the free radical 

scavenging activity of these samples. Significant differences were found between treatments 

0%-2%, 0%-3%, 0.2%-2%, 0.2%-3%, 1%-2%, and 1%-3% (P ≤ 0.05). The highest average 

inhibition was leaf samples grown with 3% chitin (68.6%), followed by 2% (64.1%), 0.2% 

(54.9%), and 1% chitin (54.2%). Control samples had the lowest average inhibition of DPPH 

free radicals (50.9%). 
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Figure 4.49.123Average free radical scavenging activity of Brioso tomato plant leaf 

samples (tomato trial 2). Average free radical scavenging activity measured as DPPH free 

radical inhibition (%). Tomato plants were grown using LP2B amended with shrimp chitin. 

Error bars represent standard error (n = 3). Different letters indicate values significantly 

different from each other (P ≤ 0.05). 

 

 When total antioxidant status (TAS) of Brioso tomato leaf samples was measured, 

averages for control, 0.2% and 3% chitin treatments were significantly different from each 

other (P ≤ 0.05). Control leaves resulted in the highest average TAS (0.01 mmol·L-1), followed 

by 3% (-0.14 mmol·L-1) and 0.2% (-0.53 mmol·L-1) chitin-treated leaves (figure 4.50).  
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Figure 4.50.124Average total antioxidant status (TAS) (mmol·L-1) of Brioso tomato plant 

leaf samples (tomato trial 2). Tomato plants were grown using LP2B amended with shrimp 

chitin. Error bars represent standard error (n = 3). Different letters indicate values significantly 

different from each other (P ≤ 0.05). 

 

 4.3.3.3. Tomato Trial 2 Fruit Samples 

 Figure 4.51 represents the mean value of three separate Folin’s assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato fruit samples to determine TPC as gallic 

acid equivalents. Significant differences were found between treatments 0%-0.2%, 0%-1%, 

0%-2%, 0.2%-1%, 0.2%-2%, 0.2%-3%, and 1%-3% (P ≤ 0.05). 0.2% chitin-treated fruit 

samples were observed to have the highest average TPC (470.22 µg·ml-1), followed by 1% 

(402.80 µg·ml-1), 2% (373.17 µg·ml-1), and 3% chitin-treated samples (344.50 µg·ml-1). 

Control fruit was observed to have the lowest average TPC of all treatments (340.21 µg·ml-1). 
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Figure 4.51.125Average total phenolic content (TPC) of Brioso tomato fruit samples 

(tomato trial 2). Average TPC measured in gallic acid equivalents (µg·ml-1) in the Folin’s 

assay. Tomato plants were grown using LP2B amended with shrimp chitin. Error bars represent 

standard error (n = 3). Different letters indicate values significantly different from each other 

(P ≤ 0.05). 

 

 Figure 4.52 represents the mean value of three separate FRAP assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato fruit samples to determine the 

antioxidant activity of these samples by measuring the concentration of reducing compounds. 

Significant differences were observed between treatments 0%-0.2%, 0%-1%, 0.2%-3%, and 

1%-3% (P ≤ 0.05). 0.2% chitin-treated fruit samples had the highest average concentration of 

reducing compounds (1.37 mmol·L-1), followed by 1% (1.24 mmol·L-1), 2% (1.05 mmol·L-1), 

and control fruit samples (0.98 mmol·L-1). 3% chitin-treated fruit samples were observed to 

have the lowest average concentration of reducing compounds (0.87 mmol·L-1). 
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Figure 4.52.126Average antioxidant activity of Brioso tomato fruit samples (tomato trial 

2). Antioxidant activity measured as average concentration (mmol·L-1) of reducing compounds 

in the FRAP assay. Tomato plants were grown using LP2B amended with shrimp chitin. Error 

bars represent standard error (n = 3). Different letters indicate values significantly different 

from each other (P ≤ 0.05). 

 

 Figure 4.53 represents the mean value of three separate DPPH assays (each assay with 

samples in quadruplicate) carried out on Brioso tomato fruit samples to assess the free radical 

scavenging activity of these samples. The average inhibition of tomato fruit grown with 3% 

chitin was significantly lower (P ≤ 0.05) than all other treatments (56.5%). No significant 

differences were observed between other treatments. 1% chitin-treated fruit samples were 

observed to have the highest average inhibition (79.3%), followed by 0.2% (78.3), 2% (77.5%), 

and the control (73.8%). 

 

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

1.600

0% 0.2% 1% 2% 3%

C
o
n
ce

n
tr

at
io

n
 (

m
m

o
l·

L
-1

)

Chitin Percentage (%)

a, b
b

a, b, c

a, c
c



284 

 

Figure 4.53.127Average free radical scavenging activity of Brioso tomato fruit samples 

(tomato trial 2). Average free radical scavenging activity measured as DPPH free radical 

scavenging inhibition (%). Tomato plants were grown using LP2B amended with shrimp chitin. 

Error bars represent standard error (n = 3). Different letters indicate values significantly 

different from each other (P ≤ 0.05). 

 

 Fruit samples grown using control, 0.2%, and 3% chitin amended LP2B all had average 

TAS values significantly different from each other (figure 4.54). 0.2% chitin-treated fruit was 

observed to have the highest average value (2.18 mmol·L-1), followed by 3% (1.95 mmol·L-1), 

and the control (1.72 mmol·L-1). 
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Figure 4.54.128Average total antioxidant status (TAS) (mmol·L-1) of Brioso tomato fruit 

samples (tomato trial 2). Tomato plants were grown using LP2B amended with shrimp chitin. 

Error bars represent standard error (n = 3). Different letters indicate values significantly 

different from each other (P ≤ 0.05). 

 

 4.3.4. Mineral Analysis 

 4.3.4.1. LP2B Samples XRF  

 The XRF mineral composition of LP2B sampled prior to the experiments, the mineral 

composition of LP2B sampled on day 195 of tomato trial 1, and the mineral composition of 

LP2B sampled on day 69 of tomato trial 2 is shown in appendix VI. Significant differences 

found when the mineral composition of starting LP2B and LP2B collected on day 195 of 

tomato trial 1 are shown in figure 4.55. Significant differences found when the mineral 

composition of starting LP2B and LP2B collected on day 69 of tomato trial 2 are shown in 

figure 4.56. 

 

0

0.5

1

1.5

2

2.5

0% 0.2% 3%

C
o
n
ce

n
tr

at
io

n
 (

m
m

o
l·

L
-1

)

Chitin Percentage (%)

a

b
c



286 

a)  

b)  

Figure 4.55.129Mineral analysis composition (% mass) of significantly different elements 

and compounds in LP2B amended with shrimp chitin. a) LP2B was sampled before and 

195 days of tomato trial 1 and tested in XRF analysis. This figure represents the change in 

composition between sampling days. b) Graph represents change in composition for CuO, 

Br, SrO, and MoO3 specifically due to low % mass. Elements represented are as follows: 

sodium oxide (Na2O), aluminium oxide (Al2O3), silicon dioxide (SiO2), phosphorus pentoxide 

(P2O5), sulphur trioxide (SO3), chlorine (Cl), potassium oxide (K2O), calcium oxide (CaO), 
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titanium dioxide (TiO2), manganese(II) oxide (MnO), iron(III) oxide (Fe2O3), copper(II) oxide 

(CuO), bromine (Br), strontium oxide (SrO), molybdenum trioxide (MoO3). Error bars 

represent standard error (n = 8). 
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Figure 4.56.130Mineral analysis composition (% mass) of significantly different elements 

and compounds in LP2B amended with shrimp chitin. a) LP2B was sampled before and 69 

days of tomato trial 2 and tested in XRF analysis. This figure represents the change in 

composition between sampling days. b) Graph represents change in composition for ZnO, 

Br, SrO, and MoO3 specifically due to low % mass. Elements represented are as follows: 

magnesium oxide (MgO), aluminium oxide (Al2O3), silicon dioxide (SiO2), phosphorus 

pentoxide (P2O5), sulphur trioxide (SO3), chlorine (Cl), potassium oxide (K2O), calcium oxide 

(CaO), manganese(II) oxide (MnO), iron(III) oxide (Fe2O3), copper(II) oxide (CuO), zinc oxide 

(ZnO), bromine (Br), strontium oxide (SrO), molybdenum trioxide (MoO3). Error bars 

represent standard error (n = 8). 

 

 4.3.4.2. LP2B Samples OES 

 The OES analysis of LP2B sampled prior to the experiments, the OES analysis of LP2B 

sampled on day 195 of tomato trial 1, and the OES analysis of LP2B sampled on day 69 of 

tomato trial 2 is shown in appendix VII. Significant differences found when the OES analysis 

of starting LP2B and LP2B collected on day 195 of tomato trial 1 are shown in figure 4.57. 

Significant differences found when the OES analysis of starting LP2B and LP2B collected on 

day 69 of tomato trial 2 are shown in figure 4.58.  
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b)  

Figure 4.57.131Mineral analysis of significantly different elements and compounds in 

LP2B amended with shrimp chitin. LP2B was sampled before and 195 days of tomato trial 

1 and measured in OES analysis. This figure represents the change in composition between 

sampling days. a) represents the change in iron between the sampling days, b) represents the 

change in copper and lead between sampling days. Measurements shown are the average ± 

standard error values of concentrations (ppm in substrate mg·kg-1) of elements present in 

samples. Elements represented are as follows: iron (Fe), copper (Cu), lead (Pb). 
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b)  

Figure 4.58.132Mineral analysis of significantly different elements and compounds in 

LP2B amended with shrimp chitin. LP2B was sampled before and 69 days of tomato trial 2 

and measured in OES analysis. This figure represents the change in composition between 

sampling days. a) represents the change in manganese and copper between sampling days, b) 

represents the changes in lead. Measurements shown are the average ± standard error values of 

concentrations (ppm in substrate mg·kg-1) of elements present in samples. Elements 

represented are as follows: manganese (Mn), copper (Cu), lead (Pb). 

 

 4.3.4.3. Tomato Trial 2 Leaf Samples OES 

 The OES analysis of Brioso tomato leaf samples is shown in appendix VIII. The 

following significant differences (P ≤ 0.05) were found between concentrations of the elements 

in chitin amended Brioso tomato leaf samples (table 4.7): 
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Table 4.7.14Significant differences observed in OES analysis of Brioso tomato leaf samples. Leaf samples were grown using LP2B amended 

with shrimp chitin and sampled on day 69 of tomato trial 2. 

Element 0%-0.2% 0%-1% 0%-2% 0%-3% 0.2%-1% 0.2%-2% 0.2%-3% 1%-2% 1%-3% 2%-3% 

Cadmium (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / 

Cobalt (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / / / / / / 

Iron (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) 

Manganese / (P ≤ 0.05) (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) / / (P ≤ 0.05) (P ≤ 0.05) 

Chromium / / / (P ≤ 0.05) / / / / / / 

Copper (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / (P ≤ 0.05) (P ≤ 0.05) 

Zinc (P ≤ 0.05) / / (P ≤ 0.05) (P ≤ 0.05) / / / / / 

Tin (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) (P ≤ 0.05) / / (P ≤ 0.05) / (P ≤ 0.05) (P ≤ 0.05) 

Vanadium / / (P ≤ 0.05) (P ≤ 0.05) / (P ≤ 0.05) / (P ≤ 0.05)/ / / 
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 4.4. Chitin Amended LP2B Tomato Studies Discussion 

 Following the commercial tomato trial which tested a 2 kg·m-3 shrimp chitin 

amendment, a range of shrimp chitin dry weight percentages was investigated to further assess 

its impact on tomato cultivation. The impact a range of chitin had on tomato crop growth was 

assessed by measuring leaf production, leaf area, leaf chlorophyll content and fluorescence, 

and LMA. These measurements were carried out for the lettuce trials and, therefore, the impact 

a range of chitin amendments had on lettuce and tomato crop growth were compared. Fruit 

yield measurements were made in tomato trial 2 to assess the impact a range of chitin had on 

fruit production. How a range of chitin impacted the antioxidant capacity of tomato leaves and 

fruit was also investigated as part of this thesis and, furthermore, mineral analysis of chitin 

amended substrate and how this impacted the mineral composition of tomato leaves was 

investigated. 

 

 4.4.1. Tomato Trial 1  

Tomato trial 1 aimed to compare the impact of chitin on tomato plants to results 

acquired in the lettuce trials. Therefore, the experiment was set-up mirroring the butterhead 

lettuce trial using fertilised LP2B substrate and shrimp chitin. Tomato trial 1 also employed 

hand watering into trays in which the 1 L pots were positioned, instead of the Dosatron 

irrigation system utilised in the commercial tomato trial. The chitin dry weight percentages 

tested were consistent with the lettuce trials (0%, 1%, 2%, and 3%) with the addition of 0.2%. 

The commercial tomato trial tested growing media amended with 2 kg·m-3 chitin. As discussed, 

when this was calculated as a volume percentage, its value was 0.2%, however, percentages 

used in lettuce trials were dry weight percentages. The amount of chitin per 1 L pot for the 

butterhead lettuce trial is shown in table 4.8.  

 

Table 4.8.15Amounts of LP2B substrate and shrimp chitin per 1 L for the tomato trial 1. 

Chitin Treatment Volume of media 

(ml) 

LP2B per pot (g) Shrimp chitin per 

pot (g) 

0% 1000 187.4425 0.0000 

1% 1000 178.2025 1.7825 

2% 1000 180.9600 3.6200 

3% 1000 179.0875 5.3725 

Total 4000 725.6925 10.7750 
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When calculating 0.2% volume (g·L-1) for LP2B and shrimp chitin in 1 L pots, the 

result was 2 g of chitin per pot, which was very similar to 1% dry weight chitin percentage 

(table 4.8). Therefore, if tomato trial 1 had utilised 0.2% volume (g·L-1) of shrimp chitin in 

LP2B, this was calculated as 1.11% dry weight percentage. It was decided that this value was 

similar to 1% dry weight percentage and results would be compared to this chitin percentage 

to compare between trials. It was decided to test 0.2% dry weight percentage as a way of 

investigating the impact this amendment would have compared to 2% dry weight percentage 

(10-fold difference in chitin). 0.2% dry weight chitin was also tested in previous studies with 

tomato (123), and eggplant (in the Solanum genus) (117).  

  

 4.4.1.1. Germination 

 Brioso tomato seeds germinated with 0.2% chitin were observed to have a 10% lower 

germination success compared to other chitin treatments and a 5% lower germination success 

compared to the control. Tomato seeds sowed in LP2B with 1%, 2%, and 3% shrimp chitin all 

had 100% germination success and were observed to be higher than the control. This correlated 

with a previously published report examining rice paddy seed germination in the presence of 

2%, 1.5%, and 1% shrimp-derived chitosan solution prepared in 1% acetic acid and 12% 

NaOH, observing that the 2% chitosan solution resulted in a germination success 62.8% higher 

than control seeds (379).  

 

 4.4.1.2. Tomato Plant Measurements 

 Leaf production was monitored over the course of tomato trial 1 for 215 days and 

observed to drop on days 47, 124, 145, and 173 when senescing leaves at the base of the plant 

were removed (figure 4.20). On day 47, the control plants were observed to have an average 

leaf number significantly lower than chitin treatments 1%, 2%, and 3%. On this day 0.2% 

chitin-treated plants also had a significantly lower leaf production compared to 3% chitin-

treated plants. Similarly, on days 54 and 82 0.2% chitin-treated tomato plants were observed 

to have a significantly lower leaf number compared to 3% chitin-treated tomato plants. It was 

noted that 0.2% chitin was the only LP2B amendment which did not result in the highest 

average leaf number throughout tomato trial 1.  

 Comparing these results to the butterhead lettuce trial in which LP2B was amended 

with shrimp chitin, it was observed that 1% shrimp chitin consistently resulted in the highest 

lettuce leaf number (figure 3.28 a). For lettuce leaf number it was concluded that the higher 

chitin percentages, 2% and 3%, were less beneficial to plant growth. This trend was not 



294 

observed for Brioso tomato plants in tomato trial 1, in which 2% and 3% chitin resulted in a 

leaf number higher than or equal to 1% chitin on days 19-61, 82-96, 152, and 166-201. This 

suggested that the optimum range of chitin observed in lettuce trials was not equivalent to 

tomato crop, as 3% chitin was not detrimental to this growth measurement.  

 When leaf production was measured in the butterhead lettuce trials, a repeated measures 

ANOVA showed that shrimp chitin consistently impacted lettuce leaf production when 

compared to crab chitin which impacted leaf production more at the start of the trials. It was 

discussed that this was potentially due to crab chitin being more readily broken down by fungi 

such as Mortierella resulting in a high concentration of available nitrates at the start of the 

experiment (4). It was discussed in section 3.4.2 that shrimp chitin could be suggested to be 

broken down at a slower rate throughout the experiment resulting in a more consistent release 

of available nitrates. This was also observed in tomato trial 1, in which a repeated measures 

ANOVA showed that shrimp chitin impacted leaf production consistently throughout the 

experiment. This was significant to compare as the growing period of tomato trial 1 was ten-

fold that of the butterhead lettuce trial. However, even with the much larger growing period, 

shrimp chitin’s impact on leaf production was not seen to decrease, supporting the suggestion 

that it was slowly broken down over the course of the experiment releasing available nitrates 

consistently. This data supports the Horti-BlueC project’s decision to test shrimp chitin instead 

of crab chitin. This slow release of available nitrates is far more beneficial in tomato production 

- which can last up to 10 months - compared to crab chitin which was shown to have reduced 

impact after 14 days in butterhead lettuce production.  

Previous studies assessed chitin amendments 0.1 mg/ml, 0.1-0.5%, 0.5 g, 0.05-0.3% 

(w/w), and 0.1-1% (w/w), all values lower than 3% dry weight tested as part of this thesis 

(8,115,121–123). Therefore, this thesis has expanded on work carried out as part of these 

studies to show that tomato crop growth benefits from a higher percentage of chitin. Further 

work to be carried out would include testing of higher dry weight percentages of chitin in 

tomato cultivation. 3% chitin was shown to result in a higher average leaf number compared 

to lower chitin percentages and, therefore, it would be interesting to observe the impact of 

higher percentages. In lettuce trials carried out as part of this thesis an optimum chitin range 

between 1-2% was observed before the chitin began to result in lower leaf production. It was 

not clear why the optimum chitin dry weight percentage of chitin was higher for tomato than 

lettuce. A large difference in these two crops is in their overall size and life-span. While both 

crops were grown in 1 L pots, tomato plants were grown to ~4 m in height over a 6-10 month 

growing period whereas lettuce plants are all below 1 m in height and were grown for 40-50 
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day periods. Given the different sizes and life-spans of the two crops it could suggested that 

available nutrients in the soil would be utilised by the crops in different ways, with the tomato 

plants potentially storing more nutrients for future use in plant growth and fruit production 

(380). Therefore, it could be suggested that tomato plants can tolerate a higher dry weight 

percentage of chitin as it will utilise this compound more over time. Future work could 

investigate how much chitin can be utilised before lettuce leaf production begins to reduce and 

also an investigation into other crops and their individual optimum chitin dry weight 

percentages. 

 When leaf expansion was investigated, it was observed that 3% chitin-treated tomato 

plants consistently had the highest average leaf area increase relative to the starting 

measurements (figure 4.22). It was also noted that control tomato plants had a significantly 

lower leaf area compared to 0.2% and 1% on day 47, 1% and 2% on day 49, 1%, 2%, and 3% 

on day 54 (figure 4.22). This data further demonstrated that shrimp chitin amendments 

increased the growth of Brioso plants and that 3% chitin resulted in the highest increase, as 

observed in tomato leaf production (figure 4.20). In the butterhead lettuce trials, it was observed 

that 1% chitin resulted in the highest leaf area and 2% and 3% chitin were detrimental to the 

growth of lettuce resulting in leaf areas consistently lower than the control (figure 3.29 a). It 

was noted that in leaf area increase relative to the starting measurements for tomato trial 1 

(figure 4.22) that 1% chitin consistently had the second highest leaf area increase compared to 

other chitin treatments and was consistently higher than 2% chitin. Furthermore, it was 

observed that 1% chitin resulted in the highest average leaf area from days 40-54. This 

suggested that utilising shrimp chitin in dry weight percentages 1%-3% resulted in increased 

tomato plant growth compared to 0.2% and the control. This did not correlate with results 

observed by Chibu (2000) which found that 0.1% (w/w) chitosan resulted in tomato leaves with 

the largest leaf area compared to 0.5% (w/w) (8). This study differed slightly in that chitosan 

was tested, compared to chitin. The source material of the chitosan was not specified and, 

therefore, could be a crustacean mix compared to the pure shrimp chitin tested as part of this 

thesis.  

 A possible explanation for this increase in plant growth was the presence of Mortierella, 

observed as a white crust on the surface of all Brioso tomato plant replicate LP2B substrate by 

day 33 of tomato trial 1 (table 4.4). As discussed in section 3.4.5 of this thesis, the presence of 

Mortierella is associated with increased available nitrate concentration due to its suggested 

breakdown of chitin and was suggested as a potential explanation of the observed increases in 

plant growth (4).  
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On day 21 of tomato trial 1, yellow spots began to develop on the leaves of all plant 

replicates. Possible explanations of these yellow spots included a lack of fertilisation, or root 

rot caused by the tomato plants sitting in water in the trays (381). From day 21 of the 

experiment, tomato plants were watered daily, directly into the trays for up to six hours, before 

the water was emptied from the tray at the end of the day. Bottom watering is known to lead to 

a build-up of minerals in growing media, therefore, once a month plants were watered from the 

above and allowed to drain out of the base of the 1 L pots to remove excess minerals (381). A 

commercially available tomato fertiliser ‘Westland Big Tom Super Tomato Food’ was 

purchased for use as the Solufeed Superior Fleury fertiliser was designed only for use in 

irrigation systems. Fertiliser solution was prepared in water following manufacturer’s 

guidance. In order not to over-fertilise the tomato plants, a ‘dunk’ technique was utilised in 

which pots were placed in trays containing fertiliser solution for one hour before removing 

them (307). This technique was used once a month until day 99 of the trial when it was decided 

to water plants daily with the fertiliser solution diluted 1 in 10 in water.  

 Yellow spots on the tomato leaves were continually monitored and the prevalence of 

them did not stop with the different irrigation techniques. Yellow spots were most prevalent in 

mature leaves, leading to senescence and curling of these leaves. Younger leaves did not show 

yellow spots until around 14 days when senescence would start. The yellow spots were 

consistently observed in each chitin treatment; thus, it was concluded to be due to 

environmental conditions. The prevalence of these yellow spots was also monitored in tomato 

trial 2, which utilised a different method of irrigation.  

 No significant differences were observed for chlorophyll fluorescence or chlorophyll 

content of tomato leaves (figures 4.25 and 4.26), indicating that the chitin amendments did not 

increase the abiotic stress of tomato plants (337,356).  

 Fertilisers have previously been shown to impact the EC of growing media (382,383). 

The EC of chitin amended LP2B in tomato trial 1 was seen to vary throughout the experiment 

(figure 4.23). However, the EC of 0.2% chitin amended LP2B was shown to be significantly 

higher than all other chitin treatments on days 54 and 194. The measured EC was observed to 

decrease for all treatments between days 26-82 after which, the EC of all treatments increased. 

This increase in EC correlated with more frequent use of the ‘Westland Big Tom Super Tomato 

Food’ fertiliser and the EC was shown to increase further following day 99 when this fertiliser 

began to be used daily at a 1 in 10 dilution. This suggested that the more frequent use of 

fertiliser solution increased the EC of chitin amended LP2B, but there was no evidence that the 

chitin impacted this increase.  
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 The average water content of all chitin amended LP2B was observed to decrease 

between days 26-47 but then observed to increase until day 180 (figure 4.24). On day 180, the 

average water content of all LP2B decreased before increasing again on day 187. Control LP2B 

was observed to have the lowest average LP2B water content on days 61-75, 89-103, and 194-

208. When lettuce plants were grown using LP2B amended with shrimp chitin, the control 

LP2B was also observed to have the lowest average water content from days 25-32 (figure 3.33 

a). In tomato trial 1, 3% chitin amended LP2B was observed to have the highest average water 

content on days 26, 54-96, 117-131, 180-187, and 201-215 (figure 4.24). 1% and 3% chitin 

amended LP2B was observed to have a significantly higher water content on days 194, 208, 

and 215 compared to control, 0.2%, and 2% chitin amended LP2B. A 1994 study suggested 

that tomato plants adjust to higher or lower water content in stonewool growing slabs and the 

increased water content does not detrimentally impact plant health or growth (384). This 

correlated with chlorophyll measurements taken in tomato trial 1, in which there was no 

indication of plant abiotic stress (figures 4.25 and 4.26). 

 Chitin was previously concluded not to impact the water content of LP2B (section 

3.4.4) suggesting that observed differences were caused by the differences observed in plant 

growth. This indicated that 1% and 3% chitin-treated tomato plants were retaining significantly 

more water in the LP2B substrate than the control, 0.2%, and 2% chitin-treated plants following 

day 187. This was suggested to be due to greater demand by these plants to support the observed 

increase in leaf number and leaf expansion. Tomato plants with increased biomass required 

more water for function compared to plants with lower biomass.  

 Average LMA was observed to be highest in control plants indicating thicker leaves 

and lowest in 1% and 3% chitin-treated plants indicating thinner leaves (figure 4.27). It was 

observed in the lettuce trials that leaf thickness correlated with leaf water loss through 

transpiration (section 3.2.2). In the butterhead lettuce trial, it was observed that control lettuces 

had thicker leaves with a smaller leaf area correlating with a lower average water content of 

LP2B amended with shrimp chitin. For tomato trial 1, control plants were observed to have 

lower LP2B water content values, higher LMA values, and a consistently lower average leaf 

area (figures 4.21 and 4.24). This indicated that the thinness and large area of 1% and 3% 

chitin-treated tomato leaves were associated with the observed higher LP2B water content, as 

suggested in the butterhead lettuce trial.  

  In sections 3.2.2 and 3.4.2 a lower average LMA in lettuce leaves was discussed as an 

indicator of higher photosynthetic rate (327). A higher photosynthetic rate in 1% and 3% chitin-

treated tomato plants could have explained the increased leaf growth observed compared to 
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controls. Increases in tomato plant growth have been shown to correlate with increases in 

photosynthetic rate in previous studies (385,386). A 2000 study showed that increased tomato 

plant water uptake correlated with increased leaf photosynthetic rate and transpiration (387). 

This suggested that 1% and 3% chitin-treated tomato plants had increased water uptake 

resulting in a higher leaf photosynthetic rate increasing the growth of leaves.  

 Furthermore, 1% and 3% chitin-treated leaves were observed to have a lower average 

leaf and stem water content compared to control leaves (figures 4.28 and 4.29 c). This indicated 

a potentially increased water loss from these leaves and stems due to increased transpiration, 

compared to control leaves and stems observed to have a higher average water content. It was 

suggested water loss through transpiration was lower, therefore, more water was being stored 

within control tomato plant biomass.  

 

 4.4.1.3. Tomato Fruit Measurements 

 Flowers began to develop on all chitin treatments from day 50 of tomato trial 1. 

However, following a reduction in greenhouse temperatures to as low as 4.8oC on day 77 of 

the trial, due to a malfunction with the greenhouse boiler, no fruit development was observed 

for these flowers. This occurred due to a temperature drop in April 2021. Following the 

restoration of the greenhouse temperature to 21oC, flower development was observed again 

and was monitored weekly.  

Following this, flowers began to drop from tomato plants in a process known as 

blossom drop. On day 110 of the tomato trial monitoring flower development was altered to 

reflect the flowers dropping on every tomato plant. It was observed that developing flowers 

remained on the tomato plants for approximately 7 days before dropping. The flower 

monitoring was also altered to reflect tomato trusses which form but did not develop into 

flowers.  

Blossom drop in tomato plants has been associated with high temperatures and 

humidity (364,388).  By day 146 the UK was approaching summer temperatures and the 

greenhouse was reaching temperatures of up to 41.0oC and a relative humidity of 75.7% 

(appendix IV). The shade netting in the greenhouse (originally in place to reduce the effects of 

uneven light intensity) was removed on day 146 of the trial to decrease humidity and the 

temperature of the greenhouse. When removing the shade netting showed no reduction in 

temperature it was decided to move all tomato plants to a different greenhouse under the same 

conditions but with improved ventilation and temperature control. 
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After relocation flowers on all plants began to develop fruit, however, maturation was 

halted at the green stage. Weekly monitoring of the flowers and fruit was continued. On day 

212 for one plant replicate in 0.2% and 1% chitin treatments, the fruit was observed to be 

orange and soft (figure 4.59). This fruit was monitored and was found to grow wrinkled before 

dropping off the plant – red maturation stage was never reached.  

Suggested reasons for this lack of fruit development included blossom-end rot. 

However, fruit did not display the characteristic dark spot associated with this physiological 

disorder in tomato cultivation (389,390). Furthermore, blossom end-rot is known to be caused 

by a calcium deficiency during plant growth (389). These experiments were carried out using 

Portsmouth water, known to be high in calcium compared to other regions of the UK (391). 

Had the fruit development issue have been blossom-end rot, it would have been interesting to 

observe if the chitin treatments in any way reduced the symptoms as chitin is known to be high 

in calcium carbonate (87). 

This lack of fruit development was suggested to be due to the abiotic stress the tomato 

plants had potentially experienced through bottom watering and extreme temperatures. Tomato 

trial 2 aimed to further investigate this by testing a different irrigation system and was started 

in July to reduce the chance of extreme temperatures.  

 

a)  b)  

Table 4.59.16Developing Brioso tomato fruit amended with shrimp chitin. Fruit 

developing in tomato trial 1 on a plant replicate from (a) 1% chitin and (b) 0.2% chitin. 
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 4.4.2. Tomato Trial 2 

 Tomato trial 2 was planned to investigate if the bottom watering utilised in tomato trial 

1 was potentially the cause of the yellow spots on leaves and also the lack of fruit development. 

This decision was made knowing that these results could not be directly compared to the lettuce 

trial results due to the difference in watering technique. The growing conditions and chitin dry 

weight percentages were all consistent with tomato trial 1, and the only difference was the use 

of the Dosatron irrigation system and fertiliser utilised in the commercial tomato trial. It should 

be noted, however, that tomato trial 2 was started in July aimed to reduce the impact of extreme 

temperatures which occurred in tomato trial 1.  

 

 

 4.4.2.1. Tomato Plant Measurements  

  For tomato trial 2, control tomato plants were observed to have the highest average leaf 

number for days 60-137 of the experiment (figure 4.30). In tomato trial 1, the control tomato 

plants were observed to have the highest average leaf number for days 131-138, 159, and 180-

208 (figure 4.20). In tomato trial 2, 0.2% chitin-treated leaves were observed to have the lowest 

average leaf number on days 25-53, 81, and 95-137 (figure 4.30). This mirrored results from 

tomato trial 1 in which 0.2% chitin-treated leaves had the lowest average leaf number on days 

54-61, 75-82, 96, and 152 (figure 4.20). From these results it was suggested that the different 

irrigation system did not impact the leaf production of the tomato plants. The irrigation system 

utilised in tomato trial 2 was different due to the drainage of excess fluid at the base of the 

plants. In tomato trial 1, fluid was allowed to collect in trays after watering which could have 

potentially resulted in root rot in tomato plants (392). This difference in root conditions could 

have impacted plant health and growth due to the reduction of water stress on roots. The 

irrigation system also had the advantage of watering multiple times a day, compared to tomato 

trial 1 which was just once a day. Frequent watering allows for continuous uptake of water 

throughout the day compared to tomato trial 1 in which water would not be available for several 

hours.  

 As with tomato trial 1, it was observed that chitin’s impact on leaf production was 

consistent throughout the growing period of tomato trial 1. This supported the suggestion that 

shrimp chitin was slowly broken down over the course of the experiment consistently releasing 

available nitrates. This is beneficial in tomato production as growing periods can last up to 10 

months and nitrates must be available to the plant throughout the growing period.  
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 In tomato trial 2, the average leaf area of 1% chitin-treated tomato plants was observed 

to be the highest on days 22, and 27-29 (figure 4.31). This was similar to results obtained in 

tomato trial 1, in which 1% chitin-treated tomato plants were observed to have the highest leaf 

area on days 44-49 (figure 4.21). In comparison, in tomato trial 1 the control tomato plants had 

the lowest average leaf number for days 42-54 and in tomato trial 2, the control tomato plants 

did not have the lowest average leaf number. For both tomato trials 1% chitin-treated tomato 

plants were observed to have the highest average leaf area for different periods of time (14 days 

in tomato trial 1 and 3 days in tomato trial 2). These differences in leaf expansion was suggested 

to be due to the difference in irrigation and fertilisation, however, when the leaf expansion 

relative to the starting measurements was calculated, it was observed that control tomato plants 

in tomato trial 2 had the lowest average leaf expansion for days 22-27 (figure 4.32). This 

correlated with the average leaf expansion observed in tomato trial 1 in which the control 

tomato plants had the lowest average value for days 44-51 (figure 4.22). In tomato trial 2, leaf 

expansion relative to starting measurements was observed to be highest for 0.2% chitin-treated 

tomato plants for days 22-29 compared to tomato trial 1 in which 3% chitin-treated tomato 

plants consistently had the highest average value.  

 The white crust previously identified as Mortierella was observed on the surface of all 

replicates from day 11 of tomato trial 2. This indicated that the difference in irrigation did not 

impact the growth of this beneficial fungi.  

 The impact that fertiliser solution had on LP2B EC has already been discussed, 

however, the different fertilisation techniques utilised in these two experiments allowed for 

further investigation of this. In tomato trial 1, the 1 L pots were positioned in trays sitting in 

fertiliser solution, resulting in an overall increase in EC over the course of the trial (figure 

4.23). However, in tomato trial 2 the fertiliser solution was drip fed into the 1 L pots and 

allowed to drain freely and an overall plateau effect was observed in measured EC in which 

the EC fluctuated but remained around the same range of values throughout the experiment 

(figure 4.33). In tomato trial 2 control LP2B was observed to have the highest average EC for 

days 25 and 53-116 and 1% chitin amended LP2B was observed to have the lowest average 

EC for days 18 and 53-116.  

 Similar to the EC, the average water content of chitin amended LP2B in tomato trial 1 

was observed to increase over time, however in tomato trial 1 the average water of chitin 

amended LP2B was observed to increase and decrease within a range of values (figures 4.24 

and 4.34). As with the trend observed in EC, this was suggested to be due to the differences in 

drainage from the 1 L pots. For tomato trial 2, it was observed that the control LP2B had the 
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lowest average water content on days 4-53, 67-88, and 116. Throughout the experiment, either 

2% or 3% chitin amended LP2B had the highest average water content. These results correlated 

with the average water content results of LP2B in tomato trial 1, in which the control LP2B 

was observed to have the lowest average water content on days 61-75, 89-103, and 194-208. 

For tomato trial 1, either 2% or 3% chitin amended LP2B were also observed to have the 

highest average water content on days 26, 54-96, 117-131, 180-187, and 201-215. This 

suggested that the difference in irrigation between trials did not alter how the range of chitin 

dry weight amendments impacted the water content of the LP2B substrate. 

 The chlorophyll fluorescence of 2% chitin treated tomato plants in tomato trial 2 was 

significantly lower than control and 1% chitin-treated tomato plants (figure 4.35). This 

indicated that 2% chitin-treated tomato plants were under significantly more abiotic stress than 

control and 1% chitin-treated tomato plants (337). 0.2% chitin-treated tomato plants were also 

observed to have a lower average chlorophyll fluorescence, suggesting these plants were also 

under more stress than control, 1%, and 3% chitin-treated tomato plants. This indication of 

stress was not observed in the average chlorophyll content results, in which no significant 

differences were found and the control was observed to have the highest average value (figure 

4.36). These results did, however, mirror the chlorophyll content results from tomato trial 1, in 

which the control was also observed to have the highest average value (figure 4.26). 

Chlorophyll fluorescence measurements between the two trials were not observed to have 

similarities, indicating that the different irrigation systems impacted chlorophyll fluorescence 

but not the chlorophyll content of tomato leaves. Chlorophyll fluorescence has been shown to 

be impacted by drought and water stress in Barley (393). The differences in irrigation type 

between tomato trials 1 and 2 could be a suggested explanation of differences observed in 

chlorophyll fluorescence between the two experiments.  

 The average LMA of control and 0.2% chitin-treated tomato plants in tomato trial 2 

was observed to be lower than other treatments (figure 4.37). 1%, 2%, and 3% chitin-treated 

tomato plants were observed to have the highest average LMA, indicating that the leaves of 

these plants were thicker than control and 0.2% chitin-treated tomato plants. This differed to 

results found in tomato trial 1, in which 1% and 3% chitin-treated tomato plants had the lowest 

average LMA (thinner leaves) and control tomato plants had the highest average LMA (thicker 

leaves) (figure 4.27).  

 In the butterhead lettuce trial and tomato trial 1 the trends observed in LMA equated to 

trends observed in the water content of LP2B, however, in tomato trial 2 these trends were not 

observed. In tomato trial 2, the lowest LMA values were found in control and 0.2% chitin 



303 

treated plants – treatments which exhibited the highest average LMA in the butterhead lettuce 

trial and tomato trial 1. Results observed in LP2B water content for tomato trial 2 were found 

to be similar to the butterhead lettuce trial and tomato trial 2, with control LP2B having the 

lower average value and 2% and 3% chitin amended LP2B exhibiting the higher average value 

more frequently. This indicated that the suggested associations between leaf LMA and LP2B 

water content were not accurate, and another factor was impacting the LP2B water content.  

 The prevalence of the white crust, previously identified as Mortierella was observed to 

increase proportionally with the increase in chitin dry weight percentage in the butterhead 

lettuce trial, and tomato trials 1 and 2. This increase in crust prevalence indicated a greater 

fungal biomass as a result of increased chitin. The association between this beneficial fungi 

and water content of growing substrate has not been previously investigated, however, the 

results of these crop trials suggested that an increase in Mortierella fungal biomass potentially 

led to an increase in LP2B substrate water content. It should be noted that this association was 

not observed in the cos lettuce pilot study, in which higher dry weight percentages of chitin 

resulted in lower average growing media water contents. The cos pilot trial, however, utilised 

a different growing media and the white crust observed was not identified until the butterhead 

lettuce trial. This indicated that if Mortierella did impact the water content of growing media 

substrate, this factor was dependent on the substrate type. This suggested association between 

Mortierella and substrate water content has not previously been highlighted.  

 The average leaf water content of tomato plants in tomato trial 2 was observed to be 

highest for 1% chitin-treated tomato plants and lowest for 3% chitin-treated tomato plants 

(figure 4.38). The average stem water content for tomato plants in tomato trial 2 were also 

observed to be highest in 1% chitin-treated plants, but were observed to be lowest in 0.2% 

chitin-treated plants (figure 4.39 c). As observed in chlorophyll fluorescence and LMA, these 

results differed to those collected in tomato trial 1. This further indicated that the irrigation 

system utilised had an impact on the physiology of tomato plants. Irrigation frequency 

previously has been shown to impact vegetative growth, stomatal conductance, leaf 

transpiration, and fruit yield in tomato plants (394). It should also be noted, however, that 

temperature management was an issue in both tomato trials 1 and 2. Tomato trial 1 exceeded 

optimum temperatures and tomato trial 2 dropped below optimum temperatures as the trial 

approached winter months. Temperature is known to impact the growth of tomato plants 

(232,233) and is, therefore, another possible explanation to the observed physiological 

differences between tomato plants in these two experiments.  
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Tomato trial 1 took place between January and July 2021, compared to tomato trial 2 

which took place between July and December 2021 (section 2.4). Due to faults in the 

greenhouse temperature control this resulted in tomato trial 1 having extremely low 

temperatures at the start of the trial and extremely hot temperatures at the end of the trial. In 

comparison, tomato trial 2 had extremely hot temperatures at the start of the experiment, with 

extremely low temperatures at the end of the tomato trial. Any future experiments would either 

be planned to take place in a greenhouse with working temperature regulation or be carried out 

between the months of March and October for optimum temperature ranges.  

 

 4.4.2.2. Tomato Fruit Measurements  

Developing flowers, first observed on day 25 of tomato trial 2, were monitored weekly. 

Fruit development was observed on day 39 for plants in all chitin treatments. Fruit was first 

observed to begin ripening on day 74 of this tomato trial on the first truss of one of the 3% 

chitin-treated plants. On day 78, the fruit developing on this truss began to split while ripening 

in a process known as cuticle cracking (figure 2.30). Cuticle cracking was observed on the first 

truss of plant 3%4 (the first truss to have ripening fruit in this experiment). The ripening truss 

was removed from the plant to investigate if vine ripening separate from the tomato plant was 

a viable option to prevent cuticle cracking (395). The removed truss was transferred to a paper 

bag and a banana was placed in the paper bag as this produces ethylene to promote tomato 

ripening. The ripening of the fruit on this truss was monitored daily and resulted in soft, 

wrinkled fruit after 13 days and was, therefore, rejected as a viable option for the ripening of 

fruit. On day 81 of the trial, fruit present on tomato plant replicates from 0.2% and 2% 

treatments began to ripen and these were monitored daily for ripening and any signs of cuticle 

cracking. 

Cuticle cracking is associated with rapid movement of water and solutes into tomato 

fruit (308). To reduce the risk of further fruit cuticle cracking, plant watering was reduced as 

suggested previously (308,309) to a level as to avoid wilting of the plants. Temperature 

fluctuations due to changing seasons is known to cause cuticle cracking (310) thus the 

temperature of the greenhouse was increased to 25oC to reduce the impacts of the winter 

months. The shade netting removed in the high temperatures of the summer during tomato trial 

1 was set-up again to maintain greenhouse humidity.  

It was observed that some plants were positioned closer to the LED lights than others 

in the random arrangement and the uneven light in the greenhouse was considered as a plausible 
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reason for lack of fruit development. All plants were moved to be in equal proximity to the 

LED lights, however this had no impact on the development of fruit.  

To investigate if the limited size of the 1 L pots was an issue in fruit development, one 

replicate tomato plant from each chitin treatment was selected at random and the root system 

was removed and transferred to a 3 L pot with the equivalent percentage of dry weight chitin 

and fertilised LP2B. After these alterations were made the replicates for each chitin treatment 

were monitored daily showing no sign of improvement in fruit development. This correlated 

with a 2011 study which showed that increasing substrate volume was seen to have no effect 

on fruit development (394). 

The boiler was set to the maximum temperature possible of 28oC to maintain 

greenhouse temperature in the winter. However, the temperature continued to drop below the 

optimum range for tomato growth (appendix V). Cuticle cracking was observed in fruit for all 

chitin treatments and the decision was made to test fruit in antioxidant assays at a specified 

time point, instead of a ripening stage. On day 116 of tomato trial 2, all fruit which had begun 

ripening was harvested and the fresh mass (g) of all harvested fruit was measured using a digital 

weighing scale (figure 4.40). When harvested at this time point, 3% chitin-treated tomato plants 

resulted in fruit with a significantly higher average fresh mass than control, 0.2%, and 2% 

treatments.  

3% chitin-treated tomato plants were observed to be the first treatment with developing 

fruit and were also observed to have the largest number of harvested fruit at the harvest time 

point. This suggested that the 3% chitin treatment was optimal for the production of fruit in 

this experiment. Given more time and resources this experiment would have been repeated at 

a more appropriate time of year so that extreme temperatures did not impact fruit development. 

  

 

 4.4.3. Antioxidant Assays 

 4.4.3.1. Tomato Trial 1 Leaf Samples 

 Due to the lack of fruit production in tomato trial 1, it was decided to measure the 

antioxidant activity of tomato leaf samples. When the TPC of tomato leaves sampled from 

tomato trial 1 were measured, control leaves had a significantly lower value than other all chitin 

treatments (figure 4.43). 3% chitin-treated tomato leaves were also observed to have a TPC 

significantly higher than all other treatments. The TPC of tomato leaves proportionally 

increased with the increases in chitin dry weight percentage. This trend was also observed in 

the TPC results of the cos lettuce pilot study. When tested in the TPC assay, it was observed 
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that the dry weight chitin percentage was directly proportional to the TPC of lettuce leaves, 

with control samples having a significantly lower value and 3% chitin-treated leaves having a 

significantly higher value (figure 3.16). This was similar to TPC results observed in butterhead 

lettuces grown with shrimp chitin in the butterhead lettuce trial in which control lettuce leaves 

had a significantly lower TPC than chitin-treated leaves (figure 3.42).  

 This indicated that crab and shrimp chitin increased the phenolic content of both lettuce 

and tomato leaves compared to a control. Fruit and vegetables higher in antioxidants is in 

demand from a consumer perspective as the culture of health and wellness becomes more 

accepted (396). A 2011 study observed that consumer acceptance of a new product known to 

healthier is dependent on the taste, texture, and price of the food compared to the alternative 

(396). In the study of lettuce and tomato crops with higher antioxidant activities it is important 

to notes that consumer acceptance of these products is dependent on the balance of the health 

benefits with the quality of previously available crops.  

A potential explanation for this increase in phenolic content was the nitrogen content 

of LP2B. As discussed, Mortierella is associated with the nitrogen cycle and chitin breakdown 

(118). The prevalence of Mortierella was observed to increase as the percentage of chitin 

increased in the butterhead lettuce trial, and tomato trials 1 and 2. Chitin has a high nitrogen 

content (15) and Mortierella is suggested to degrade chitin to ammonium, increasing the 

available nitrogen in growing substrate (4). This increase in available nitrogen in LP2B could 

explain the observed increase in leaf phenolic content in chitin amended replicates compared 

to controls. Nitrogen fertilisation has previously been shown to significantly increase the 

phenolic content of three basil cultivars (397).  

 Tomato leaf antioxidant activity measured in the FRAP assay was shown to mirror the 

TPC results as observed in all previous crop trials (figure 3.17, 3.42, and 4.44) indicating that 

the increased leaf antioxidant activity was associated with the increase in leaf phenolic content. 

Tomato leaf DPPH free radical scavenging inhibition was also shown to mirror the TPC and 

FRAP assays (figure 4.45). This indicated that the significantly higher inhibition observed in 

chitin-treated leaves, compared to the control, was also associated with the phenolic content as 

observed in the Folin’s assay. DPPH free radical scavenging inhibition measured in lettuce 

leaves in the butterhead lettuce trial (figure 3.44), it was also observed that the control leaves 

had a significantly lower value than chitin-treated leaves. However, the inhibition results 

observed in chitin-treated lettuce leaves did not mirror the TPC and FRAP results as observed 

in tomato trial 1. This suggested that inhibition measured in lettuce leaves was not as dependent 

on the phenolic content, compared to tomato leaves.  



307 

 When the Randox total antioxidant status (TAS) assay was carried out, final 

measurements were out of range of detection (figure 4.46). This assay kit is used for the in vitro 

determination of antioxidant status of a sample. The basis of the assay is the formation of ferryl 

myoglobin radicals from metmyoglobin and H2O2 which converts 2,2’-Azino-di-[3-

ethylbenzthiazoline sulphonate] (ABTS) to a radical cation. In the presence of antioxidants, the 

chromogen radical and resultant colour intensity are suppressed in a manner proportional to 

the antioxidant concentration in the sample, which is evaluated at exactly 3 minutes of the 

reaction between chromogen and substrate in the presence of the sample. The antioxidant 

activity, defined as TAS of extracts, is expressed as mmol-1.  

 Lettuce and tomato samples prior to tomato trials 1 and 2 were also investigated using 

this assay, however, data from these experiments was limited due to the lack of replicability 

and reagent volume in the Randox TAS kits. Due to this, only samples grown with control, 

0.2%, and 3% chitin were selected to be tested, as there was not enough reagent to test all 

samples in triplicate. 

 When tested on lettuce and tomato leaf samples, TAS results were observed to be zero 

or negative values. It should be noted that this error was not observed when tomato fruit 

samples were tested, indicating that the error was due to the leaf material. Previous literature 

testing leaf material was limited, however, one study testing lettuce leaf material was assessed 

and the method used mirrored that used in this thesis (398). Due to the lack of reagent volume 

in each kit, this assay was not able to be refined for testing leaf material.  

 

 4.4.3.2. Tomato Trial 2 Leaf Samples 

 The TPC of tomato trial 2 leaf samples was shown to mirror results obtained from 

tomato trial 1 leaf samples, with the exception that control leaf TPC was not significantly 

different to 0.2 and 1% chitin-treated tomato leaves (figure 4.47). However, 3% chitin-treated 

tomato leaves were observed to have a TPC significantly higher than control, 0.2%, and 1% 

chitin-treated tomato leaves mirroring results observed for tomato trial 1 leaf samples.  

 As observed in tomato trial 1, antioxidant activity results of tomato trial 2 leaf samples 

measured in the FRAP assay mirrored the TPC results (figure 4.48). In contrast to tomato trial 

1, the average DPPH free radical scavenging inhibition measured in control leaf samples in 

tomato trial 2 was not observed to be significantly lower than all chitin-treated leaves (figure 

4.49). The control leaves were, however, significantly lower than 2% and 3% chitin-treated 

leaf samples as observed in the TPC measurements for these samples. 3% chitin-treated tomato 

leaves were observed to have the highest average DPPH free radical scavenging inhibition in 
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tomato trials 1 and 2. The small differences observed in these three antioxidant assays between 

samples grown using tomato trials 1 and 2 were suggested to be due to the differences in 

temperature discussed for each crop trial, and not as a result of the different watering 

techniques.  

 Tomato trial 1 experienced temperatures above the optimum for tomato cultivation. It 

was shown by a 2006 study that increases in temperature reduced the fruit concentration of 

lycopene and β-carotene (399). Furthermore, tomato trial 2 experienced temperatures below 

the optimum for tomato cultivation. A 2021 study showed that sub-optimal temperatures 

increase oxidative stress in tomato plants (400).  

 As observed in tomato trial 1, the results of the Randox TAS assay were observed to be 

zero or negative figures (figure 4.50). These results were not representative of what was 

expected from this assay and were concluded to be due to an error in carrying out the 

experiment. As discussed, refining the assay for testing leaf material was limited due to the 

lack of reagent provided per kit.  

 

 4.4.3.3. Tomato Trial 2 Fruit Samples 

 The TPC of 0.2% chitin-treated tomato fruit was observed to be significantly higher 

than all other treatments (figure 4.51). Abiotic stress increases fruit antioxidant content, due to 

raised oxidative stress induced by such conditions (236). However, 0.2% chitin-treated tomato 

plants were not observed to be under more abiotic stress than tomato plants in other chitin 

treatments as shown in chlorophyll fluorescence and content (figures 4.35 and 4.36).  

 Tested fruit were not harvested at a specified ripening stage, but at a set time point. 

Ingallina et al. (2020) compared tomato fruit samples at two different ripening stages observing 

that more ripened fruit had a lower average content of hydrophilic antioxidants such as 

polyphenols (401). As discussed, the present thesis aimed to investigate hydrophilic 

antioxidants as 86-88% of the total phenolics found in tomatoes have been shown to be 

hydrophilic (205). The suggested increase in hydrophilic antioxidants as a result of differing 

ripening stages indicated by Ingallina et al. was suggested to be the cause of the higher TPC of 

0.2% chitin-treated fruit.  

 Antioxidant activity measured in the FRAP assay was observed to mirror the results 

obtained in the TPC assay, with the exception that 3% chitin-treated fruit samples had the 

lowest antioxidant activity (figures 4.51 and 4.52). The FRAP results mirroring trends observed 

in the TPC assay was in line with results from testing all other samples and concluded to be 

due to the phenolics contributing to the antioxidant activity measured in the FRAP assay.  
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 Tomato trial 2 fruit tested in the DPPH assay was not observed to mirror the results of 

TPC and FRAP as observed for leaf samples (figure 4.53). When tomato fruit samples sourced 

from ADAS were tested in the TPC, FRAP, and DPPH assays it was also shown that the DPPH 

results did not mirror the trends shown in the TPC and FRAP assays (figures 4.13-4.15). It was 

observed that 3% chitin-treated fruit samples were significantly lower than all other treatments. 

This result was also observed in the FRAP assay, in which 3% chitin-treated fruit samples were 

also observed to have the lowest antioxidant activity. As with 0.2% chitin-treated fruit samples 

having the highest TPC, the low antioxidant activity and DPPH free radical scavenging of 3% 

chitin-treated fruit samples were suggested to be due to differences observed in ripening stages 

at harvest.  

 Tomato fruit samples were able to be tested effectively in the Randox TAS assay (figure 

4.54), however, only fruit samples from control, 0.2%, and 3% treated tomato plants were 

tested due to lack of reagent per kit. As observed in the TPC and FRAP assays, the TAS value 

of 0.2% chitin-treated tomato fruit was observed to be significantly higher than 3% and control 

fruit samples. Control fruit was significantly lower than the other tested fruit samples, also 

mirroring the trend observed in the TPC assay. This suggested that the TAS assay was 

dependent on hydrophilic antioxidants in a fruit sample.  

 

 4.4.4. Mineral Analysis  

 Significant changes in mineral composition of LP2B sampled prior to and on day 195 

of tomato trial 1 tested in XRF analysis were found in sodium oxide, aluminium oxide, silicon 

dioxide, phosphorus pentoxide, sulphur trioxide, chlorine, potassium oxide, calcium oxide, 

titanium dioxide, manganese(II) oxide, iron(III) oxide, copper(II) oxide, bromine, strontium 

oxide, molybdenum trioxide (figure 4.55). When the mineral analysis of the shrimp derived 

chitin used was assessed (table 2.4), it was observed to consist of sodium (0.5 g/kg DM), 

phosphorus (1.5 g/kg DM), potassium (0.16%/DM), and calcium (9.2 %/DM). From this it was 

suggested that the breakdown of chitin may have led to the observed increase in sodium oxide. 

Sodium oxide was the only compound consistent with the chitin composition which was 

observed to significantly increase in LP2B. However, the sodium oxide present in control LP2B 

was also observed to increase, indicating that this increase was independent of the chitin 

amendments.  

 When LP2B samples prior to and on day 69 of tomato trial 2 were compared in XRF 

analysis, the amount of magnesium oxide present had significantly increased (figure 4.56). 

Magnesium was present in the mineral composition of chitin (0.5 g/kg DM) (table 2.4) and 
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therefore it could be suggested that the breakdown of chitin lead to the observed increase in 

magnesium oxide. However, the magnesium oxide present in control LP2B samples was also 

observed to increase, indicating that the significant increase of this compound was not 

associated with the breakdown of chitin. Phosphorus pentoxide and calcium oxide were 

observed to significantly increase in LP2B sampled on day 69 of tomato trial 2. Phosphorus 

pentoxide was observed to have a higher increase in 2% and 3% chitin amended LP2B 

compared to the control, and calcium oxide was observed to increase in all chitin treatments 

and decrease in the control. This suggested that the increases in these two compounds may 

have been associated with chitin breakdown.  

 Phosphorus is a known essential element for plant growth, and deficiency of this 

element negatively impacts crop growth and yield (402). This increase in LP2B phosphorus 

content for 2% and 3% chitin in tomato trial 2 could have been associated with the observed 

significant increase in tomato fruit yield for 3% chitin-treated tomato plants (figure 4.40). 

Calcium is associated with reduced prevalence of blossom-end rot in tomato fruit (390). While 

no blossom-end rot was identified in any tomato trial carried out as part of this thesis, it was 

important to note that 2% and 3% chitin dry weight percentage amendments resulted in 

significantly increased calcium content of LP2B substrate after 69 days.  

 Significant changes in LP2B sampled prior to and on day 195 of tomato trial 1 and day 

69 of tomato trial 2 as measured in OES analysis did not correlate with the composition of 

chitin (figures 4.57 and 4.58). Differences in elements and compounds not associated with the 

presence of chitin were concluded to be due to fertiliser and tap water use.  

 De Tender et al. (2019) tested the chemical properties and water-extractable nutrient 

concentrations of LP2B and LP2B amended with crab chitin after eight weeks of butterhead 

lettuce growth (4). In comparison, the nitrate, total mineral nitrogen, and calcium levels 

significantly increased during the eight week growth period (4). The 2019 study tested chitin 

derived from crab compared to the present study which tested chitin derived from shrimp. 

These differences were suggested to be due to the different chitin types tested. Significant 

differences found in OES analysis of tomato trial 2 leaf samples did not correlate with the 

mineral composition of shrimp chitin (table 4.7).  

 

 4.5. Summary 

 The commercial tomato trial aimed to compare chitin and biochar growing media 

amendments on tomato plant growth, fruit yield, and nutrition in commercial tomato 

cultivation. No significant differences were found in plant growth measurements, root structure 
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measurements or in fruit yield and antioxidant measurements between the three growing media 

treatments. It was concluded that the three growing media did not have any beneficial impacts 

on the growth of tomato plants or the yield, shelf life, or antioxidant activity of fruit. 

Conversely, the chitin and biochar amendments were not shown to have any detrimental 

impacts to these measurements which was crucial information in communication with tomato 

growers.  

 Following the aims of this thesis, the impact that a range of shrimp chitin percentages 

had on the tomato plant growth, fruit yield, and fruit antioxidant capacity was investigated in 

tomato trials 1 and 2. In tomato trial 1, 3% chitin resulted in tomato plants with the highest 

overall leaf number and leaf area. In tomato trial 2, 3% chitin resulted in tomato plants with 

the highest overall leaf number and 1% chitin resulted in tomato plants with the highest overall 

leaf area. Due to environmental conditions, fruit development did not occur in tomato trial 1. 

Fruit development was also impacted by environmental conditions in tomato trial 2, however, 

fruit measurements indicated that fruit number and fruit yield was highest in 3% chitin-treated 

tomato plants. The TPC, antioxidant activity, and free radical scavenging activity of 3% chitin 

treated tomato plant leaf samples was observed to be highest in tomato trials 1 and 2.  

These results indicated that the optimum chitin dry weight percentage for Brioso tomato 

plant growth was 3%. In the commercial tomato trial, the amount of chitin tested was too small 

for the impact to be assessed. When tested as a range of chitin dry weight percentages up to 

3% in tomato trials 1 and 2, chitin was shown to increase tomato plant leaf number, leaf area, 

and plant health, as hypothesised at the start of this thesis. Although further testing is required 

to assess the impact 3% chitin has on tomato fruit development, this study suggested that 3% 

chitin can result in increased fruit mass and fruit number.  
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                   5. Conclusions, Broader Applications, Limitations, and Future Work 

 5.1. Conclusions 

 Results reported in this these are novel in many aspects. It addresses whether 

amendments with renewable processed residue streams such as chitin and biochar can be used 

to replace traditional, non-renewable substrates used in crop production. It also provides 

detailed information regarding the effects of a range of chitin concentrations on the quality of 

lettuce and tomato crop, their mineral and phenolic content, and also antioxidant activity.  

  Previous studies have amended butterhead lettuce substrate with 2% (w/w) crab chitin 

and observed increased crop growth and yield (4,118). Building on this previous research, this 

thesis investigated a range of chitin amendments on cos and butterhead lettuce cultivation. For 

both cos and butterhead lettuce, the tested range of chitin dry weight percentages was 

concluded to increase lettuce leaf production and leaf area compared to a control. For chitin 

derived from both shrimp and crab, an optimal chitin dry weight percentage range between 

1%-2% was identified for the largest increase in leaf number and area. 3% chitin was observed 

to negatively impact the leaf production and leaf area of cos and butterhead lettuces, compared 

to 1% and 2% chitin-treated lettuces showing this percentage was unsuitable for the crop. 

 The pore water content of crab and shrimp chitin-treated fertilised LP2B substrate in 

the butterhead lettuce trial was consistently higher compared to control LP2B. The pore water 

content and water holding capacity of crab chitin-treated LP2B without lettuce was shown to 

not be impacted by chitin amendments. It was, therefore, concluded that the chitin amendments 

did not directly impact the pore water content or water holding capacity of LP2B and indicated 

that differences observed in LP2B pore water content in the butterhead lettuce trial were due 

to the differences observed in lettuce leaf production and leaf area.  

 Increases in the EC of growing media and LP2B with higher chitin percentages were 

observed to correspond with increases in the leaf production and leaf area of both cos and 

butterhead lettuces. It was noted that chitin amendments had no significant impact in 

chlorophyll measurements for both cos and butterhead lettuces indicating no increased abiotic 

stress to the crops in these experiments.  

 The fresh mass of cos lettuces was observed to be highest in 1% chitin-treated lettuces 

for Group S replicates. For butterhead lettuces in fertilised LP2B, 2% of both chitin types 

resulted in lettuces with the highest fresh mass and control lettuces had the lowest fresh mass. 

For both lettuce types, this further evidenced the 1%-2% optimal chitin range indicated by 

lettuce leaf production and leaf area. Lettuce fresh mass yield is a factor considered by most 

growers and, therefore, this was an important finding to disseminate to growers. 
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 In agreement with previous studies (4,118) results of the current investigation have 

shown a positive association of Mortierella with lettuce growth. Additionally, it was observed 

that the prevalence of Mortierella increased with the increase in chitin dry weight percentage. 

It was concluded that this increased prevalence was associated with observed increases in 

lettuce growth. This observation was an important contribution to ongoing research regarding 

the benefits of Mortierella in lettuce cultivation and has guided future experiments of Horti-

BlueC project partners whose research focuses on Mortierella in lettuce cultivation.  

 In cos lettuce, the TPC and antioxidant activity were observed to significantly increase 

proportionally with the percentage of crab chitin. In butterhead lettuce grown using fertilised 

LP2B amended with shrimp chitin, control lettuces had the lowest TPC, antioxidant activity, 

and free radical scavenging activity compared to all chitin treatments. However, control 

butterhead lettuces treated with crab chitin were observed to have the highest TPC and 

antioxidant activity. This indicated that the crab chitin was having a negative effect on the TPC 

and antioxidant activity of butterhead lettuce compared to shrimp chitin. 2% chitin-treated 

lettuces were observed to have the highest free radical scavenging activity.  

 Antioxidant results from the cos lettuce pilot study, shrimp chitin-treated butterhead 

lettuces, and the free radical scavenging activity of crab chitin-treated butterhead lettuces 

indicated that chitin amendments increased the antioxidant capacity of cos and butterhead 

lettuce. All three antioxidant assays showing this trend was promising as each assay measured 

a different mechanism of antioxidant capacity. Foods with a higher antioxidant capacity are 

desirable from a consumer perspective as they protect human tissues from damage caused by 

oxidative stress. Therefore, showing that chitin amendments can potentially increase lettuce 

antioxidant capacity was an important finding of this thesis to be communicated to growers 

and consumers.  

 

 In the commercial tomato trial, no significant differences were observed for 

measurements of tomato fruit yield from plants grown using control (COM), chitin (COC), and 

biochar (COB) growing media. This included measurements of fruit production, fresh mass, 

width, and height. This trend was also observed when tomato samples from plants grown using 

COM, COC, and COB growing media from the University of Portsmouth and ADAS were 

tested in antioxidant assays. It was concluded that the chitin and biochar growing media 

amendments tested had neither beneficial nor detrimental effects on tomato fruit yield or 

antioxidant activity. As no significant differences were observed in leaf chlorophyll 
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measurements, this indicated that the 2 kg·m-3 chitin and biochar amendments did not increase 

the abiotic stress of the tomato plants.  

 When tomato samples from plants grown using COM, COC, and COB growing media 

from ADAS were tested in antioxidant assays, they were compared to samples from plants 

grown using Millenium Ultima coir slabs. The TPC, antioxidant activity, and free radical 

scavenging activity of COM, COC, and COB tomato samples was consistently superior to 

samples grown using Millenium Ultima coir slabs. From this, it was concluded that the Horti-

BlueC growing media blends COM, COC, and COB resulted in Brioso tomato fruit with a 

higher antioxidant capacity.  

 In tomato trials 1 and 2, it was observed that 3% chitin resulted in the highest overall 

leaf area and leaf number. In tomato trial 2, 3% chitin was also observed to result in the highest 

fruit production number. From these findings it was concluded that 3% chitin was the optimum 

dry weight percentage for the growth of Brioso tomato plants. It was interesting to note that 

the optimum chitin dry weight percentage varied with the crop being investigated as 3% chitin 

was observed to be optimal for tomato and 1%-2% was optimal for cos and butterhead lettuce.  

As noted in the butterhead lettuce trial, in tomato trials 1 and 2 Mortierella was 

observed as a white crust on the surface of LP2B. Similar to the butterhead lettuce trial, the 

presence of the white crust was identified as Mortierella, and its prevalence was observed to 

increase as the chitin dry weight percentage increased. The increased prevalence of Mortierella 

was suggested to be associated with the increased leaf number, leaf area, and fruit production 

number for 3% chitin-treated tomato plants observed in tomato trials 1 and 2. 

 No significant differences were observed in chlorophyll measurements for tomato trial 

1, however, 2% chitin-treated tomato plants in tomato trial 2 had a significantly lower 

chlorophyll fluorescence compared to control tomato plants. This indicated that 2% chitin was 

leading to increased abiotic stress compared to control tomato plants.  

 The pore water content of control LP2B in tomato trials 1 and 2 was observed to be 

lower compared to chitin-treated LP2B. This correlated with the pore water content values 

observed in the butterhead lettuce trial. As discussed, these differences were suggested to be 

due to differences in plant growth impacting the water content of the LP2B.  

  For tomato trials 1 and 2, tomato leaf samples grown using 3% chitin were observed 

to have the highest TPC, antioxidant activity, and free radical scavenging activity. This 

correlated with leaf area and leaf number results further indicating that the optimum shrimp 

chitin percentage for Brioso tomato plants was 3%. Fruit samples grown using 0.2% chitin in 

tomato trial 2 were observed to have the highest TPC and antioxidant activity and fruit samples 



315 

grown using 0.2% and 1% chitin in tomato trial 2 were observed to have a significantly higher 

free radical scavenging activity compared to 3% chitin-treated fruit. These results differed to 

those observed to tomato leaf samples. These differences were concluded to be due to 

differences in hydrophilic antioxidants associated with different ripening stages of the fruit 

(401). As with the lettuce antioxidant results, these results were important for any 

communication with consumers who value the health benefits associated with an antioxidant-

rich diet. 

  

 

5.3 Broader Applications 

 This research contributed to current knowledge regarding amending crops with chitin 

by investigating a range of chitin dry weight percentages. Previous studies have investigated 

one or two chitin percentages compared to a control and monitored plant growth. This thesis 

added to this knowledge by indicating that an optimum range of chitin dry weight percentages 

can be utilised for individual crops to obtain the most desirable result such as yield or 

antioxidant capacity.  

 This thesis also adds to current knowledge by discussing the impact chitin amendments 

can have on the phenolic content and antioxidant activity of lettuce and tomato crops. Chitin 

was shown to increase these factors in both lettuce and tomato, compared to a control. This is 

an important factor to consider in communication with both growers and consumers. While 

growers would be more interested in the ability to grow crops with increased yield without 

significant differences to the growing process, consumers may be more interested in the 

purchasing of potentially healthier fruits and vegetables if the taste and cost were similar.  

 Furthermore, this thesis demonstrated that recycled waste products, such as chitin and 

biochar can be utilised in the cultivation of crops with no detrimental impacts to yield or plant 

health. This is important moving forward as growers are encouraged to pursue more sustainable 

growing practices. The use of recycled waste products as growing media amendments promotes 

a circular economy and is more sustainable than current growing practices such as the use of 

peat or rockwool.  

Collaborating projects with this thesis have also shown that when utilised in the field, 

leachate from chitin-amended soils is non-toxic to wildlife. This is an importing finding when 

discussing the wider applications of chitin-usage in agriculture as all experiments carried out 

as part of this thesis were in isolated experiments.  
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Horti-BlueC chose to test chitin, compared to chitosan which has also been shown to 

be advantageous in crop production. This prevented the need for the energy demanding 

deacetylation step required to produce chitosan from chitin. This thesis demonstrated chitin’s 

effectiveness as a growing media amendment without the need to convert it to chitosan.  

Overall, this thesis has shown that recycled waste chitin can be utilised as a growing 

media amendment, promoting a circular economy and sustainable practices in crop production. 

It has been shown that an optimum percentage of chitin in growing media can result in crops 

with a higher yield and higher antioxidant capacity. 

 

 

 5.2. Limitations 

 The major issue that current research experienced was the restrictions related to the 

Covid-19 pandemic. Limitations associated with this were briefly discussed in the Covid-19 

Impact Statement provided at the beginning of this thesis, but this section will discuss how 

Covid-19 related restrictions have influenced several experimental aspects of this research.  

 The mineral analysis of tomato samples grown as part of the commercial tomato trial 

was halted when the first Covid-19 UK lockdown was announced. All samples were required 

to be disposed of due to the uncertainty surrounding the spread of the virus and the length of 

time the lockdown could potentially be. As sufficient tomato material was not produced in 

tomato trials 1 and 2, the mineral analysis of tomato fruit samples grown with chitin 

amendments could not take place.  

 Repeated Covid-19 lockdowns, social distancing restrictions, and limited technical 

support staff impacted the development of an ascorbic acid antioxidant assay refined for lettuce 

and tomato samples. The decision was made not to continue with this antioxidant assay in 

favour of completing other experimental work in the limited available time. 

 Due to the first Covid-19 UK lockdown, access to the University of Portsmouth 

greenhouse facilities was delayed for 10 months. This significantly impacted the time 

remaining in the project to carry out crop trial experiments. 

 Prior to the first Covid-19 UK lockdown, cell culture and aseptic technique training 

was taking place. This training was delayed for a ten month period due to the lockdown and 

the social distancing measures that followed. This meant that only limited staff/students would 

work in the laboratory at one time. Therefore, cell culture experiments were significantly 

impacted by this delay and only reached the stage of setting up a cell proliferation (WST-1) 
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assay using tomato extracts. With repeated lockdowns and social distancing issues, samples 

from tomato trials 1 and 2 could not be tested as planned.   

 Experimental work and research carried out as part of this project was also impacted 

when the University of Portsmouth was affected by a cyber-attack. Overnight, all students were 

informed that they were not permitted on campus for 7 days due to faults with fire and security 

systems in all University buildings. During this time, colon cancer cells were being tested with 

tomato extracts to assess the impact this had on cancer cell proliferation. As access to all 

University buildings was denied, these cells perished and the experiment was started over. This 

cell culture experiment required 5 weeks to prepare before measurements could be taken.  

 Access to University computers, Wi-Fi, and the virtual private network (giving students 

access to peer reviewed papers) was restricted for two months as a result of the cyber-attack. 

This limited research and experimental work for a two month period in total, before full access 

to buildings and computer systems was permitted.  

 Finally, issues occurred with the temperature regulation of the University of Portsmouth 

greenhouse facilities during tomato trials 1 and 2, significantly impacting the growth of tomato 

plants and fruit production in both trials.  

 Despite the limitations discussed, research undertaken has added to current knowledge 

of utilising recycled waste chitin in the production of lettuce and tomato, and how this impacts 

crop yield and nutritional properties.  

 

 

 5.4. Future Work 

 The experimental work presented in this thesis describes the investigation of recycled 

waste chitin as a growing media amendment. The novel work carried out as part of this thesis 

included the investigation of the impact a range of chitin growing media amendments had in 

both lettuce and tomato crops. This thesis was novel in that crop growth and yield were 

measured as well as crop antioxidant capacity to assess the impact of chitin. Due to timeframe 

restrictions of PhD funding, further work could not be conducted beyond March 2022. 

Reflecting on the conclusions drawn and also the limitations discussed, several lines of 

investigation could be considered to formulate further questions and research aims to direct 

future research.  

 The antioxidant analysis carried out as part of this thesis would have benefitted from 

the use of the ascorbic acid assay to examine how chitin amendments specifically effected 

levels of vitamin C which is present in both lettuce and tomato. This thesis focused on the 
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hydrophilic antioxidants found in lettuce and tomato samples. Vitamin C is a hydrophilic 

antioxidant known to be present in and contribute to the antioxidant activity of both lettuce and 

tomato samples (172,224). The measurement of this specific antioxidant would have been 

useful in understanding the trends observed when TPC, FRAP, DPPH, and Randox antioxidant 

assays were carried out.  

 The impact of tomatoes on cancer cells was researched as part of this thesis (223). 

Planned work investigating the impact of tomato extracts on colon cancer cell proliferation and 

apoptosis was delayed significantly by the Covid-19 pandemic. The impact that a range of 

chitin amendments had on the antioxidant capacity of tomato fruit was investigated as part of 

this thesis. However, it would have been novel research and beneficial to this thesis to 

investigate how a range of chitin amendments impacted the anticancer properties of tomato 

fruit. 

 Due to the limitations discussed, mineral analysis of tomato samples could not be 

carried out as part of this thesis. Assessing how the mineral composition of tomato fruit was 

impacted by chitin or a range of chitin would have been beneficial to this thesis and the 

experimental work carried out.  

  

 During tomato trials 1 and 2, tomato plant growth and fruit development were impacted 

by extreme temperatures caused by a fault in the temperature regulation of the University of 

Portsmouth greenhouse facilities. A third trial beginning in spring to avoid the harsh summer 

and winter temperatures experienced in tomato trials 1 and 2 would have allowed for the 

development of fruit for analysis.  

 It would have been beneficial to test multiple chitin types with different growing media 

types. Throughout all experiments carried out during this thesis, it was clear that the growth of 

a crop was dependent on associations between the chitin and the growing media. It would have 

been beneficial to test not only chitin flakes, but also powdered chitin. Powdered chitin may 

have distributed more in the growing media and broken down quicker for more rapid release 

of nitrogen available to crops. It may have been observed that this was more beneficial for 

lettuce, in which the growth period is shorter, and less beneficial for tomatoes which have a 

longer growth period and would require a slow release of nitrogen. Experiments were carried 

out by project partners testing commercially available Millenium Ultima coir compared to 

Horti-BlueC growing media blends. It would have been beneficial to compare the Horti-BlueC 

growing media to a commercially available standard. Future experiments could test multiple 
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growing media blends, including commercially available ones, with chitin in different forms 

derived from various sources such as crabs, shrimps, or insects.  

 Further to this, a field-based experiment, in which chitin is utilised as a growing media 

amendment in field crop cultivation would be beneficial. All crop growth experiments in this 

thesis have been carried out under greenhouse conditions in which growing media and plants 

have no interaction with outside forces such as pests or weather. A field-based experiment 

testing chitin against elements such as these would provide a better understanding of it as a 

growing media amendment for crop cultivation. Experiments were carried out by a project 

partner in which the leachate of chitin-amended growing media was tested. This project partner 

found the leachate to be non-toxic to wildlife which would be an important factor to consider 

for a field-based experiment.  

 The mechanisms behind which the Mortierella family are beneficial to crop health can 

be further investigated. It would be interesting to observe any differences in strain between 

different growing media types and how these differ in their chitin interactions. The interaction 

of this fungus and how it breaks down chitin for the benefit of lettuce and tomato crops is still 

being studied for further understanding. Experiments testing this fungal family with different 

crop types should be carried out to further understand the mechanisms by which it benefits a 

plant. For example, it’s interactions with a squash – a crop known to be dependent on water 

availability - may inform future studies more of how this fungal family impacts the water 

uptake of crops.  

 

 

 

 

 This thesis has shown that the utilisation of recycled waste chitin as a growing media 

amendment is beneficial to the production of crops tomato and lettuce with increased fruit and 

leaf yield and antioxidant capacity. This information can be used promote a circular economy 

and the use of sustainable practices in crop production. This thesis has added to previous work 

investigating this subjecting by indicating that each crop has an optimal concentration of chitin 

which should be used for the highest crop production and quality.  

 

 



320 

                7. Bibliography  

1.  Chalise D, Kumar L, Kristiansen P. Land Degradation by Soil Erosion in Nepal: A 

Review. Soil Syst. 2019 Feb 8;3(1):12.  

2.  Liu W, Qiu R. Water eutrophication in China and the combating strategies. J Chem 

Technol Biotechnol. 2007 Sep 1;82(9):781–6.  

3.  Egusa M, Matsukawa S, Miura C, Nakatani S, Yamada J, Endo T, et al. Improving 

nitrogen uptake efficiency by chitin nanofiber promotes growth in tomato. Int J Biol 

Macromol. 2020 May 15;151:1322–31.  

4.  De Tender C, Mesuere B, Van der Jeugt F, Haegeman A, Ruttink T, Vandecasteele B, 

et al. Peat substrate amended with chitin modulates the N-cycle, siderophore and 

chitinase responses in the lettuce rhizobiome. Sci Rep. 2019 Dec 1;9(1):1–11.  

5.  Debode J, De Tender C, Soltaninejad S, Van Malderghem C, Haegeman A, Van der 

Linden I, et al. Chitin mixed in potting soil alters lettuce growth, the survival of 

zoonotic bacteria on the leaves and associated rhizosphere microbiology. Front 

Microbiol. 2016 Apr 21;7(APR).  

6.  Muymas P, Pichyangkura R, Wiriyakitnateekul W, Wangsomboondee T, Chadchawan 

S, Seraypheap K. Effects of chitin-rich residues on growth and postharvest quality of 

lettuce. Biol Agric Hortic. 2015 Apr 3;31(2):108–17.  

7.  Abdel-Mawgoud AMR, Tantawy AS, El-Nemr MA, Sassine YN. Growth and yield 

responses of strawberry plants to chitosan application. Eur J Sci Res. 2010;39(1):170–

7.  

8.  Chibu H. Effects of chitosan applications on the growth of several crops. Korean J 

Chitin Chitosan. 2000;5(3):182.  

9.  Yan N, Chen X. Sustainability: Don’t waste seafood waste. Vol. 524, Nature. Nature 

Publishing Group; 2015. p. 155–7.  

10.  Lower E. Polymers from the sea chitin and chitosan. Manuf Chem. 1984;55(10):47.  

11.  Shahidi F, Arachchi JKV, Jeon YJ. Food applications of chitin and chitosans. Trends 

Food Sci Technol. 1999;10(2):37–51.  

12.  Rinaudo M. Chitin and chitosan: Properties and applications. Vol. 31, Progress in 

Polymer Science (Oxford). Pergamon; 2006. p. 603–32.  

13.  Kumirska J, Czerwicka M, Kaczyński Z, Bychowska A, Brzozowski K, Thöming J, et 

al. Application of Spectroscopic Methods for Structural Analysis of Chitin and 

Chitosan. Mar Drugs. 2010 Apr 29;8(5):1567–636.  

14.  Pillai C, Paul W, Sharma C. Chitin and chitosan polymers: Chemistry, solubility and 



321 

fiber formation. Prog Polym Sci. 2009;34(7):641–78.  

15.  Hudson SM, Smith C. Polysaccharides: Chitin and Chitosan: Chemistry and 

Technology of Their Use As Structural Materials. In: Biopolymers from Renewable 

Resources. Springer Berlin Heidelberg; 1998. p. 96–118.  

16.  Rudall KM, Kenchington W. The chitin system. Biol Rev Camb Philos Soc. 1973 Nov 

1;48(4):597–633.  

17.  Kaya M, Mujtaba M, Ehrlich H, Salaberria AM, Baran T, Amemiya CT, et al. On 

chemistry of γ-chitin. Carbohydr Polym. 2017 Nov 15;176:177–86.  

18.  Sugiyama J, Boisset C, Hashimoto M, Watanabe T. Molecular directionality of β-

chitin biosynthesis. J Mol Biol. 1999 Feb 12;286(1):247–55.  

19.  Kurita K, Tomita K, Tada T, Ishii S, Nishimura S ‐I, Shimoda K. Squid chitin as a 

potential alternative chitin source: Deacetylation behavior and characteristic 

properties. J Polym Sci Part A Polym Chem. 1993 Feb 1;31(2):485–91.  

20.  Ramirez-Wong D, Ramírez-Cardona M, Sanchez-Leija R, Rugerio A, Mauricio-

Sanchez R, Hernandez-Landaverde M, et al. Sustainable-solvent-induced 

polymorphism in chitin films. Green Chem. 2016;18(15):4303–11.  

21.  No HK, Meyers SP. Crawfish Chitosan as a Coagulant in Recovery of Organic 

Compounds from Seafood Processing Streams. J Agric Food Chem. 1989 May 

1;37(3):580–3.  

22.  Atkins E. Conformations in polysaccharides and complex carbohydrates. J Biosci. 

1985 Aug 1;8(1–2):375–87.  

23.  Madihally S V., Matthew HWT. Porous chitosan scaffolds for tissue engineering. 

Biomaterials. 1999 Jun 1;20(12):1133–42.  

24.  Krajewska B. Application of chitin- and chitosan-based materials for enzyme 

immobilizations: A review. Enzyme Microb Technol. 2004 Aug 5;35(2–3):126–39.  

25.  Yang K, Wang G, Chen X, Wang X, Liu F. Treatment of wastewater containing Cu2+ 

using a novel macromolecular heavy metal chelating flocculant xanthated chitosan. 

Colloids Surfaces A Physicochem Eng Asp. 2018 Dec 5;558:384–91.  

26.  Rahayu DP, De Mori A, Yusuf R, Draheim R, Lalatsa A, Roldo M. Enhancing the 

antibacterial effect of chitosan to combat orthopaedic implant-associated infections. 

Carbohydr Polym. 2022 Mar 28;119385.  

27.  De Mori A, Hafidh M, Mele N, Yusuf R, Cerri G, Gavini E, et al. Sustained Release 

from Injectable Composite Gels Loaded with Silver Nanowires Designed to Combat 

Bacterial Resistance in Bone Regeneration Applications. Pharmaceutics. 2019 Mar 



322 

12;11(3):116.  

28.  Kurita K. Controlled functionalization of the polysaccharide chitin. Prog Polym Sci. 

2001 Nov 1;26(9):1921–71.  

29.  Austin P. Chitin solutions and purification of chitin. methods Enzymol. 1988;161:403–

7.  

30.  Kumar MNVR. Chitin and chitosan fibres: A review. Bull Mater Sci. 1999;22(5):905–

15.  

31.  Dutta PK, Ravikumar MN V., Dutta J. CHITIN AND CHITOSAN FOR VERSATILE 

APPLICATIONS. J Macromol Sci Part C Polym Rev. 2007 Aug 19;42(3):307–54.  

32.  Park BK, Kim M-M. Applications of Chitin and Its Derivatives in Biological 

Medicine. Int J Mol Sci. 2010 Dec 15;11(12):5152–64.  

33.  Ngo D, Kim S. Antioxidant effects of chitin, chitosan, and their derivatives. Adv food 

Nutr Res. 2014;73:15–31.  

34.  Kobayashi Y, Nishiyama M, Matsuo R, Tokura S, Nishi N, Hirano S, et al. 

Application of chitin and its derivatives to paper industry. Chitin Chitosan Proceeding 

Int Conf 2d Jpn Soc Chitin Chitosan, Tattori, Japan. 1982;244–7.  

35.  Tokura S, Yoshida J, Nishi N, Hiraoki T. Studies on chitin. vi. preparation and 

properties of alkyl-chitin fibers. Polym J. 1982;14(7):527–36.  

36.  Kennedy JF, Knill CJ. Biomaterials utilised in medical textiles: an overview. In: 

Medical textiles and biomaterials for healthcare. Woodhead Publishing ltd.; 2006. p. 

3–22.  

37.  Rao SB, Sharma CP. Use of chitosan as a biomaterial: Studies on its safety and 

hemostatic potential. J Biomed Mater Res. 1997 Jan 1;34(1):21–8.  

38.  Burkatovskaya M, Tegos GP, Swietlik E, Demidova TN, P Castano A, Hamblin MR. 

Use of chitosan bandage to prevent fatal infections developing from highly 

contaminated wounds in mice. Biomaterials. 2006 Aug 1;27(22):4157–64.  

39.  Amiji MM. Permeability and blood compatibility properties of chitosan-poly(ethylene 

oxide) blend membranes for haemodialysis. Biomaterials. 1995 Jan 1;16(8):593–9.  

40.  Whang HS, Kirsch W, Zhu YH, Yang CZ, Hudson SM. Hemostatic Agents Derived 

from Chitin and Chitosan. J Macromol Sci Part C Polym Rev. 2005 Oct;45(4):309–23.  

41.  Minagawa T, Okamura Y, Shigemasa Y, Minami S, Okamoto Y. Effects of molecular 

weight and deacetylation degree of chitin/chitosan on wound healing. Carbohydr 

Polym. 2007 Feb 19;67(4):640–4.  

42.  Qin Y. The preparation and characterization of chitosan wound dressings with 



323 

different degrees of acetylation. J Appl Polym Sci. 2008 Jan 15;107(2):993–9.  

43.  Jayasree RS, Rathinam K, Sharma CP. Development of Artificial Skin (Template) and 

Influence of Different Types of Sterilization Procedures on Wound Healing Pattern in 

Rabbits and Guinea Pigs. J Biomater Appl. 1995 Oct 1;10(2):144–62.  

44.  Miraftab M. Woundcare Materials: An Overview. In: Medical textiles and biomaterials 

for healthcare. Woodhead Publishing ltd.; 2006. p. 273–8.  

45.  Le Y, Anand SC, Horrocks AR. Recent developments in fibres and materials for 

wound management. Indian J Fiber Text Res. 1997;22:337–47.  

46.  Kanke M, Katayama H, Tsuzuki S, Kuramoto H. Appilcation of chitin and chitosan to 

pharmaceutical preparations. Chem Pharm Bull. 1989;37:523–5.  

47.  Kato Y, Onishi H, Machida Y. Application of chitin and chitosan derivatives in the 

pharmaceutical field. Curr Pharm Biotechnol. 2003;4:303–9.  

48.  Wu M, Long Z, Xiao H, Dong C. Recent research progress on preparation and 

application of N, N, N-trimethyl chitosan. Carbohydr Res. 2016;434(3):27–32.  

49.  Devlieghere F, Vermeulen A, Debevere J. Chitosan: Antimicrobial activity, 

interactions with food components and applicability as a coating on fruit and 

vegetables. Food Microbiol. 2004 Dec 1;21(6):703–14.  

50.  Ali A, Yeoh WK, Forney C, Siddiqui MW. Advances in postharvest technologies to 

extend the storage life of minimally processed fruits and vegetables. Crit Rev Food Sci 

Nutr. 2017 Oct 13;58(15):2632–49.  

51.  Zhang S, Gonsalves KE. Synthesis of calcium carbonate–chitosan composites via 

biomimetic processing. J Appl Polym Sci. 1995 May 9;56(6):687–95.  

52.  Nair KGR, Madhavan P. Chitosan for Removal of Mercury from Water. Society of  

Fisheries Technologists (India), Cochin; 1984.  

53.  Gentili AR, Cubitto MA, Ferrero M, Rodriguéz MS. Bioremediation of crude oil 

polluted seawater by a hydrocarbon-degrading bacterial strain immobilized on chitin 

and chitosan flakes. Int Biodeterior Biodegrad. 2006 Jun 1;57(4):222–8.  

54.  Sparkes BG, Murray DG. Chitosan based wound dressing materials. 4, 572, 906, 1986.  

55.  Chung Y-C, Su Y-P, Chen C-C, Jia G, Wang H-L, Wu G, et al. Relationship between 

antibacterial activity of chitosan and surface characteristics of cell wall. Vol. 25, Acta 

Pharmacol Sin. 2004.  

56.  Helander IM, Nurmiaho-Lassila EL, Ahvenainen R, Rhoades J, Roller S. Chitosan 

disrupts the barrier properties of the outer membrane of Gram-negative bacteria. Int J 

Food Microbiol. 2001 Dec 30;71(2–3):235–44.  



324 

57.  Je JY, Kim SK. Chitosan derivatives killed bacteria by disrupting the outer and inner 

membrane. J Agric Food Chem. 2006 Sep 6;54(18):6629–33.  

58.  Liu H, Du Y, Wang X, Sun L. Chitosan kills bacteria through cell membrane damage. 

Int J Food Microbiol. 2004 Sep 1;95(2):147–55.  

59.  Wang X, Du Y, Liu H. Preparation, characterization and antimicrobial activity of 

chitosan-Zn complex. Carbohydr Polym. 2004 May 17;56(1):21–6.  

60.  Jia Z, Shen D, Xu W. Synthesis and antibacterial activities of quaternary ammonium 

salt of chitosan. Carbohydr Res. 2001 Jun 22;333(1):1–6.  

61.  Ilyina A V., Tikhonov VE, Albulov AI, Varlamov VP. Enzymic preparation of acid-

free-water-soluble chitosan. Process Biochem. 2000 Jan 1;35(6):563–8.  

62.  Kittur FS, Kumar KR, Tharanathan RN. Functional packaging properties of chitosan 

films. Eur Food Res Technol. 1998;206(1):44–7.  

63.  Butler BL, Vergano PJ, Testin RF, Bunn JM, Wiles JL. Mechanical and barrier 

properties of edible chitosan films as affected by composition and storage. J Food Sci. 

1996 Sep 1;61(5):953–6.  

64.  Uragami T, Matsuda T, Okuno H, Miyata T. Structure of chemically modified chitosan 

membranes and their characteristics of permeation and separation of aqueous ethanol 

solutions. J Memb Sci. 1994 Mar 16;88(2–3):243–51.  

65.  Wong DWS, Gastineau FA, Gregorski KS, Tillin SJ, Pavlath AE. Chitosan-Lipid 

Films: Microstructure and Surface Energy. Vol. 40, J. Agric. Food Chem. 1992.  

66.  BOUGH WA. REDUCTION OF SUSPENDED SOLIDS IN VEGETABLE 

CANNING WASTE EFFLUENTS BY COAGULATION WITH CHITOSAN. J Food 

Sci. 1975 Mar 1;40(2):297–301.  

67.  Bough WA, Landes DR. Recovery and Nutritional Evaluation of Proteinaceous Solids 

Separated from Whey by Coagulation with Chitosan. J Dairy Sci. 1976 Nov 

1;59(11):1874–80.  

68.  Hwang D-C, Damodaran S. Selective Precipitation and Removal of Lipids from 

Cheese Whey Using Chitosan. J Agric Food Chem. 1995;43(1):33–7.  

69.  LATLIEF SJ, KNORR D. Effect of Chitin as Coagulating Aid on Protein Yield, 

Composition and Functionality of Tomato Seed Protein Concentrates. J Food Sci. 1983 

Nov 1;48(6):1587–90.  

70.  SOTO-PERALTA N V., MÜLLER H, KNORR D. Effects of Chitosan Treatments on 

the Clarity and Color of Apple Juice. J Food Sci. 1989 Mar 1;54(2):495–6.  

71.  Chatterjee S, Chatterjee S, Chatterjee BP, Guha AK. Clarification of fruit juice with 



325 

chitosan. Process Biochem. 2004 Oct 29;39(12):2229–32.  

72.  Spagna G, Pifferi PG, Rangoni C, Mattivi F, Nicolini G, Palmonari R. The 

stabilization of white wines by adsorption of phenolic compounds on chitin and 

chitosan. Food Res Int. 1996 Apr 1;29(3–4):241–8.  

73.  Jeuniaux C, Almas KA, Baradarajan A, Blair H, Decock P, Deiana S, et al. Chitosan as 

a Tool for the Purification of Waters. In: Chitin in Nature and Technology. Springer 

US; 1986. p. 551–70.  

74.  Muzzarelli RA, Weckx M, Filippini O, Sigon F. Removal of trace metal ions from 

industrial waters, nuclear effluents and drinking water, with the aid of cross-linked N-

carboxymethyl chitosan. Carbohydr Polym. 1989;11(4):293–306.  

75.  Flora SJS, Mittal M, Mehta A. Heavy metal induced oxidative stress & its possible 

reversal by chelation therapy. Indian J Med Res. 2008;128(4):501.  

76.  Sugunan A, Thanachayanont C, Dutta J, Hilborn JG. Heavy-metal ion sensors using 

chitosan-capped gold nanoparticles. In: Science and Technology of Advanced 

Materials. IOP Publishing; 2005. p. 335–40.  

77.  Chretiennot-Dinet M-J, Giraud-Guille M-M, Vaulot D, Putaux J-L, Saito Y, Chanzy 

H. THE CHITINOUS NATURE OF FILAMENTS EJECTED BY PHAEOCYSTIS 

(PRYMNESIOPHYCEAE)1. J Phycol. 1997 Aug 1;33(4):666–72.  

78.  Olivera BM, Hillyard DR, Marsh M, Yoshikami D. Combinatorial peptide libraries in 

drug design: lessons from venomous cone snails. Vol. 13, Trends in Biotechnology. 

Elsevier Current Trends; 1995. p. 422–6.  

79.  Brunner E, Richthammer P, Ehrlich H, Paasch S, Simon P, Ueberlein S, et al. Chitin-

Based Organic Networks: An Integral Part of Cell Wall Biosilica in the Diatom 

Thalassiosira pseudonana. Angew Chemie Int Ed. 2009 Dec 14;48(51):9724–7.  

80.  Hamed I, Özogul F, Regenstein JM. Industrial applications of crustacean by-products 

(chitin, chitosan, and chitooligosaccharides): A review. Trends Food Sci Technol. 

2016 Feb 1;48:40–50.  

81.  Blackwell J. The Macromolecular Organization of Cellulose and Chitin. In: Cellulose 

and Other Natural Polymer Systems. Boston, MA: Springer US; 1982. p. 403–28.  

82.  Mulisch M. Chitin in protistan organisms: distribution, synthesis and deposition. Eur J 

Protistol. 1993;29(1):1–18.  

83.  Muzzarelli R, Jeuniaux C, Gooday G. Chitin in nature and technology. Proceedings. 

New York Plenum Press. 1986;385:147-.  

84.  Smucker RA. Chitin primary production. Biochem Syst Ecol. 1991 Aug 6;19(5):357–



326 

69.  

85.  Campbell JA, Davies GJ, Bulone V, Henrissat B. A classification of nucleotide-

diphospho-sugar glycosyltransferases based on amino acid sequence similarities. Vol. 

326, Biochemical Journal. Portland Press Ltd; 1997. p. 929–39.  

86.  Candy DJ, Kilby BA. Studies on Chitin Synthesis in the Desert Locust. J Exp Biol. 

1962;39(1):129–40.  

87.  Liu X, Zhang J, Zhu KY. Chitin in arthropods: Biosynthesis, modification, and 

metabolism. In: Advances in Experimental Medicine and Biology. Springer New York 

LLC; 2019. p. 169–207.  

88.  Valdivieso MH, Durán A, Roncero C. Chitin synthases in yeast and fungi. In: Chitin 

and Chitinases. Basel: Birkhäuser Basel; 1999. p. 55–69.  

89.  Munro CA, Gow NAR. Chitin synthesis in human pathogenic fungi. Vol. 39, Medical 

Mycology, Supplement. BIOS Scientific Publishers Ltd.; 2001. p. 41–53.  

90.  Tellam RL, Vuocolo T, Johnson SE, Jarmey J, Pearson RD. Insect chitin synthase. Eur 

J Biochem. 2000 Oct 1;267(19):6025–43.  

91.  Neville AC. Biology of the arthropod cuticle. Vol. 4. Springer Science & Business 

Media; 2012.  

92.  Barbakadze N, Enders S, Gorb S, Arzt E. Local mechanical properties of the head 

articulation cuticle in the beetle Pachnoda marginata (Coleoptera, Scarabaeidae). J Exp 

Biol. 2006 Feb 15;209(4):722–30.  

93.  Fukamizo T, Kramer KJ. Mechanism of chitin oligosaccharide hydrolysis by the 

binary enzyme chitinase system in insect moulting fluid. Insect Biochem. 1985 Jan 

1;15(1):1–7.  

94.  Knorr D. Use of chitinous polymers in food: A challenge for food research and 

development. Food Technol. 1985;38(1):85–9.  

95.  Harnedy PA, FitzGerald RJ. Bioactive peptides from marine processing waste and 

shellfish: A review. Vol. 4, Journal of Functional Foods. Elsevier; 2012. p. 6–24.  

96.  Guérard F, Decourcelle N, Sabourin C, Floch-Laizet C, Le Grel L, Le Floc’h P, et al. 

Recent developments of marine ingredients for food and nutraceutical applications: a 

review. Vol. 2, Journal des Sciences Halieutique et Aquatique. 2010.  

97.  OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL laying down health 

rules as regards animal by-products and derived products not intended for human 

consumption and repealing Regulation (EC) No 1774/2002 (Animal by-products 

Regulation). 2009.  



327 

98.  Anh PT, My Dieu TT, Mol APJ, Kroeze C, Bush SR. Towards eco-agro industrial 

clusters in aquatic production: the case of shrimp processing industry in Vietnam. J 

Clean Prod. 2011 Nov 1;19(17–18):2107–18.  

99.  Avaro JT, Ruiz-Agudo C, Landwehr E, Hauser K, Gebauer D. Impurity-free 

amorphous calcium carbonate, a preferential material for pharmaceutical and medical 

applications. Eur J Mineral. 2019 Jun 7;31(2):231–6.  

100.  Wang D, Wang H, Qian B, Zou H, Zheng K, Zhou X, et al. Preparation of 

hydrophobic calcium carbonate phosphors and its application in fluorescent films. J 

Lumin. 2020 Mar 1;219:116844.  

101.  Uçurum M, Yogurtcuoglu E. Mechano-Activated surface modification of calium 

carbonate in stirred mill. Int Multidiscip Sci geoconference SGEM. 2010;1:669.  

102.  Hackman RH. STUDIES ON CHITIN IV. THE OCCURRENCE OF COMPLEXES 

IN WHICH CHITIN AND PROTEIN ARE COVALENTLY LINKED. Aust J Biol 

Sci. 1960;13(4):568–77.  

103.  Colla G, Rouphael Y. Biostimulants in horticulture. Scientia Horticulturae. 2015 Nov 

30;196:1–2.  

104.  Rouphael Y, Colla G, Giordano M, El-Nakhel C, Kyriacou MC, De Pascale S. Foliar 

applications of a legume-derived protein hydrolysate elicit dose-dependent increases of 

growth, leaf mineral composition, yield and fruit quality in two greenhouse tomato 

cultivars. Sci Hortic (Amsterdam). 2017 Dec;226:353–60.  

105.  du Jardin P. Plant biostimulants: Definition, concept, main categories and regulation. 

Vol. 196, Scientia Horticulturae. Elsevier; 2015. p. 3–14.  

106.  Wan J, Tanaka K, Zhang XC, Son GH, Brechenmacher L, Nguyen THN, et al. LYK4, 

a lysin motif receptor-like kinase, is important for chitin signaling and plant innate 

immunity in Arabidopsis. Plant Physiol. 2012 Sep;160(1):396–406.  

107.  Tender C De, Vandecasteele B, Verstraeten B, Ommeslag S, Meyer T De, Visscher J 

De, et al. Chitin in strawberry cultivation: Foliar growth and defense response 

promotion, but reduced fruit yield and disease resistance by nutrient imbalances. Mol 

Plant-Microbe Interact. 2021 Mar 1;34(3):227–39.  

108.  Walker R, Morris S, Brown P, Gracie A. Evaluation of potential for chitosan to 

enhance plant defence A report for the Rural Industries Research and Development 

Corporation. 2004.  

109.  BALDWIN JP. A quantitative analysis of the factors affecting plant nutrient uptake 

from some soils. J Soil Sci. 1975 Sep 1;26(3):195–206.  



328 

110.  Sun X, Wu Q, Picha DH, Ferguson MH, Ndukwe IE, Azadi P. Comparative 

performance of bio-based coatings formulated with cellulose, chitin, and chitosan 

nanomaterials suitable for fruit preservation. Carbohydr Polym. 2021 May 

1;259:117764.  

111.  Jongsri P, Wangsomboondee T, Rojsitthisak P, Seraypheap K. Effect of molecular 

weights of chitosan coating on postharvest quality and physicochemical characteristics 

of mango fruit. LWT. 2016 Nov 1;73:28–36.  

112.  Sun C, Fu D, Jin L, Chen M, Zheng X, Yu T. Chitin isolated from yeast cell wall 

induces the resistance of tomato fruit to Botrytis cinerea. Carbohydr Polym. 2018 Nov 

1;199:341–52.  

113.  Vandecasteele B, Amery F, Ommeslag S, Vanhoutte K, Visser R, Robbens J, et al. 

Chemically versus thermally processed brown shrimp shells or Chinese mitten crab as 

a source of chitin, nutrients or salts and as microbial stimulant in soilless strawberry 

cultivation. Sci Total Environ. 2021 Jun 1;771:145263.  

114.  Hui C, Jiang H, Liu B, Wei R, Zhang Y, Zhang Q, et al. Chitin degradation and the 

temporary response of bacterial chitinolytic communities to chitin amendment in soil 

under different fertilization regimes. Sci Total Environ. 2020 Feb 25;705:136003.  

115.  Egusa M, Parada RY, Aklog YF, Ifuku S, Kaminaka H. Nanofibrillation enhances the 

protective effect of crab shells against Fusarium wilt disease in tomato. Int J Biol 

Macromol. 2019 May 1;128:22–7.  

116.  Parada RY, Egusa M, Aklog YF, Miura C, Ifuku S, Kaminaka H. Optimization of 

nanofibrillation degree of chitin for induction of plant disease resistance: Elicitor 

activity and systemic resistance induced by chitin nanofiber in cabbage and strawberry. 

Int J Biol Macromol. 2018 Oct 15;118:2185–92.  

117.  Inderbitzin P, Ward J, Barbella A, Solares N, Izyumin D, Burman P, et al. Soil 

Microbiomes Associated with Verticillium Wilt-Suppressive Broccoli and Chitin 

Amendments are Enriched with Potential Biocontrol Agents. Phytopathology. 2017 

Nov 21;108(1):31–43.  

118.  Debode J, De Tender C, Soltaninejad S, Van Malderghem C, Haegeman A, Van der 

Linden I, et al. Chitin mixed in potting soil alters lettuce growth, the survival of 

zoonotic bacteria on the leaves and associated rhizosphere microbiology. Front 

Microbiol. 2016 Apr;7(APR).  

119.  Ohta K, Asao T, Hosoki T. Effects of chitosan treatments on seedling growth, 

chitinase activity and flower quality in Eustoma grandiflorum (raf.) Shinn. “Kairyou 



329 

Wakamurasaki.” J Hortic Sci Biotechnol. 2001;76(5):612–4.  

120.  Hallmann J, Rodríguez-Kábana R, Kloepper JW. Chitin-mediated changes in bacterial 

communities of the soil, rhizosphere and within roots of cotton in relation to nematode 

control. Soil Biol Biochem. 1999 Apr 1;31(4):551–60.  

121.  Mittal N, Saxena G, Mukerji KG. Integrated control of root-knot disease in three crop 

plants using chitin and Paecilomyces lilacinus. Crop Prot. 1995 Dec 1;14(8):647–51.  

122.  Spiegel Y, Cohn E, Chet I. Use of chitin for controlling plant parasitic nematodes. 

Plant Soil. 1986 Feb;95(1):87–95.  

123.  Culbreath AK, Rodriguez-Kabana R, Morgan-Jones G. Chitin and Paecilomyces 

lilacinus for control of Meloidogyne arenaria. Nematropica. 1986;16(2):153–66.  

124.  Hussain F, Shaukat SS, Abid M, Usman F, Akbar M. Control of Meloidogyne javanica 

and Fusarium solani in chilli (Capsicum annuum L.) with the application of chitin. 

Pakistan J Nematol. 2013;31(2):165–70.  

125.  Archer M. Shellfish waste disposal and opportunities for by-products. 2004.  

126.  Crustacea Processing Waste Management — Seafish [Internet]. [cited 2021 Jun 25]. 

Available from: https://www.seafish.org/document/?id=4013ec6d-2fff-4184-942b-

d0a2554cdb9a 

127.  Animal by-products that can be spread on land without processing - GOV.UK 

[Internet]. [cited 2021 Jun 25]. Available from: https://www.gov.uk/guidance/animal-

by-products-that-can-be-spread-on-land-without-processing 

128.  Shell on Earth Recycled whelk shells. Recycled seashells | Shellonearth.co.uk 

[Internet]. [cited 2021 Jun 25]. Available from: https://www.shellonearth.co.uk/ 

129.  Ryder E. Lettuce, endive and chicory. Cab international; 1999.  

130.  Domingues DS, Takahashi HW, Camara CAP, Nixdorf SL. Automated system 

developed to control pH and concentration of nutrient solution evaluated in hydroponic 

lettuce production. Comput Electron Agric. 2012 Jun 1;84:53–61.  

131.  Simonne E, Boozer R, Bakhtiyarova R, Vinson E. From artichoke to zucchini: 

Vegetable varieties for the Southeast. Okra Auburn Univ Ala Agr Expt Sta Reg Bul. 

2000;640.  

132.  Simonne A, Simonne E, Eitenmiller R, Coker CH. Bitterness and Composition of 

Lettuce Varieties Grown in the Southeastern United States. Horttechnology. 2002 Jan 

1;12(4):721–6.  

133.  Ahmed S, Ahmed S, Roy SK, Woo SH, Sonawane KD, Shohael AM. Effect of salinity 

on the morphological, physiological and biochemical properties of lettuce (Lactuca 



330 

sativa L.) in Bangladesh. Open Agric. 2019 Jan 1;4(1):361–73.  

134.  Hernández A, Castillo H, Ojeda D, Arras A, López J, Sánchez E. EFFECT OF 

VERMICOMPOST AND COMPOST ON LETTUCE PRODUCTION. Chil J Agric 

Res. 2010;70(4):583–9.  

135.  Shimizu H, Saito Y, Nakashima H, Miyasaka J, Ohdoi K. Light Environment 

Optimization for Lettuce Growth in Plant Factory. IFAC Proc Vol. 2011 Jan 

1;44(1):605–9.  

136.  Jung D-H, Park SH, Zhe XZ, Kim H-J. Image Processing Methods for Measurement of 

Lettuce Fresh Weight. J Biosyst Eng. 2015 Mar 1;40(1):89–93.  

137.  Sandmann M, Graefe J, Feller C. Optical methods for the non-destructive estimation of 

leaf area index in kohlrabi and lettuce. Sci Hortic (Amsterdam). 2013 Jun 7;156:113–

20.  

138.  Guo DP, Sun YZ. Estimation of leaf area of stem lettuce (Lactuca sativa var 

angustana) from linear measurements. Harvest Holist Access to Res Veg Econ Soc 

Technol. 2001;  

139.  Stawarczyk M, Stawarczyk K. Use of the ImageJ program to assess the damage of 

plants by snails. Chemistry-Didactics-Ecology-Metrology. 2015 Dec 1;R. 20, NR(1–

2):67–73.  

140.  Fu W, Li P, Wu Y. Effects of different light intensities on chlorophyll fluorescence 

characteristics and yield in lettuce. Sci Hortic (Amsterdam). 2012 Feb 24;135:45–51.  

141.  Zivcak M, Brückova K, Sytar O, Brestic M, Olsovska K, Allakhverdiev SI. Lettuce 

flavonoids screening and phenotyping by chlorophyll fluorescence excitation ratio. 

Planta. 2017 Jun 1;245(6):1215–29.  

142.  Schofield RA, DeEll JR, Murr DP, Jenni S. Determining the storage potential of 

iceberg lettuce with chlorophyll fluorescence. Postharvest Biol Technol. 2005 Oct 

1;38(1):43–56.  

143.  Murphy RJ, Whelan B, Chlingaryan A, Sukkarieh S. Quantifying leaf-scale variations 

in water absorption in lettuce from hyperspectral imagery: a laboratory study with 

implications for measuring leaf water content in the context of precision agriculture. 

Precis Agric. 2019 Aug 15;20(4):767–87.  

144.  Rodrigues P, Pedroso V, Gouveia JP, Martins S, Lopes C, Alves I. Influence of soil 

water content and atmospheric conditions on leaf water potential in cv. “Touriga 

Nacional” deep-rooted vineyards. Irrig Sci. 2012 Sep 15;30(5):407–17.  

145.  Corwin DL, Lesch SM. Apparent soil electrical conductivity measurements in 



331 

agriculture. Comput Electron Agric. 2005 Mar 1;46(1–3):11–43.  

146.  Jensen MH. Hydroponics. HortScience. 1997;32(6):1018–21.  

147.  Mahvi AH, Nouri J, Babaei AA, Nabizadeh R. Agricultural activities impact on 

groundwater nitrate pollution. Int J Environ Sci Technol 2005 21. 2013 Aug 5;2(1):41–

7.  

148.  Bachman GR, Metzger JD. Growth of bedding plants in commercial potting substrate 

amended with vermicompost. Bioresour Technol. 2008 May 1;99(8):3155–61.  

149.  Viger M, Hancock RD, Miglietta F, Taylor G. More plant growth but less plant 

defence? First global gene expression data for plants grown in soil amended with 

biochar. GCB Bioenergy. 2015 Jul;7(4):658–72.  

150.  Kim MJ, Moon Y, Tou JC, Mou B, Waterland NL. Nutritional value, bioactive 

compounds and health benefits of lettuce (Lactuca sativa L.). Vol. 49, Journal of Food 

Composition and Analysis. Academic Press Inc.; 2016. p. 19–34.  

151.  World Leaders In Lettuce Production - WorldAtlas [Internet]. [cited 2021 Dec 10]. 

Available from: https://www.worldatlas.com/articles/world-leaders-in-lettuce-

production.html 

152.  Fresh Lettuce global production and top producing countries - Tridge [Internet]. [cited 

2021 Dec 10]. Available from: https://www.tridge.com/intelligences/lettuce/production 

153.  Choi Y, Jeong H, Lee J. Antioxidant activity of methanolic extracts from some grains 

consumed in Korea. Food Chem. 2007;103(1):130–8.  

154.  Ferreira I, Baptista P, Vilas-Boas M, Barros L. Free-radical scavenging capacity and 

reducing power of wild edible mushrooms from northeast Portugal: Individual cap and 

stipe activity. Food Chem. 2007;100(2):1511–6.  

155.  Lee J, Koo N, Min DB. Reactive Oxygen Species, Aging, and Antioxidative 

Nutraceuticals. Compr Rev Food Sci Food Saf. 2004 Jan;3(1):21–33.  

156.  Dillard CJ, Bruce German J. Phytochemicals: Nutraceuticals and human health. Vol. 

80, Journal of the Science of Food and Agriculture. 2000. p. 1744–56.  

157.  Ksouri R, Megdiche W, Falleh H, Trabelsi N, Boulaaba M, Smaoui A, et al. Influence 

of biological, environmental and technical factors on phenolic content and antioxidant 

activities of Tunisian halophytes. C R Biol. 2008;331(11):865–73.  

158.  Duthie GG, Duthie SJ, Kyle JAM. Plant polyphenols in cancer and heart disease: 

implications as nutritional antioxidants. Nutr Res Rev. 2000 Jun;13(1):79–106.  

159.  Hertog MGL, Feskens EJM, Kromhout D, Hertog MGL, Hollman PCH, Hertog MGL, 

et al. Dietary antioxidant flavonoids and risk of coronary heart disease: the Zutphen 



332 

Elderly Study. Lancet. 1993 Oct 23;342(8878):1007–11.  

160.  Surh YJ. Cancer chemoprevention with dietary phytochemicals. Nat Rev Cancer 2003 

310. 2003;3(10):768–80.  

161.  Mertens-Talcott SU, Jilma-Stohlawetz P, Rios J, Hingorani L, Derendorf H. 

Absorption, metabolism, and antioxidant effects of pomegranate (Punica granatum L.) 

polyphenols after ingestion of a standardized extract in healthy human volunteers. J 

Agric Food Chem. 2006 Nov 15;54(23):8956–61.  

162.  Mazza G, Kay CD, Cottrell T, Holub BJ. Absorption of anthocyanins from blueberries 

and serum antioxidant status in human subjects. J Agric Food Chem. 2002 Dec 

18;50(26):7731–7.  

163.  Nicolle C, Cardinault N, Gueux E, Jaffrelo L, Rock E, Mazur A, et al. Health effect of 

vegetable-based diet: Lettuce consumption improves cholesterol metabolism and 

antioxidant status in the rat. Clin Nutr. 2004 Aug 1;23(4):605–14.  

164.  Brunsgaard G, Kidmose U, Sørensen JN, Kaack K, Eggum BO. Influence of growth 

conditions on the value of crisphead lettuce. Plant Foods Hum Nutr 1994 463. 1994 

Oct;46(3):255–65.  

165.  Llorach R, Martínez-Sánchez A, Tomás-Barberán FA, Gil MI, Ferreres F. 

Characterisation of polyphenols and antioxidant properties of five lettuce varieties and 

escarole. Food Chem. 2008 Jun 1;108(3):1028–38.  

166.  Mulabagal V, Ngouajio M, Nair A, Zhang Y, Gottumukkala AL, Nair MG. In vitro 

evaluation of red and green lettuce (Lactuca sativa) for functional food properties. 

Food Chem. 2010 Jan 15;118(2):300–6.  

167.  Jayaprakasam B, Vareed SK, Olson LK, Nair MG. Insulin Secretion by Bioactive 

Anthocyanins and Anthocyanidins Present in Fruits. J Agric Food Chem. 

2005;53(1):28–31.  

168.  Yousuf B, Gul K, Wani AA, Singh P. Health Benefits of Anthocyanins and Their 

Encapsulation for Potential Use in Food Systems: A Review. Crit Rev Food Sci Nutr. 

2016 Oct 2;56(13):2223–30.  

169.  Jayaprakasam B, Olson LK, Schutzki RE, Tai MH, Nair MG. Amelioration of Obesity 

and Glucose Intolerance in High-Fat-Fed C57BL/6 Mice by Anthocyanins and Ursolic 

Acid in Cornelian Cherry (Cornus mas). J Agric Food Chem. 2006 Jan 11;54(1):243–

8.  

170.  Lee SK, Kader AA. Preharvest and postharvest factors influencing vitamin C content 

of horticultural crops. Postharvest Biol Technol. 2000 Nov 1;20(3):207–20.  



333 

171.  Carr AC, Frei B. Toward a new recommended dietary allowance for vitamin C based 

on antioxidant and health effects in humans. Am J Clin Nutr. 1999 Jun 1;69(6):1086–

107.  

172.  Aćamović-Djoković G, Pavlović R, Mladenović J, Djurić M. Vitamin C content of 

different types of lettuce varieties. Acta Agric Serbica. 2011;16(32):83–9.  

173.  Medina-Lozano I, Bertolín JR, Díaz A. Nutritional value of commercial and traditional 

lettuce (Lactuca sativa L.) and wild relatives: Vitamin C and anthocyanin content. 

Food Chem. 2021 Oct 15;359:129864.  

174.  Bunning ML, Kendall PA, Stone MB, Stonaker FH, Stushnoff C. Effects of Seasonal 

Variation on Sensory Properties and Total Phenolic Content of 5 Lettuce Cultivars. J 

Food Sci. 2010 Apr 1;75(3):S156–61.  

175.  Caldwell CR. Alkylperoxyl Radical Scavenging Activity of Red Leaf Lettuce (Lactuca 

sativa L.) Phenolics. J Agric Food Chem. 2003 Jul 30;51(16):4589–95.  

176.  Liu X, Ardo S, Bunning M, Parry J, Zhou K, Stushnoff C, et al. Total phenolic content 

and DPPH radical scavenging activity of lettuce (Lactuca sativa L.) grown in 

Colorado. LWT - Food Sci Technol. 2007 Apr 1;40(3):552–7.  

177.  García CJ, García-Villalba R, Gil MI, Tomas-Barberan FA. LC-MS Untargeted 

Metabolomics to Explain the Signal Metabolites Inducing Browning in Fresh-Cut 

Lettuce. J Agric Food Chem. 2017 Jun 7;65(22):4526–35.  

178.  Hyodo H, Kuroda H, Shang A, Yang FA. Induction of Phenylalanine Ammonia-Lyase 

and Increase in Phenolics in Lettuce Leaves in Relation to the Development of Russet 

Spotting Caused by Ethylene. Plant Physiol. 1978 Jul 1;62(1):31–5.  

179.  López-Gálvez G, Saltveit M, Cantwell M. Wound-induced phenylalanine ammonia 

lyase activity: factors affecting its induction and correlation with the quality of 

minimally processed lettuces. Postharvest Biol Technol. 1996 Nov 1;9(2):223–33.  

180.  Quirino BF, Noh YS, Himelblau E, Amasino RM. Molecular aspects of leaf 

senescence. Trends Plant Sci. 2000 Jul 1;5(7):278–82.  

181.  Vicentini F, Matile P. Gerontosomes, a Multifunctional Type of Peroxisome in 

Senescent Leaves. J Plant Physiol. 1993 Jul 1;142(1):50–6.  

182.  Bleecker AB, Patterson SE. Last exit: senescence, abscission, and meristem arrest in 

Arabidopsis. Plant Cell. 1997;9(7):1169.  

183.  Nooden L. The phenomenon of senescence and aging. Senescence and Aging in 

Plants. 1988;2–50.  

184.  Smart CM. Gene expression during leaf senescence. New Phytol. 1994 Mar 



334 

1;126(3):419–48.  

185.  Buchanan-Wollaston V. The molecular biology of leaf senescence. J Exp Bot. 1997 

Feb 1;48(2):181–99.  

186.  Nam HG. The molecular genetic analysis of leaf senescence. Curr Opin Biotechnol. 

1997 Apr 1;8(2):200–7.  

187.  Weaver LM, Gan S, Quirino B, Amasino RM. A comparison of the expression patterns 

of several senescence-associated genes in response to stress and hormone treatment. 

Plant Mol Biol 1998 373. 1998 Jun;37(3):455–69.  

188.  Ph.D. HJML, Ph.D. LCVL. Pathogenesis‐related proteins of plants. CRC Crit Rev 

Plant Sci. 2008;10(2):123–50.  

189.  Quirino BF, Normanly J, Amasino RM. Diverse range of gene activity during 

Arabidopsis thaliana leaf senescence includes pathogen-independent induction of 

defense-related genes. Plant Mol Biol 1999 402. 1999 May;40(2):267–78.  

190.  Hoque MM, Ajwa H, Othman M, Smith R, Cahn M. Yield and Postharvest Quality of 

Lettuce in Response to Nitrogen, Phosphorus, and Potassium Fertilizers. HortScience. 

2010 Oct 1;45(10):1539–44.  

191.  Beltrán D, Selma M V., Marín A, Gil MI. Ozonated water extends the shelf life of 

fresh-cut lettuce. J Agric Food Chem. 2005 Jul 13;53(14):5654–63.  

192.  Del Nobile MA, Conte A, Cannarsi M, Sinigaglia M. Use of biodegradable films for 

prolonging the shelf life of minimally processed lettuce. J Food Eng. 2008 Apr 

1;85(3):317–25.  

193.  Singleton V, Rossi J. Colorimetry of total phenolics with phosphomolybdic-

phosphotungstic acid reagents. Am J Enol Vitic. 1965 Jul;16(3):144–58.  

194.  Krishnaiah D, Sarbatly R, Nithyanandam R. A review of the antioxidant potential of 

medicinal plant species. Food Bioprod Process. 2011 Jul 1;89(3):217–33.  

195.  Benzie IFF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of 

“antioxidant power”: The FRAP assay. Anal Biochem. 1996 Jul 15;239(1):70–6.  

196.  Benzie IFF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of 

“antioxidant power”: The FRAP assay. Anal Biochem. 1996 Jul;239(1):70–6.  

197.  Benzie IFF, Choi SW. Antioxidants in food: Content, measurement, significance, 

action, cautions, caveats, and research needs. In: Advances in Food and Nutrition 

Research. Academic Press Inc.; 2014. p. 1–53.  

198.  Brand-Williams W, Cuvelier ME, Berset C. Use of a free radical method to evaluate 

antioxidant activity. Vol. 28, LWT - Food Science and Technology. 1995. p. 25–30.  



335 

199.  Brand-Williams W, Cuvelier ME, Berset C. Use of a free radical method to evaluate 

antioxidant activity. Vol. 28, LWT - Food Science and Technology. 1995. p. 25–30.  

200.  Gahler S, Otto K, Böhm V. Alterations of Vitamin C, Total Phenolics, and Antioxidant 

Capacity as Affected by Processing Tomatoes to Different Products. J Agric Food 

Chem. 2003 Dec 31;51(27):7962–8.  

201.  Chang CH, Lin HY, Chang CY, Liu YC. Comparisons on the antioxidant properties of 

fresh, freeze-dried and hot-air-dried tomatoes. J Food Eng. 2006 Dec;77(3):478–85.  

202.  Kalogeropoulos N, Chiou A, Pyriochou V, Peristeraki A, Karathanos VT. Bioactive 

phytochemicals in industrial tomatoes and their processing byproducts. LWT - Food 

Sci Technol. 2012 Dec;49(2):213–6.  

203.  George B, Kaur C, Khurdiya DS, Kapoor HC. Antioxidants in tomato (Lycopersium 

esculentum) as a function of genotype. Food Chem. 2004;84(1):45–51.  

204.  Lee A, Thurnham DI, Chopra M. Consumption of tomato products with olive oil but 

not sunflower oil increases the antioxidant activity of plasma. Free Radic Biol Med. 

2000 Nov 15;29(10):1051–5.  

205.  Toor RK, Lister CE, Savage GP. Antioxidant activities of New Zealand-grown 

tomatoes. Int J Food Sci Nutr. 2005 Dec;56(8):597–605.  

206.  Santos FT, Goufo P, Santos C, Botelho D, Fonseca J, Queirós A, et al. Comparison of 

five agro-industrial waste-based composts as growing media for lettuce: Effect on 

yield, phenolic compounds and vitamin C. Food Chem. 2016 Oct 15;209:293–301.  

207.  Riga P, Benedicto L, Gil-Izquierdo Á, Collado-González J, Ferreres F, Medina S. 

Diffuse light affects the contents of vitamin C, phenolic compounds and free amino 

acids in lettuce plants. Food Chem. 2019 Jan 30;272:227–34.  

208.  Hemming S, Dueck T, Janse J, Van Noort F. The effect of diffuse light on crops. Acta 

Hortic. 2008;801 PART 2:1293–300.  

209.  Becker C, Urlić B, Špika MJ, Kläring HP, Krumbein A, Baldermann S, et al. Nitrogen 

Limited Red and Green Leaf Lettuce Accumulate Flavonoid Glycosides, Caffeic Acid 

Derivatives, and Sucrose while Losing Chlorophylls, Β-Carotene and Xanthophylls. 

PLoS One. 2015 Nov 1;10(11):e0142867.  

210.  Oh MM, Carey EE, Rajashekar CB. Antioxidant phytochemicals in lettuce grown in 

high tunnels and open field. Hortic Environ Biotechnol 2011 522. 2011 May 

1;52(2):133–9.  

211.  Romani A, Pinelli P, Galardi C, Sani G, Cimato A, Heimler D. Polyphenols in 

greenhouse and open-air-grown lettuce. Food Chem. 2002 Nov 1;79(3):337–42.  



336 

212.  Oh MM, Carey EE, Rajashekar CB. Environmental stresses induce health-promoting 

phytochemicals in lettuce. Plant Physiol Biochem. 2009 Jul 1;47(7):578–83.  

213.  Gazula A, Kleinhenz MD, Streeter JG, Miller AR. Temperature and Cultivar Effects 

on Anthocyanin and Chlorophyll b Concentrations in Three Related Lollo Rosso 

Lettuce Cultivars. HortScience. 2005 Oct 1;40(6):1731–3.  

214.  Gazula A, Kleinhenz MD, Scheerens JC, Ling PP. Anthocyanin Levels in Nine Lettuce 

(Lactuca sativa) Cultivars: Influence of Planting Date and Relations among Analytic, 

Instrumented, and Visual Assessments of Color. HortScience. 2007 Apr 1;42(2):232–

8.  

215.  Kader A, Lyons J, Morris L. Postharvest responses of vegetables to preharvest field 

temperature. HortScience. 1974;9(6):523–7.  

216.  Gyeong Park Y, Park JE, Hwang SJ, Jeong BR. Light Source and CO2 Concentration 

Affect Growth and Anthocyanin Content of Lettuce under Controlled Environment. 

Environ Biotechnol. 2012;53(6):460–6.  

217.  Zhang Y, Xu S, Cheng Y, Peng Z, Han J. Transcriptome profiling of 

anthocyaninrelated genes reveals effects of light intensity on anthocyanin biosynthesis 

in red leaf lettuce. PeerJ. 2018 Apr 13;6:e4607.  

218.  Liu M, Hu F, Chen X, Huang Q, Jiao J, Zhang B, et al. Organic amendments with 

reduced chemical fertilizer promote soil microbial development and nutrient 

availability in a subtropical paddy field: The influence of quantity, type and 

application time of organic amendments. Appl Soil Ecol. 2009 Jun 1;42(2):166–75.  

219.  Johnson JM, Ludwig A, Furch ACU, Mithöfer A, Scholz S, Reichelt M, et al. The 

beneficial root-colonizing fungus mortierella hyalina promotes the aerial growth of 

arabidopsis and activates calcium-dependent responses that restrict alternaria 

brassicae-induced disease development in roots. Mol Plant-Microbe Interact. 2019 Mar 

1;32(3):351–63.  

220.  Rick C. The Tomato. Sci Am. 1978;239(2):76–89.  

221.  Sheard G. The Economic Importance of the Tomato as a Commercial crop. Sci Hortic. 

1966;18:5–9.  

222.  Yildizhan H, Taki M. Assessment of tomato production process by cumulative exergy 

consumption approach in greenhouse and open field conditions: Case study of Turkey. 

Energy. 2018;156:401–8.  

223.  Collins EJ, Bowyer C, Tsouza A, Chopra M. Tomatoes: An Extensive Review of the 

Associated Health Impacts of Tomatoes and Factors That Can Affect Their 



337 

Cultivation. Biology (Basel). 2022 Feb 4;11(2):239.  

224.  Bhowmik D, Sampath Kumar KP, Paswan S, Srivastava S. Tomato-A Natural 

Medicine and Its Health Benefits INTRODUCTION: Tomatoes are a member of. Vol. 

1, Journal of Pharmacognosy and Phytochemistry. 2012.  

225.  Borguini RG, da Silva Torres EAF. Tomatoes and tomato products as dietary sources 

of antioxidants. Food Rev Int. 2009 Oct;25(4):313–25.  

226.  Viuda-Martos M, Sanchez-Zapata E, Sayas-Barberá E, Sendra E, Pérez-Álvarez JA, 

Fernández-López J. Tomato and Tomato Byproducts. Human Health Benefits of 

Lycopene and Its Application to Meat Products: A Review. Crit Rev Food Sci Nutr. 

2014 Jan 5;54(8):1032–49.  

227.  Rao AV, Agarwal S. Role of lycopene as antioxidant carotenoid in the prevention of 

chronic diseases: A review. Nutr Res. 1999 Feb;19(2):305–23.  

228.  Kearney PM, Whelton M, Reynolds K, Muntner P, Whelton PK, He J. Global burden 

of hypertension: analysis of worldwide data. Lancet. 2005 Jan;365(9455):217–23.  

229.  Ritchie H, Roser M. Agricultural Production - Our World in Data [Internet]. [cited 

2022 Feb 22]. Available from: https://ourworldindata.org/agricultural-production 

230.  FAOSTAT [Internet]. [cited 2022 Jan 17]. Available from: 

https://www.fao.org/faostat/en/#data/QCL 

231.  Sánchez-Rodríguez E, Rubio-Wilhelmi Mm, Cervilla LM, Blasco B, Rios JJ, Rosales 

MA, et al. Genotypic differences in some physiological parameters symptomatic for 

oxidative stress under moderate drought in tomato plants. Plant Sci. 2010 Jan 

1;178(1):30–40.  

232.  Niinemets Ü, Valladares F. Photosynthetic acclimation to simultaneous and interacting 

environmental stresses along natural light gradients: Optimality and constraints. Plant 

Biol. 2004 May 14;6(3):254–68.  

233.  Chand JB, Hewa G, Hassanli A, Myers B. Deficit Irrigation on Tomato Production in a 

Greenhouse Environment: A Review. J Irrig Drain Eng. 2020 Nov 

18;147(2):04020041.  

234.  Sánchez-Rodríguez E, Rubio-Wilhelmi MM, Blasco B, Constán-Aguilar C, Romero L, 

Ruiz JM. Variation in the use efficiency of N under moderate water deficit in tomato 

plants (Solanum lycopersicum) differing in their tolerance to drought. Acta Physiol 

Plant. 2011 Sep 17;33(5):1861–5.  

235.  Singh A, Gulati IJ, Chopra R. Effect of various fertigation schedules and organic 

manures on tomato (Lycopersicon esculentum Mill.) yield under arid condition. The 



338 

Bioscan. 2013;8(4):1261–4.  

236.  Zhou R, Kong L, Yu X, Ottosen CO, Zhao T, Jiang F, et al. Oxidative damage and 

antioxidant mechanism in tomatoes responding to drought and heat stress. Acta 

Physiol Plant. 2019 Feb 1;41(2):1–11.  

237.  Zhang X, Goatley M, Conner J, Wilkins M, Teshler I, Liu J, et al. Copper 

Chlorophyllin Impacts on Growth and Drought Stress Tolerance of Tomato Plants. 

HortScience. 2019 Dec 1;54(12):2195–201.  

238.  Zhang X, Zhou D, Ervin EH, Evanylo GK, Cataldi D, Li J. Biosolids Impact 

Antioxidant Metabolism Associated with Drought Tolerance in Tall Fescue. 

HortScience. 2012 Oct 1;47(10):1550–5.  

239.  Noctor G, Mhamdi A, Foyer CH. The Roles of Reactive Oxygen Metabolism in 

Drought: Not So Cut and Dried. Plant Physiol. 2014 Apr 8;164(4):1636–48.  

240.  Bian S, Jiang Y. Reactive oxygen species, antioxidant enzyme activities and gene 

expression patterns in leaves and roots of Kentucky bluegrass in response to drought 

stress and recovery. Sci Hortic (Amsterdam). 2009 Apr 2;120(2):264–70.  

241.  BLOKHINA O, VIROLAINEN E, FAGERSTEDT K V. Antioxidants, Oxidative 

Damage and Oxygen Deprivation Stress: a Review. Ann Bot. 2003 Jan 2;91(2):179–

94.  

242.  Tilahun S, Park DS, Seo MH, Jeong CS. Review on factors affecting the quality and 

antioxidant properties of tomatoes. African J Biotechnol . 2017 Aug 9;16(32):1678–

87.  

243.  Aherne SA, Jiwan MA, Daly T, O’brien NM. Geographical Location has Greater 

Impact on Carotenoid Content and Bioaccessibility from Tomatoes than Variety. Plant 

foods Hum Nutr . 2009;64(4):250–6.  

244.  Kotíková Z, Lachman J, Hejtmánková A, Hejtmánková K. Determination of 

antioxidant activity and antioxidant content in tomato varieties and evaluation of 

mutual interactions between antioxidants. LWT - Food Sci Technol. 2011 Oct 

1;44(8):1703–10.  

245.  Abushita AA, Daood HG, Biacs PA. Change in Carotenoids and Antioxidant Vitamins 

in Tomato as a Function of Varietal and Technological Factors. J Agric Food Chem. 

2000 Jun;48(6):2075–81.  

246.  Carr AC, Maggini S. Vitamin C and Immune Function. Nutrients. 2017 Nov 

3;9(11):1211.  

247.  Camejo D, Rodríguez P, Morales MA, Dell’Amico JM, Torrecillas A, Alarcón JJ. 



339 

High temperature effects on photosynthetic activity of two tomato cultivars with 

different heat susceptibility. J Plant Physiol. 2005 Mar 14;162(3):281–9.  

248.  Berry J, Bjorkman O. Photosynthetic Response and Adaptation to Temperature in 

Higher Plants. Annu Rev Plant Physiol. 2003 Nov 28;31(1):491–543.  

249.  Weis E. Reversible heat-inactivation of the calvin cycle: A possible mechanism of the 

temperature regulation of photosynthesis. Planta . 1981 Jan;151(1):33–9.  

250.  Preedy V. Tomatoes and tomato products: Nutritional, medicinal and therapeutic 

properties. CRC Press; 2008.  

251.  de Koning ANM. THE EFFECT OF TEMPERATURE ON FRUIT GROWTH AND 

FRUIT LOAD OF TOMATO. Acta Hortic. 1989 Sep;(248):329–36.  

252.  Domis M, Papadopoulos A, Gosselin A. Greenhouse tomato fruit quality. 26th ed. 

Horticult Rev; 2002. 239–306 p.  

253.  Dumas Y, Dadomo M, Di Lucca G, Grolier P. Effects of environmental factors and 

agricultural techniques on antioxidantcontent of tomatoes. J Sci Food Agric. 2003 Apr 

1;83(5):369–82.  

254.  Liptay A, Papadopoulos AP, Bryan HH, Gull D. Ascorbic acid levels in tomato 

(Lycopersicon esculentum Mill.) at low temperatures. Agric Biol Chem. 

1986;50:3185–7.  

255.  Luthria DL, Mukhopadhyay S, Krizek DT. Content of total phenolics and phenolic 

acids in tomato (Lycopersicon esculentum Mill.) fruits as influenced by cultivar and 

solar UV radiation. J Food Compos Anal. 2006 Dec 1;19(8):771–7.  

256.  Giuffrida F, Consoli S. Reusing Perlite Substrates in Soilless Cultivation: Analysis of 

Particle Size, Hydraulic Properties, and Solarization Effects. J Irrig Drain Eng. 2015 

Sep 24;142(2):04015047.  

257.  Wilson GCS. Tomato production in different growing media. Symp Nutr Grow Tech 

Plant Substrates. 1985;178:115–20.  

258.  Zhang RH, Duan ZQ, Li ZG. Use of Spent Mushroom Substrate as Growing Media for 

Tomato and Cucumber Seedlings. Pedosphere. 2012 Jun 1;22(3):333–42.  

259.  Allaire, S., Caron, J., Menard, C., Dorais M. Growing media varying in particle size 

and shape for greenhouse tomato. Int Symp Grow Media Hydroponics. 2001;644:307–

11.  

260.  Xiong J, Tian Y, Wang J, Liu W, Chen Q. Comparison of coconut coir, rockwool, and 

peat cultivations for tomato production: Nutrient balance, plant growth and fruit 

quality. Front Plant Sci. 2017 Aug 2;8:1327.  



340 

261.  Verma S, Sharma A, Kumar R, Kaur C, Arora A, Shah R, et al. Improvement of 

antioxidant and defense properties of Tomato (var. Pusa Rohini) by application of 

bioaugmented compost. Saudi J Biol Sci. 2015 May 1;22(3):256–64.  

262.  Verdoliva SG, Gwyn-Jones D, Detheridge A, Robson P. Controlled comparisons 

between soil and hydroponic systems reveal increased water use efficiency and higher 

lycopene and β-carotene contents in hydroponically grown tomatoes. Sci Hortic 

(Amsterdam). 2021 Mar 15;279:109896.  

263.  Sumalan RM, Ciulca SI, Poiana MA, Moigradean D, Radulov I, Negrea M, et al. The 

antioxidant profile evaluation of some tomato landraces with soil salinity tolerance 

correlated with high nutraceuticaland functional value. Agronomy. 2020;10(4):500.  

264.  Caron J, Heinse R, Charpentier S. Organic Materials Used in Agriculture, Horticulture, 

Reconstructed Soils, and Filtering Applications. Vadose Zo J. 2015 Jun 

1;14(6):vzj2015.04.0057.  

265.  Margenot AJ, Griffin DE, Alves BSQ, Rippner DA, Li C, Parikh SJ. Substitution of 

peat moss with softwood biochar for soil-free marigold growth. Ind Crops Prod. 2018 

Feb 1;112:160–9.  

266.  Gruda NS. Increasing Sustainability of Growing Media Constituents and Stand-Alone 

Substrates in Soilless Culture Systems. Agronomy. 2019 Jun 9;9(6):298.  

267.  Chiaiese P, Corrado G, Colla G, Kyriacou MC, Rouphael Y. Renewable sources of 

plant biostimulation: Microalgae as a sustainable means to improve crop performance. 

Front Plant Sci. 2018;871:1782.  

268.  Mohd Hanafi FH, Rezania S, Mat Taib S, Md Din MF, Yamauchi M, Sakamoto M, et 

al. Environmentally sustainable applications of agro-based spent mushroom substrate 

(SMS): an overview. J Mater Cycles Waste Manag. 2018 Apr 27;20(3):1383–96.  

269.  Kraska T, Kleinschmidt B, Weinand J, Pude R. Cascading use of Miscanthus as 

growing substrate in soilless cultivation of vegetables (tomatoes, cucumbers) and 

subsequent direct combustion. Sci Hortic (Amsterdam). 2018 May 17;235:205–13.  

270.  Kader A, Stevens A, Albright-Holton M, Morris L, Algazi M. Effect of fruit ripeness 

when picked on flavor and composition in fresh market tomatoes. J Amer Soc Hort 

Sci. 1977;102(6):724–31.  

271.  Giovanelli G, Lavelli V, Peri C, Distam SN. Variation in antioxidant components of 

tomato during vine and post-harvest ripening. J Sci Food Agric. 1999;79(12):1583–8.  

272.  Klee H, Giovannoni JJ. Genetics and Control of Tomato Fruit Ripening and Quality 

Attributes. Annu Rev Genet. 2011;45(1):41–59.  



341 

273.  Jimenez A, Creissen G, Kular B, Firmin J, Robinson S, Verhoeyen M, et al. Changes 

in oxidative processes and components of the antioxidant system during tomato fruit 

ripening. Planta. 2002;214(5):751–8.  

274.  Gray JE, Picton S, Giovannoni JJ, Grierson D. The use of transgenic and naturally 

occurring mutants to understand and manipulate tomato fruit ripening. Plant Cell 

Environ. 1994 May 1;17(5):557–71.  

275.  Gamble RL, Coonfield ML, Schaller GE. Histidine kinase activity of the ETR1 

ethylene receptor from Arabidopsis. Proc Natl Acad Sci. 1998 Jun 23;95(13):7825–9.  

276.  Adams-Phillips L, Barry C, Kannan P, Leclercq J, Bouzayen M, Giovannoni J. 

Evidence that CTR1-mediated ethylene signal transduction in tomato is encoded by a 

multigene family whose members display distinct regulatory features. Plant Mol Biol. 

2004;54:387–404.  

277.  Harris WM, Spurr AR. Chromoplasts of tomato fruits. II. The red tomato. Am J Bot. 

1969 Apr 1;56(4):380–9.  

278.  Bullock CH, Collier M. When the public good conflicts with an apparent preference 

for unsustainable behaviour. Ecol Econ. 2011 Mar 15;70(5):971–7.  

279.  Turunen M, Hyväluoma J, Heikkinen J, Keskinen R, Kaseva J, Hannula M, et al. 

Quantifying the pore structure of different biochars and their impacts on the water 

retention properties of Sphagnum moss growing media. Biosyst Eng. 2020 Mar 

1;191:96–106.  

280.  Ristaino JB, Duniway JM. Effect of preinoculation and postinoculation water stress on 

the severity of Phytophthora root rot in processing tomatoes. Plant Dis. 1989;  

281.  Nair M, Peter K V. Organic, inorganic fertilizers and their combinations on yield and 

storage life of hot chilli. Veg Sci. 1990;17(1):7–10.  

282.  Oms-Oliu G, Hertog MLATM, Van de Poel B, Ampofo-Asiama J, Geeraerd AH, 

Nicolai BM. Metabolic characterization of tomato fruit during preharvest 

development, ripening, and postharvest shelf-life. Postharvest Biol Technol. 2011 Oct 

1;62(1):7–16.  

283.  Saftner RA, Baldi BG. Polyamine Levels and Tomato Fruit Development: Possible 

Interaction with Ethylene. Plant Physiol. 1990 Feb 1;92(2):547–50.  

284.  Arah IK, Amaglo H, Kumah EK, Ofori H. Preharvest and postharvest factors affecting 

the quality and shelf life of harvested tomatoes: A mini review. Int J Agron. 

2015;2015.  

285.  Wagstaff C, Clarkson G, Zhang F, Rothwell S, Fry S, Taylor G, et al. Modification of 



342 

cell wall properties in lettuce improves shelf life. J Exp Bot. 2010;1239–48.  

286.  Smith HK, Truco M, Michelmore R, Clarkson G, Taylor G. Sustainable use of water in 

baby leaf cropping system. Asp Appl Biol. 2011;243–50.  

287.  Damerum A, Selmes SL, Biggi GF, Clarkson GJJ, Rothwell SD, Truco MJ, et al. 

Elucidating the genetic basis of antioxidant status in lettuce (Lactuca sativa). Hortic 

Res. 2015 Nov 25;2(1):1–13.  

288.  Clarkson GJJ, O’Byrne EE, Rothwell SD, Taylor G. Identifying traits to improve 

postharvest processability in baby leaf salad. Postharvest Biol Technol. 2003 Dec 

1;30(3):287–98.  

289.  Clarkson GJJ, Rothwell SD, Taylor G. End of day harvest extends shelf life. 

HortScience. 2005 Aug 1;40(5):1431–5.  

290.  Zhang FZ, Wagstaff C, Rae AM, Sihota AK, Keevil CW, Rothwell SD, et al. QTLs for 

shelf life in lettuce co-locate with those for leaf biophysical properties but not with 

those for leaf developmental traits. J Exp Bot. 2007 Apr 1;58(6):1433–49.  

291.  Sharp RE, Davies WJ. Root Growth and Water Uptake by Maize Plants in Drying Soil. 

J Exp Bot. 1985 Sep 1;36(9):1441–56.  

292.  Jay-Allemand C, Capelli P, Cornu D. Root development of in vitro hybrid walnut 

microcuttings in a vermiculite-containing gelrite medium. Sci Hortic (Amsterdam). 

1992 Sep 1;51(3–4):335–42.  

293.  ImageJ [Internet]. [cited 2022 Apr 4]. Available from: https://imagej.nih.gov/ij/ 

294.  Ali M, Griffiths AJ, Williams KP, Jones DL. Evaluating the growth characteristics of 

lettuce in vermicompost and green waste compost. Eur J Soil Biol. 2007 Nov 

1;43(SUPPL. 1):S316–9.  

295.  McPherson MR, Wang P, Marsh EL, Mitchell RB, Schachtman DP. Isolation and 

analysis of microbial communities in soil, rhizosphere, and roots in perennial grass 

experiments. J Vis Exp. 2018 Jul 24;2018(137):57932.  

296.  Ansorena MR, Agüero MV, Goñi MG, Roura S, Ponce A, Del M, et al. Assessment of 

lettuce quality during storage at low relative humidity using Global Stability Index 

methodology. Food Sci Technol. 2012 Apr 17;32(2):366–73.  

297.  Singleton V, Rossi J. Colorimetry of total phenolics with phosphomolybdic-

phosphotungstic acid reagents. Am J Enol Vitic. 1965 Jul 1;16(3):144–58.  

298.  Falleh H, Oueslati S, Guyot S, Dali A Ben, Magné C, Abdelly C, et al. LC/ESI-

MS/MS characterisation of procyanidins and propelargonidins responsible for the 

strong antioxidant activity of the edible halophyte Mesembryanthemum edule L. Food 



343 

Chem. 2011 Aug 15;127(4):1732–8.  

299.  Liao H-L. The Plant-Growth-Promoting Fungus, Mortierella elongata: Its Biology, 

Ecological Distribution, and Activities Promoting Plant Growth. EDIS. 2021 Mar 

5;2021(2).  

300.  Mortierella hyalina Fungus Species [Internet]. [cited 2022 Jan 25]. Available from: 

http://www.outerhebridesfungi.co.uk/species.php?id=358 

301.  Schwarz D, Hans-Peter Kläring &, Tomato ; Allometry To Estimate Leaf Area Of. 

ALLOMETRY TO ESTIMATE LEAF AREA OF TOMATO. J Plant Nutr. 

2001;24(8):1291–309.  

302.  Demir K, Sahin O, Kadioglu YK, Pilbeam DJ, Gunes A. Essential and non-essential 

element composition of tomato plants fertilized with poultry manure. Sci Hortic 

(Amsterdam). 2010 Nov 22;127(1):16–22.  

303.  Serio F, Leo L, Parente A, Santamaria P. Potassium nutrition increases the lycopene 

content of tomato fruit. J Hortic Sci Biotechnol. 2015;82(6):941–5.  

304.  Kučera J, Soukal L. Cadmium losses on wet and dry ashing of plant materials. J 

Radioanal Nucl Chem. 2005 Aug 14;193(1):33–8.  

305.  He Y, Terabayashi S, Namiki T. Comparison between analytical results of plant sap 

analysis and the dry ashing method for tomato plants cultured hydroponically. J Plant 

Nutr. 2008;21(6):1179–88.  

306.  Osma E, Ozyigit I, Leblebici Z, Demir G, Serin M. Determination of heavy metal 

concentrations in tomato (Lycopersicon esculentum Miller) grown in different station 

types. Rom Biotechnol Lett. 2012;17(1):6963.  

307.  How and When to Fertilize Your Vegetable Garden | The Old Farmer’s Almanac 

[Internet]. [cited 2022 Jan 25]. Available from: https://www.almanac.com/how-

fertilize-your-vegetable-garden# 

308.  Peet MM, Willits DH. Role of Excess Water in Tomato Fruit Cracking. HortScience. 

1995 Feb 1;30(1):65–8.  

309.  Peet MM. Fruit Cracking in Tomato. Horttechnology. 1992 Apr 1;2(2):216–23.  

310.  Ehret DL, Helmer T, Hall JW. Cuticle cracking in tomato fruit. J Hortic Sci. 2015 

Jan;68(2):195–201.  

311.  Palma MNN, Rocha GC, Valadares Filho SC, Detmann E. Evaluation of Acid 

Digestion Procedures to Estimate Mineral Contents in Materials from Animal Trials. 

Asian-Australasian J Anim Sci. 2015 Nov 1;28(11):1628.  

312.  van der Vorm PDJ. Dry ashing of plant material and dissolution of the ash in HF for 



344 

the colorimetric determination of silicon. Commun Soil Sci Plant Anal. 2008 Nov 

1;18(11):1181–9.  

313.  Marshall MR. Ash Analysis. Food Anal. 2010;105–15.  

314.  Humphries EC. Mineral Components and Ash Analysis. Mod Methoden der 

Pflanzenanalyse / Mod Methods Plant Anal. 1956;468–502.  

315.  Anderson DL, Henderson LJ. Comparing Sealed Chamber Digestion with Other 

Digestion Methods Used for Plant Tissue Analysis. Agron J. 1988 May 1;80(3):549–

52.  

316.  Parr JF, Dolic V, Lancaster G, Boyd WE. A microwave digestion method for the 

extraction of phytoliths from herbarium specimens. Rev Palaeobot Palynol. 2001 Sep 

1;116(3–4):203–12.  

317.  Santos J, Oliva-Teles MT, Delerue-Matos C, Oliveira MBPP. Multi-elemental analysis 

of ready-to-eat “baby leaf” vegetables using microwave digestion and high-resolution 

continuum source atomic absorption spectrometry. Food Chem. 2014 May 

15;151:311–6.  

318.  Cao X, Zhao G, Yin M, Li J. Determination of ultratrace rare earth elements in tea by 

inductively coupled plasma mass spectrometry with microwave digestion and 

AG50W-x8 cation exchange chromatography. Analyst. 1998 Jan 1;123(5):1115–9.  

319.  Rea AW, Keeler GJ. Microwave digestion and analysis of foliage for total mercury by 

cold vapor atomic fluorescence spectroscopy. Biogeochemistry. 1998;40(2):115–23.  

320.  Wilson B, Braithwaite A, Pyatt FB. An evaluation of procedures for the digestion of 

soils and vegetation from areas with metalliferous pollution. Toxicol Environ Chem. 

2005 Jul;87(3):335–44.  

321.  Milićević T, Relić D, Škrivanj S, Tešić Ž, Popović A. Assessment of major and trace 

element bioavailability in vineyard soil applying different single extraction procedures 

and pseudo-total digestion. Chemosphere. 2017 Mar 1;171:284–93.  

322.  Easlon HM, Bloom AJ. Easy Leaf Area: Automated digital image analysis for rapid 

and accurate measurement of leaf area. Appl Plant Sci. 2014 Jul 1;2(7):1400033.  

323.  JianChang G, GuangJun G, YanMei G, XiaoXuan W, YongChen D. Measuring plant 

leaf area by scanner and ImageJ software. China Veg. 2011;(No.2):73–7.  

324.  Martin TN, Marchese JA, Sousa AKF de, Curti GL, Fogolari H, Cunha V dos S. Using 

the ImageJ software to estimate leaf area in bean crop. Interciencia. 2013;38(12):843–

8.  

325.  Milla R, Reich PB, Niinemets Ü, Castro-Díez P. Environmental and developmental 



345 

controls on specific leaf area are little modified by leaf allometry. Funct Ecol. 2008 

Aug 1;22(4):565–76.  

326.  Poorter H, Niinemets Ü, Poorter L, Wright IJ, Villar R. Causes and consequences of 

variation in leaf mass per area (LMA): a meta-analysis. New Phytol. 2009 May 

1;182(3):565–88.  

327.  De La Riva EG, Olmo M, Poorter H, Ubera JL, Villar R. Leaf Mass per Area (LMA) 

and Its Relationship with Leaf Structure and Anatomy in 34 Mediterranean Woody 

Species along a Water Availability Gradient. PLoS One. 2016 Feb 1;11(2):e0148788.  

328.  Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, et al. The 

worldwide leaf economics spectrum. Nature. 2004 Apr 22;428(6985):821–7.  

329.  Ohtake N, Ishikura M, Suzuki H, Yamori W, Goto E. Continuous Irradiation with 

Alternating Red and Blue Light Enhances Plant Growth While Keeping Nutritional 

Quality in Lettuce. HortScience. 2018 Dec 1;53(12):1804–9.  

330.  Duan B, Gao H, He M, Zhang L. Hydrophobic modification on surface of chitin 

sponges for highly effective separation of oil. ACS Appl Mater Interfaces. 2014 Nov 

26;6(22):19933–42.  

331.  Zha L, Liu W, Zhang Y, Zhou C, Shao M. Morphological and Physiological Stress 

Responses of Lettuce to Different Intensities of Continuous Light. Front Plant Sci. 

2019 Nov 6;10:1440.  

332.  Formisano L, Ciriello M, Cirillo V, Pannico A, El-Nakhel C, Cristofano F, et al. 

Divergent leaf morpho-physiological and anatomical adaptations of four lettuce 

cultivars in response to different greenhouse irradiance levels in early summer season. 

Plants. 2021 Jun 1;10(6):1179.  

333.  Friedman SP. Soil properties influencing apparent electrical conductivity: a review. 

Comput Electron Agric. 2005 Mar 1;46(1–3):45–70.  

334.  Bernstein L. Effects of Salinity and Sodicity on Plant Growth. Annu Rev Phytopathol. 

2003 Nov 28;13(1):295–312.  

335.  Noble R, Dobrovin-Pennington A, Fitzgerald J, Dew K, Wilson C, Ross K, et al. 

Improving biocontrol of black vine weevil (Otiorhynchus sulcatus) with 

entomopathogenic fungi in growing media by incorporating spent mushroom compost. 

BioControl. 2018 Oct 1;63(5):697–706.  

336.  Appolonia L, Borgia GC, Bortolotti V, Brown RJS, Fantazzini P, Rezzaro G. Effects 

of hydrophobic treatments of stone on pore water studied by continuous distribution 

analysis of NMR relaxation times. Magn Reson Imaging. 2001 Apr 1;19(3–4):509–12.  



346 

337.  Guidi L, Lo Piccolo E, Landi M. Chlorophyll fluorescence, photoinhibition and abiotic 

stress: Does it make any difference the fact to be a C3 or C4 species? Front Plant Sci. 

2019 Feb 14;10:174.  

338.  Damerum A, Chapman MA, Taylor G. Innovative breeding technologies in lettuce for 

improved post-harvest quality. Postharvest Biol Technol. 2020;168:111266.  

339.  Wagstaff C, Clarkson GJJ, Rothwell SD, Page A, Taylor G, Dixon MS. 

Characterisation of cell death in bagged baby salad leaves. Postharvest Biol Technol. 

2007 Nov 1;46(2):150–9.  

340.  Ali A, Muhammad MTM, Sijam K, Siddiqui Y. Effect of chitosan coatings on the 

physicochemical characteristics of Eksotika II papaya (Carica papaya L.) fruit during 

cold storage. Food Chem. 2011 Jan 15;124(2):620–6.  

341.  Ihl M, Aravena L, Scheuermann E, Uquiche E, Bifani V. Effect of immersion solutions 

on shelf-life of minimally processed lettuce. LWT - Food Sci Technol. 2003 Sep 

1;36(6):591–9.  

342.  Islam MZ, Lee YT, Mele MA, Choi IL, Jang DC, Ko YW, et al. Effect of modified 

atmosphere packaging on quality and shelf life of baby leaf lettuce. Qual Assur Saf 

Crop Foods. 2019 Oct 25;11(8):749–56.  

343.  Sant’Ana AS, Landgraf M, Destro MT, Franco BDGM. Growth Potential of 

Salmonella and Listeria monocytogenes in Ready-to-Eat Lettuce and Collard Greens 

Packaged under Modified Atmosphere and in Perforated Film. J Food Prot. 2013 May 

1;76(5):888–91.  

344.  Zhou T, Harrison AD, McKellar R, Young JC, Odumeru J, Piyasena P, et al. 

Determination of acceptability and shelf life of ready-to-use lettuce by digital image 

analysis. Food Res Int. 2004 Jan 1;37(9):875–81.  

345.  Allende A, Aguayo E, Artés F. Microbial and sensory quality of commercial fresh 

processed red lettuce throughout the production chain and shelf life. Int J Food 

Microbiol. 2004 Mar 1;91(2):109–17.  

346.  Gómez-López VM, Ragaert P, Jeyachchandran V, Debevere J, Devlieghere F. Shelf-

life of minimally processed lettuce and cabbage treated with gaseous chlorine dioxide 

and cysteine. Int J Food Microbiol. 2008 Jan 15;121(1):74–83.  

347.  Serea C, Barna O, Manley M, Kidd M. Effect of storage temperature on the ascorbic 

acid content, total phenolic content and antioxidant activity in lettuce (Lactuca sativa 

L.). JAPS J Anim plant Sci. 2014;24(4).  

348.  Paim BT, Crizel RL, Tatiane SJ, Rodrigues VR, Rombaldi C V., Galli V. Mild drought 



347 

stress has potential to improve lettuce yield and quality. Sci Hortic (Amsterdam). 

2020;272:109578.  

349.  Tang H, Zhang L, Hu L, Zhang L. Application of Chitin Hydrogels for Seed 

Germination, Seedling Growth of Rapeseed. J Plant Growth Regul. 2014 Aug 

22;33(2):195–201.  

350.  Kano C, Cardoso AII, Bôas RL V. Phosphorus rates on yield and quality of lettuce 

seeds. Hortic Bras. 2012;30:695–8.  

351.  Haber AH, Tolbert NE. Metabolism of C14-Bicarbonate, P32-Phosphate, or S35-

Sulfate by Lettuce Seed during Germination. Plant Physiol. 1959 Jul 1;34(4):376.  

352.  Nasri N, Saïdi I, Kaddour R, Lachaâl M. Effect of Salinity on Germination, Seedling 

Growth and Acid Phosphatase Activity in Lettuce. Am J Plant Sci. 2015 Jan 

6;06(01):57–63.  

353.  Baz H, Creech M, Chen J, Gong H, Bradford K, Huo H. Water-Soluble Carbon 

Nanoparticles Improve Seed Germination and Post-Germination Growth of Lettuce 

under Salinity Stress. Agronomy. 2020 Aug 13;10(8):1192.  

354.  Kaya C, Higgs D, Sakar E. Response of two leafy vegetables grown at high salinity to 

supplementary potassium and phosphorus during different growth stages. J Plant Nutr. 

2007;25(12):2663–76.  

355.  Seginer I. A Dynamic Model for Nitrogen‐stressed Lettuce. Ann Bot. 2003;91(6):623–

35.  

356.  Al-aghabary K, Zhu Z, Shi Q. Influence of Silicon Supply on Chlorophyll Content, 

Chlorophyll Fluorescence, and Antioxidative Enzyme Activities in Tomato Plants 

Under Salt Stress. J plant Nutr . 2005 Jan 2;27(12):2101–15.  

357.  Malécange M, Pérez-Garcia MD, Citerne S, Sergheraert R, Lalande J, Teulat B, et al. 

Leafamine®, a Free Amino Acid-Rich Biostimulant, Promotes Growth Performance of 

Deficit-Irrigated Lettuce. Int J Mol Sci. 2022 Jul 1;23(13):7338.  

358.  Testani E, Montemurro F, Ciaccia C, Diacono M. Agroecological practices for organic 

lettuce: effects on yield, nitrogen status and nitrogen utilisation efficiency. 

https://doi.org/101080/0144876520191689531. 2019 Apr 2;36(2):84–95.  

359.  Shaik A, Singh H, Singh S, Montague T, Sanchez J. Liquid Organic Fertilizer Effects 

on Growth and Biomass of Lettuce Grown in a Soilless Production System. 

HortScience. 2022 Mar 1;57(3):447–52.  

360.  Zlotopolski V. Magnetic Treatment Reduces Water Usage in Irrigation Without 

Negatively Impacting Yield, Photosynthesis and Nutrient Uptake in Lettuce. Int J Appl 



348 

Agric Sci. 2017;3(5):117–22.  

361.  Li Y, Li W, Zhang H, Liu Y, Ma L, Lei B. Amplified light harvesting for enhancing 

Italian lettuce photosynthesis using water soluble silicon quantum dots as artificial 

antennas. Nanoscale. 2020 Dec 19;12(1):155–66.  

362.  De Boer W, Gerards S, Klein Gunnewiek PJA, Modderman R. Response of the 

chitinolytic microbial community to chitin amendments of dune soils. Biol Fertil Soils 

1999 292. 1999 May;29(2):170–7.  

363.  Liu D, Shi J, Colina Ibarra A, Kakuda Y, Jun Xue S. The scavenging capacity and 

synergistic effects of lycopene, vitamin E, vitamin C, and β-carotene mixtures on the 

DPPH free radical. LWT - Food Sci Technol. 2008 Sep 1;41(7):1344–9.  

364.  Vijayakumar A, Beena R. Impact of Temperature Difference on the Physicochemical 

Properties and Yield of Tomato: A Review. Chem Sci Rev Lett. 2020;9(35):665–81.  

365.  Foolad MR, Lin GY, Chen FQ. Comparison of QTLs for seed germination under non-

stress, cold stress and salt stress in tomato. Plant Breed. 2008 Apr 1;118(2):167–73.  

366.  Dahal P, Bradford KJ. Hydrothermal time analysis of tomato seed germination at 

suboptimal temperature and reduced water potential. Seed Sci Res. 1994 Apr 

1;4(2):71–80.  

367.  Wanniarachchi D, Cheema M, Thomas R, Galagedara L. Effect of Biochar on TDR-

Based Volumetric Soil Moisture Measurements in a Loamy Sand Podzolic Soil. Soil 

Syst. 2019 Aug 5;3(3):49.  

368.  Zhou R, Yu X, Ottosen CO, Rosenqvist E, Zhao L, Wang Y, et al. Drought stress had a 

predominant effect over heat stress on three tomato cultivars subjected to combined 

stress. BMC Plant Biol. 2017 Jan 25;17(1):1–13.  

369.  Graber ER, Harel YM, Kolton M, Cytryn E, Silber A, David DR, et al. Biochar impact 

on development and productivity of pepper and tomato grown in fertigated soilless 

media. Plant Soil. 2010 Dec 2;337(1):481–96.  

370.  Lee DR, Dixon MA, Johnson RW. Simultaneous measurements of tomato fruit and 

stem water potentials using in situ stem hygrometers. Can J Bot. 1989 Aug 

1;67(8):2352–5.  

371.  Tilahun S, Seo MH, Park DS, Jeong CS. Effect of cultivar and growing medium on the 

fruit quality attributes and antioxidant properties of tomato (Solanum lycopersicum 

L.). Hortic Environ Biotechnol. 2018 Apr 1;59(2):215–23.  

372.  Hanna HY. Influence of Cultivar, Growing Media, and Cluster Pruning on Greenhouse 

Tomato Yield and Fruit Quality. Horttechnology. 2009 Jan 1;19(2):395–9.  



349 

373.  Petric T, Kiferle C, Perata P, Gonzali S. Optimizing shelf life conditions for 

anthocyanin-rich tomatoes. PLoS One. 2018 Oct 1;13(10):e0205650.  

374.  Verheul MJ, Slimestad R, Tjøstheim IH. From Producer to Consumer: Greenhouse 

Tomato Quality As Affected by Variety, Maturity Stage at Harvest, Transport 

Conditions, and Supermarket Storage. J Agric Food Chem. 2015 May 27;63(20):5026–

34.  

375.  Lu C, Ding J, Park HK, Feng H. High intensity ultrasound as a physical elicitor affects 

secondary metabolites and antioxidant capacity of tomato fruits. Food Control. 2020 

Jul 1;113:107176.  

376.  Huang G, Su YG, Zhu L, Li Y. The role of spring ephemerals and soil microbes in soil 

nutrient retention in a temperate desert. Plant Soil. 2016 Sep 1;406(1–2):43–54.  

377.  Welna M, Szymczycha-Madeja A. Evaluation of Optimal Conditions for 

Determination of Low Tin Content in Fresh and Canned Tomato Samples Using 

Hydride Generation Inductively Coupled Plasma Optical Emission Spectrometry. Food 

Anal Methods. 2014 Jan 6;7(1):127–34.  

378.  Bressy FC, Brito GB, Barbosa IS, Teixeira LSG, Korn MGA. Determination of trace 

element concentrations in tomato samples at different stages of maturation by ICP 

OES and ICP-MS following microwave-assisted digestion. Microchem J. 2013 Jul 

1;109:145–9.  

379.  Abirami S, Nagarajan D, Samrot A, Varsini A, Sugasini A, Anand D. Extraction, 

Characterization, and Utilization of Shrimp Waste Chitin Derived Chitosan in 

Antimicrobial Activity, Seed Germination, Preservative, and Microparticle 

Formulation. Biointerface Res Appl Chem. 2021;11(2):8725–39.  

380.  Bot JL, Jeannequin B, Fabre R. Growth and Nitrogen Status of Soilless Tomato Plants 

Following Nitrate Withdrawal from the Nutrient Solution. Ann Bot. 2001 Sep 

1;88(3):361–70.  

381.  Bottom Watering Potted Plants - How To Water Plants From The Bottom [Internet]. 

[cited 2022 Jan 25]. Available from: 

https://www.gardeningknowhow.com/houseplants/hpgen/bottom-watering-plants.htm 

382.  Scoggins HL. Determination of Optimum Fertilizer Concentration and Corresponding 

Substrate Electrical Conductivity for Ten Taxa of Herbaceous Perennials. HortScience. 

2005 Aug 1;40(5):1504–6.  

383.  Judd LK, Cox DA. Growth of New Guinea Impatiens Inhibited by High Growth-

medium Electrical Conductivity. HortScience. 1992 Nov 1;27(11):1193–4.  



350 

384.  Knop AW, Ouwerling M. Optimising tomato production on stonewool substrates with 

a water content strategy. Acta Hortic. 1995 Oct;(401):525–30.  

385.  Kong L, Wen Y, Jiao X, Liu X, Xu Z. Interactive regulation of light quality and 

temperature on cherry tomato growth and photosynthesis. Environ Exp Bot. 2021 Feb 

1;182:104326.  

386.  Kläring HP, Krumbein A. The Effect of Constraining the Intensity of Solar Radiation 

on the Photosynthesis, Growth, Yield and Product Quality of Tomato. J Agron Crop 

Sci. 2013 Oct 1;199(5):351–9.  

387.  Weng JH. The Role of Active and Passive Water Uptake in Maintaining Leaf Water 

Status and Photosynthesis in Tomato under Water Deficit. Plant Prod Sci . 

2000;3(3):296–8.  

388.  Ozores-Hampton M, Mcavoy G. What Causes Blossom Drop in Tomatoes? tomato 

Mag. 2010;14(4):4–5.  

389.  Taylor MD, Locascio SJ. Blossom-End Rot: A Calcium Deficiency. J Plant Nutr. 

2007;27(1):123–39.  

390.  Ho LC, Belda R, Brown M, Andrews J, Adams P. Uptake and Transport of Calcium 

and the Possible Causes of Blossom-end Rot in Tomato. J Exp Bot. 1993 Feb 

1;44(2):509–18.  

391.  How Hard Is The Water In Portsmouth? - Scott Jenkins Water Softeners in Sussex, 

Surrey, Hampshire, London & Kent [Internet]. [cited 2022 Sep 14]. Available from: 

https://www.sjwatersofteners.co.uk/how-hard-is-the-water-in-portsmouth/ 

392.  Triky-Dotan S, Yermiyahu U, Katan J, Gamliel A. Development of Crown and Root 

Rot Disease of Tomato Under Irrigation with Saline Water. APS Publ. 2007 Feb 

5;95(12):1438–44.  

393.  Jedmowski C, Ashoub A, Momtaz O, Brüggemann W. Impact of Drought, Heat, and 

Their Combination on Chlorophyll Fluorescence and Yield of Wild Barley (Hordeum 

spontaneum). J Bot. 2015;2015.  

394.  Célia De Matos Pires R, Furlani PR, Ribeiro RV, Junior DB, Sakai E, Lourenção AL, 

et al. Irrigation frequency and substrate volume effects in the growth and yield of 

tomato plants under greenhouse conditions. Sci Agric. 2011;68(4):400–5.  

395.  4 Reasons Your Tomatoes Aren’t Ripening & What To Do About It - Tomato Bible 

[Internet]. [cited 2022 Jan 28]. Available from: 

https://www.tomatobible.com/tomatoes-not-ripening/ 

396.  Rosales Soto MU, Brown K, Ross CF. Antioxidant activity and consumer acceptance 



351 

of grape seed flour-containing food products. Int J Food Sci Technol. 2012 Mar 

1;47(3):592–602.  

397.  Nguyen PM, Niemeyer ED. Effects of Nitrogen Fertilization on the Phenolic 

Composition and Antioxidant Properties of Basil (Ocimum basilicum L.). J Agric 

Food Chem. 2008 Sep 24;56(18):8685–91.  

398.  Johkan M, Shoji K, Goto F, Hashida S nosuke, Yoshihara T. Blue Light-emitting 

Diode Light Irradiation of Seedlings Improves Seedling Quality and Growth after 

Transplanting in Red Leaf Lettuce. HortScience. 2010 Dec 1;45(12):1809–14.  

399.  Rosales MA, Ruiz JM, Hernández J, Soriano T, Castilla N, Romero L. Antioxidant 

content and ascorbate metabolism in cherry tomato exocarp in relation to temperature 

and solar radiation. J Sci Food Agric. 2006 Aug 15;86(10):1545–51.  

400.  Heidari P, Reza Amerian M, Barcaccia G. Hormone Profiles and Antioxidant Activity 

of Cultivated and Wild Tomato Seedlings under Low-Temperature Stress. Agronomy. 

2021;11(6):1146.  

401.  Ingallina C, Maccelli A, Spano M, Matteo G Di, Sotto A Di, Giusti AM, et al. 

Chemico-Biological Characterization of Torpedino Di Fondi® Tomato Fruits: A 

Comparison with San Marzano Cultivar at Two Ripeness Stages. Antioxidants. 2020 

Oct 21;9(10):1027.  

402.  Dixon M, Simonne E, Obreza T, Liu G. Crop Response to Low Phosphorus 

Bioavailability with a Focus on Tomato. Agronomy. 2020 Apr 27;10(5):617.  

403.  Durant J, Thomas G. Why should we promote the public understanding of science. Sci 

Lit Pap.  

404.  Stilgoe J, Lock SJ, Wilsdon J. Why should we promote public engagement with 

science?: Sage Journals. 2014 Jan 16;23(1):4–15.  

405.  Burns TW, O’Connor DJ, Stocklmayer SM. Science Communication: A Contemporary 

Definition: Public Underst Sci. 2003 Aug 19;12(2):183–202.  

406.  Eagleman DM. Why Public Dissemination of Science Matters: A Manifesto. J 

Neurosci. 2013 Jul 24;33(30):12147–9.  

407.  Suber P. Science Dissemination using Open Access. ICTP-The Abdus Salam 

International Centre for Theoretical Physics; 2008.  

408.  Kim L, Portenoy JH, West JD, Stovel KW. Scientific journals still matter in the era of 

academic search engines and preprint archives. J Assoc Inf Sci Technol. 2020 Oct 

1;71(10):1218–26.  

409.  Rowe N. “When You Get What You Want, but Not What You Need”: The 



352 

Motivations, Affordances and Shortcomings of Attending Academic/Scientific 

Conferences. Int J Res Educ Sci. 2018;4(2):714–29.  

410.  Ross-Hellauer T, Tennant JP, Banelytė V, Gorogh E, Luzi D, Kraker P, et al. Ten 

simple rules for innovative dissemination of research. PLOS Comput Biol. 2020 Apr 

1;16(4):e1007704.  

411.  Yammine S, Liu C, Jarreau P, Coe I. Social media for social change in science. 

Science (80- ). 2018;360(6385):162–3.  

412.  Bradley J-C. Open Notebook Science Using Blogs and Wikis. Nat Preced. 2007 Jun 

12;1–1.  

413.  Bonney R, Cooper CB, Dickinson J, Kelling S, Phillips T, Rosenberg K V., et al. 

Citizen Science: A Developing Tool for Expanding Science Knowledge and Scientific 

Literacy. Bioscience. 2009 Dec 1;59(11):977–84.  

414.  Farfieva KA, Karimov I. SOCIAL MEDIA AS A FACTOR IN THE FORMATION 

OF SCIENTIFIC THINKING IN YOUTH. Eur J Res Reflect Educ Sci. 2020;8(10).  

415.  Williams AJ, Peck L, Ekins S. The new alchemy: Online networking, data sharing and 

research activity distribution tools for scientists. F1000Research. 2017;6.  

416.  Djerf-Pierre M, Lindgren M, Budinski MA. The role of journalism on youtube: 

Audience engagement with “superbug” reporting. Media Commun. 2019;7(1):235–47.  

417.  Sugimoto CR, Work S, Larivière V, Haustein S. Scholarly use of social media and 

altmetrics: A review of the literature. J Assoc Inf Sci Technol. 2017 Sep 1;68(9):2037–

62.  

418.  Collins K, Shiffman D, Rock J. How Are Scientists Using Social Media in the 

Workplace? PLoS One. 2016 Oct 1;11(10):e0162680.  

419.  Barteau M, Hoffman A, Maynard A, Miller S, Scavia D. Academic Engagement in 

Public and Political Discourse Preliminary Analysis of Survey Results. 2014.  

420.  Chugh R, Grose R, Macht SA. Social media usage by higher education academics: A 

scoping review of the literature. Educ Inf Technol. 2021 Jan 1;26(1):983–99.  

421.  Meishar-Tal H, Pieterse E. Why do academics use academic social networking sites? 

Int Rev Res Open Distance Learn. 2017;18(1):1–22.  

422.  Literat I, Brough M. From Ethical to Equitable Social Media Technologies: 

Amplifying Underrepresented Youth Voices in Digital Technology Design. J media 

ethics. 2019 Jul 3;34(3):132–45.  

423.  Haase I, Müller A. Fighting for attention: early career researchers and the online 

scientific community. In How to Make your Doctoral Research Relevant. Edward 



353 

Elgar Publ. 2020;  

424.  Bentley P, Kyvik S. Academic staff and public communication: a survey of popular 

science publishing across 13 countries. Public Underst Sci. 2010 Dec 13;20(1):48–63.  

425.  Merakchi K. The translation of metaphors in popular science from English into Arabic 

in the domain of astronomy and astrophysics. University of Surrey; 2020.  

426.  Rakedzon T, Baram-Tsabari A. To make a long story short: A rubric for assessing 

graduate students’ academic and popular science writing skills. Assess Writ. 2017 Apr 

1;32:28–42.  

427.  Science and engineering indicators, National Science Board. 2016.  

428.  Pelger S. Popular science writing bringing new perspectives into science students’ 

theses. Int J Sci Educ Part B. 2018 Jan 2;8(1):1–13.  

429.  MacKenzie LE. Science podcasts: analysis of global production and output from 2004 

to 2018. R Soc Open Sci. 2019;6(1).  

430.  Egorova LA. Popular Science Discourse Development in the Cyberspace. Adv Lang 

Lit Stud. 2018 Oct 31;9(5):79–83.  

431.  Chan-Olmsted S, Wang R. Understanding podcast users: Consumption motives and 

behaviors: New Media Soc. 2020 Oct 20;  

432.  Edison Research Podcast Consumer 2019 [Internet]. 2019 [cited 2022 Mar 2]. 

Available from: https://www.slideshare.net/webby2001/edison-research-podcast-

consumer-2019 

433.  Finkler W, Leon B. The power of storytelling and video: a visual rhetoric for science 

communication. J Sci Commun. 2019 Oct 14;18(5):A02.  

434.  Manzo K. The usefulness of climate change films. Geoforum. 2017 Aug 1;84:88–94.  

435.  Dunn ME, Mills M, Veríssimo D. Evaluating the impact of the documentary series 

Blue Planet II on viewers’ plastic consumption behaviors. Conserv Sci Pract. 2020 Oct 

1;2(10):e280.  

436.  Grand A. Café Scientifique. Sci Prog. 2014;97(3):275–8.  

437.  Navid EL, Einsiedel EF. Synthetic biology in the Science Café: what have we learned 

about public engagement? J Sci Commun. 2012 Nov 27;11(4):A02.  

438.  Ballew MT, Leiserowitz A, Roser-Renouf C, Rosenthal SA, Kotcher JE, Marlon JR, et 

al. Climate Change in the American Mind: Data, Tools, and Trends. Environ Sci 

Policy Sustain Dev. 2019 May 4;61(3):4–18.  

439.  Barsanti S, Malatesta S, Lella F, Fanini B, Sala F, Dodero E, et al. The 

Winckelmann300 Project: dissemination of culture with virtual reality at the Capitoline 



354 

Museum in Rome . Int Arch Photogramm Remote Sens Spat Inf Sci. 2018;42(2).  

440.  Dinis FM, Guimarães AS, Carvalho BR, Martins JPP. An immersive Virtual Reality 

interface for Civil Engineering dissemination amongst pre-university students. Proc 

2017 4th Exp Int Conf Online Exp. 2017 Jul 18;157–8.  

441.  Reger GM, Rizzo AA, Gahm GA. Initial Development and Dissemination of Virtual 

Reality Exposure Therapy for Combat-Related PTSD. Futur Dir Post-Traumatic Stress 

Disord Prev Diagnosis, Treat. 2015 Jan 1;289–302.  

442.  Polcar J, Horejsi P. Knowledge acquisition and cyber sickness: A comparison of VR 

devices in virtual tours View project. Artic MM Sci J. 2015;  

443.  Valtolina S, Franzoni S, Mazzoleni P, Bertino E. Dissemination of cultural heritage 

content through virtual reality and multimedia techniques: A case study. Proc 11th Int 

Multimed Model Conf MMM 2005. 2005;214–21.  

444.  Papagiannakis G, Magnenat-Thalmann N, Foni A, Arevalo M, Cadi-Yazli N. 

Simulating Life In Ancient Sites Using Mixed Reality Technology. CEIG04, Sev. 

2004;  

445.  Mayer RE. Computer Games in Education. Annu Rev Psychol. 2019 Jan 4;70:531–49.  

446.  Amory A, Naicker K, Vincent J, Adams C. The use of computer games as an 

educational tool: identification of appropriate game types and game elements. Br J 

Educ Technol. 1999 Oct 1;30(4):311–21.  

447.  Panerai S, Catania V, Rundo F, Ferri R. Remote Home-Based Virtual Training of 

Functional Living Skills for Adolescents and Young Adults With Intellectual 

Disability: Feasibility and Preliminary Results. Front Psychol. 2018 Sep 19;9:1730.  

448.  Hermann T, Hunt A, Neuhoff JG. The Sonification Handbook Theory of Sonification. 

2011.  

449.  Kramer G, Walker B, Bonebright T, Cook P, Flowers J, Miner N, et al. Sonification 

Report: Status of the Field and Research Agenda. Fac Publ Dep Psychol. 2010 Mar 5;  

450.  Karplus K, Strong A. Digital synthesis of plucked-string and drum timbres. Comput 

Music J. 1983;7(2):43–55.  

451.  Barrass S, Kramer G. Using sonification. Multimed Syst. 1999 Jan;7(1):23–31.  

452.  Lunney D, Morrison RC. High technology laboratory aids for visually handicapped 

chemistry students. J Chem Educ. 1981;58(3):228–31.  

453.  Halim Z, Baig R, Bashir S. Sonification: A novel approach towards data mining. Proc - 

2nd Int Conf Emerg Technol 2006. 2006;548–53.  

454.  Hermann T, Ritter H. Listen to your data: Model-based sonification for data analysis. 



355 

Adv Intell Comput Multimed Syst. 1999;  

455.  Stock SR. X-ray microtomography of materials. Int Mater Rev. 1999;44(4):141–64.  

456.  Le Gros MA, McDermott G, Larabell CA. X-ray tomography of whole cells. Curr 

Opin Struct Biol. 2005 Oct 1;15(5):593–600.  

457.  Buffiere J., Maire E, Adrien J, Masse J., Boller E. In Situ Experiments with X ray 

Tomography: An Attractive Tool for Experimental Mechanics. Exp Mech. 

2010;50:289–305.  

458.  Maire E, Withers PJ. Quantitative X-ray tomography. Int Mater Rev . 2014 

Jan;59(1):1–43.  

459.  Stock SR. Recent advances in X-ray microtomography applied to materials. Vol. 53, 

International Materials Reviews. Taylor & Francis; 2008. p. 129–81.  

460.  Landl M, Schnepf A, Vanderborght J, Bengough AG, Bauke SL, Lobet G, et al. 

Measuring root system traits of wheat in 2D images to parameterize 3D root 

architecture models. Plant Soil. 2018 Feb 22;425(1):457–77.  

461.  Flavel R, Guppy C, Tighe M, Watt M, McNeill A, Young I. Non-destructive 

quantification of cereal roots in soil using high-resolution X-ray tomography. J Exp 

Bot. 2012;63(7):2503–11.  

462.  Mooney SJ, Pridmore TP, Helliwell J, Bennett MJ. Developing X-ray computed 

tomography to non-invasively image 3-D root systems architecture in soil. Vol. 352, 

Plant and Soil. Springer; 2012. p. 1–22.  

463.  Heeraman DA, Hopmans JW, Clausnitzer V. Three dimensional imaging of plant roots 

in situ with X-ray computed tomography. Plant Soil. 1997;189(2):167–79.  

464.  Mairhofer S, Zappala S, Tracy S, Sturrock C, Bennett MJ, Mooney SJ, et al. 

Recovering complete plant root system architectures from soil via X-ray μ-Computed 

Tomography. Plant Methods. 2013 Mar 20;9(1):1–7.  

465.  Gregory PJ, Hutchison DJ, Read DB, Jenneson PM, Gilboy WB, Morton EJ. Non-

invasive imaging of roots with high resolution X-ray micro-tomography. In: Roots: 

The Dynamic Interface between Plants and the Earth. Springer Netherlands; 2003. p. 

351–9.  

466.  Ahmed S, Klassen TN, Keyes S, Daly M, Jones DL, Mavrogordato M, et al. Imaging 

the interaction of roots and phosphate fertiliser granules using 4D X-ray tomography. 

Plant Soil. 2016 Apr 1;401(1–2):125–34.  

467.  Kaestner A, Schneebeli M, Graf F. Visualizing three-dimensional root networks using 

computed tomography. Geoderma. 2006 Dec 1;136(1–2):459–69.  



356 

468.  Pagès L, Vercambre G, Drouet J-L, Lecompte F, Collet C, Le Bot J. Root Typ: a 

generic model to depict and analyse the root system architecture. Plant Soil. 

2004;258(1):103–19.  

469.  Gribbe S, Blume-Werry G, Couwenberg J. Digital, Three-Dimensional Visualization 

of Root Systems in Peat. Soil Syst. 2020 Feb 29;4(1):13.  

470.  Kettridge N, Binley A. X-ray computed tomography of peat soils: measuring gas 

content and peat structure. Hydrol Process. 2008 Dec 15;22(25):4827–37.  

471.  Davey E, Wigand C, Johnson R, Sundberg K, Morris J, Roman CT. Use of computed 

tomography imaging for quantifying coarse roots, rhizomes, peat, and particle 

densities in marsh soils. Ecol Appl. 2011 Sep 1;21(6):2156–71.  

472.  Clark RT, MacCurdy RB, Jung JK, Shaff JE, McCouch SR, Aneshansley DJ, et al. 

Three-Dimensional Root Phenotyping with a Novel Imaging and Software Platform. 

Plant Physiol. 2011 Jun 1;156(2):455–65.  

473.  Wang Q, Komarov S, Mathews AJ, Li K, Topp C, O’Sullivan JA, et al. Combined 3D 

PET and Optical Projection Tomography Techniques for Plant Root Phenotyping. 

arXiv Prepr arXiv150100242. 2015 Jan 1;  

474.  Atkinson JA, Pound MP, Bennett MJ, Wells DM. Uncovering the hidden half of plants 

using new advances in root phenotyping. Curr Opin Biotechnol. 2019 Feb 1;55:1–8.  

475.  Kashiwazaki H, Ozaki T, Shimada H, Komiya Y, Sakane E, Mishima K, et al. 

Japanese activities to bring online academic meetings against COVID-19: How we 

learned to stop worrying and love the online meetings. Proc ACM SIGUCCS User 

Serv Conf. 2021 Mar 12;54–9.  

476.  Nakatani M, Ishii Y, Nakane A, Takayama C, Akasaka F. Improving Satisfaction in 

Group Dialogue: A Comparative Study of Face-to-Face and Online Meetings. Int Conf 

Human-Computer Interact. 2021 Jul 24;598–610.  

477.  Straus S, McGrath J. Does the medium matter? The interaction of task type and 

technology on group performance and member reactions. J Appl Psychol. 

1994;79(1):87.  

478.  Sniezek JA, Crede M. Group judgment processes and outcomes in video-conferencing 

vs. face-to-face groups. Proc Annu Hawaii Int Conf Syst Sci. 2002;2002-Janua:495–

504.  

479.  COOK M, LALLJEE MG. Verbal Substitutes for Visual Signals in Interaction. 1972 

Jan 1;6(3):212–21.  

480.  Rutter DR, Stephenson GM. The role of visual communication in synchronising 



357 

conversation. Eur J Soc Psychol. 1977 Jan 1;7(1):29–37.  

481.  O’Conaill B, Whittaker S, Wilbur S. Conversations Over Video Conferences: An 

Evaluation of the Spoken Aspects of Video-Mediated Communication. Human-

computer Interact. 2009;8(4):389–428.  

482.  Kiesler S, Sproull L. Group decision making and communication technology. Organ 

Behav Hum Decis Process. 1992 Jun 1;52(1):96–123.  

483.  Valacich JS, Schwenk C. Devil′s Advocacy and Dialectical Inquiry Effects on Face-to-

Face and Computer-Mediated Group Decision Making. Organ Behav Hum Decis 

Process. 1995 Aug 1;63(2):158–73.  

484.  Alge BJ, Wiethoff C, Klein HJ. When does the medium matter? Knowledge-building 

experiences and opportunities in decision-making teams. Organ Behav Hum Decis 

Process. 2003 May 1;91(1):26–37.  

485.  Pauleen DJ, Yoong P. Facilitating virtual team relationships via Internet and 

conventional communication channels. Internet Res. 2001;11(3):190–202.  

486.  Nandhakumar J. Virtual teams and lost proximity : Consequences on trust 

relationships. 1st ed. Virtual Working. Routledge; 1999. 11 p.  

487.  Tan BCY, Wei KK, Huang WW, Ng GN. A dialogue technique to enhance electronic 

communication in virtual teams. IEEE Trans Prof Commun. 2000;43(2):153–65.  

488.  Gegenfurtner A, Zitt A, Ebner C. Evaluating webinar-based training: a mixed methods 

study of trainee reactions toward digital web conferencing. Int J Train Dev. 2020 Mar 

1;24(1):5–21.  

489.  Wang S-K, Hsu H-Y. Use of the Webinar Tool (Elluminate) to Support Training: The 

Effects of Webinar-Learning Implementation from Student-Trainers’ Perspective. J 

Interact Online Learn. 2008;7(3):175–94.  

490.  Topor DR, Budson AE. Twelve tips to present an effective webinar. Med Teach. 2020 

Nov 1;42(11):1216–20.  

491.  Smirnova Z, Kamenez N, Vaganova O, Kutepova L, Vezetiu E. The experience of 

using the webinar in the preparation of engineering specialists. Amaz Investig. 

2019;8(18):279–87.  

492.  Saliba M. Getting to grips with online conferences. Nat Energy. 2020 Jul 17;5(7):488–

90.  

493.  How to Combat Zoom Fatigue [Internet]. [cited 2021 Sep 30]. Available from: 

https://hbr.org/2020/04/how-to-combat-zoom-fatigue 

494.  Schoenenberg K, Raake A, Koeppe J. Why are you so slow? – Misattribution of 



358 

transmission delay to attributes of the conversation partner at the far-end. Int J Hum 

Comput Stud. 2014 May 1;72(5):477–87.  

495.  Zimmermann AB, da Silva-Trolliet T, Mario Diethart M, Pons de Vall IM, Niwa N, 

Paulsen T, et al. Creative virtual conferencing and networking to advance higher 

education for sustainable development. 2021;  

496.  Persaud DM, Armstrong ES. Access-centred virtual conferencing for planetary science 

and beyond: reflections from Space Science in Context 2020. EPSC. 2020;EPSC2020-

211.  

497.  Dousay TA, Wetcho S, Muljana PS, Arslan O, Elliott HD, Peacock R, et al. Hybrid or 

Virtual Conferencing: that is the Question. TechTrends. 2021 May 24;65(4):407–9.  

498.  Kelly K, Yiu L, Vanner C. Toward a Feminist Framework for Virtual Conferencing. 

Univ Chicago Press journals. 2020 Dec 9;64(4):769–76.  

499.  Werner CL, Lin D, Scrocco A. TUTOR TALK, NETSPEAK, AND STUDENT 

SPEAK: ENHANCING ONLINE CONSULTATIONS. Prax A Writ Cent J. 

2020;17(2).  

500.  Vargas-Barbosa N, Taylor K, Beniest A. Navigating virtual conferences as a junior 

researcher. Nat Commun. 2020;11.  

501.  Gather | A better way to meet online. [Internet]. [cited 2021 Sep 30]. Available from: 

https://www.gather.town/ 

502.  Wallgrun JO, Bagher MM, Sajjadi P, Klippel A. A Comparison of Visual Attention 

Guiding Approaches for 360° Image-Based VR Tours. 2020 IEEE Conf Virtual Real 

3D User Interfaces. 2020 Jun 9;83–91.  

503.  Zertuche J-P, Connors J, Scheinman A, Kothari N, Wong K. Using virtual reality as a 

replacement for hospital tours during residency interviews. Med Educ Online. 2020 

Jan 1;25(1):1777066.  

504.  Bendig JV, Bolten A, Bareth G. Unmanned aerial vehicles (UAVs) for multi-temporal 

crop surface modelling. Photogramm - Fernerkundung - Geoinf. 2015;6:551–62.  

505.  Fisher MG. The Measurement of Information in Practical Photographic Systems. J 

Photogr Sci. 2016 Mar;10(2):65–73.  

506.  Yan ZY, Ma HY, Han SL, Geng C, Tian YP, Li XD. First Report of Tomato brown 

rugose fruit virus Infecting Tomato in China. Plant Dis. 2019 Sep 13;103(11):2973.  

507.  Fidan H, Sarıkaya P, Calis O. First report of Tomato brown rugose fruit virus on 

tomato in Turkey . New Dis reports. 2019;39(18):2044–0588.  

508.  Ling KS, Tian T, Gurung S, Salati R, Gilliard A. First Report of Tomato Brown 



359 

Rugose Fruit Virus Infecting Greenhouse Tomato in the United States. Plant Dis. 2019 

Apr 22;103(6):1439.  

509.  Panno S, Caruso AG, Davino S. First Report of Tomato Brown Rugose Fruit Virus on 

Tomato Crops in Italy. Plant Dis. 2019 Apr 12;103(6):1443.  

510.  Skelton A, Buxton-Kirk A, Ward R, Harju V, Frew L, Fowkes A, et al. First report of 

Tomato brown rugose fruit virus in tomato in the United Kingdom. New Dis reports. 

2019;40(12):2044–0588.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



360 

            8. Appendices 

Appendix I - Tomatoes: An Extensive Review of the Associated Health Impacts of 

Tomatoes and Factors That Can Affect Their Cultivation 

 



361 

 



362 

 



363 

 



364 

 



365 

 



366 

 



367 

 



368 

 



369 

 



370 

 



371 

 



372 

 



373 

 



374 

 



375 

 



376 

 



377 

 



378 

 



379 

 



380 

 



381 

 



382 

 



383 

 



384 

 



385 

 



386 

 



387 

 



388 

 



389 

 



390 

 



391 

 



392 

 



393 

 



394 

 



395 

 



396 

 



397 

 



398 

 



399 

 



400 

 



401 

 



402 

 



403 

 

 

 



404 

Appendix II – Cos Lettuce Pilot Study Temperature and Humidity 

 The temperature and humidity of the greenhouse during the cos lettuce pilot study were 

monitored with a Tinytag data logger. The graph below was developed using data collected 

during this lettuce trial.  

 

 

Temperature and humidity data taken using a Tinytag data logger during the cos lettuce pilot 

study. 

 

Appendix III – Commercial Tomato Trial Temperature and Humidity 

 The temperature and humidity of the greenhouse during the commercial tomato trial 

were monitored with a Tinytag data logger. The graph below was developed using data 

collected during this tomato trial. 
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Temperature and humidity data taken using a Tinytag data logger during the commercial 

tomato trial. 

 

Appendix IV – Tomato Trial 1 Temperature and Humidity 

 The temperature and humidity of the greenhouse during tomato trial 1 were monitored 

with a Tinytag data logger. The graphs below were developed using data collected during this 

tomato trial. 
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Temperature and humidity data taken using a Tinytag data logger during tomato trial 1. 
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Appendix V – Tomato Trial 2 Temperature and Humidity 

 The temperature and humidity of the greenhouse during tomato trial 2 were monitored 

with a Tinytag data logger. The graphs below were developed using data collected during this 

tomato trial. 
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Temperature and humidity data taken using a Tinytag data logger during tomato trial 1. 
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Appendix VI – XRF Mineral Analysis of LP2B Substrate Amended with Shrimp Chitin 

Data below represents the range of values for XRF mineral analysis composition (% mass) of 

LP2B growing media amended with shrimp chitin in the dry weight percentages 0% (control), 

0.2%, and 3%. LP2B samples shown here were collected prior to the experiment. Elements and 

compounds represented are as follows: sodium oxide (Na2O), magnesium oxide (MgO), 

aluminium oxide (Al2O3), silicon dioxide (SiO2), phosphorus pentoxide (P2O5), sulphur 

trioxide (SO3), chlorine (Cl), potassium oxide (K2O), calcium oxide (CaO), titanium dioxide 

(TiO2), manganese(II) oxide (MnO), iron(III) oxide (Fe2O3), copper(II) oxide (CuO), zinc 

oxide (ZnO), bromine (Br), strontium oxide (SrO), zirconium dioxide (ZrO2), molybdenum 

trioxide (MoO3), nickel(II) oxide (NiO), yttrium(III) oxide (Y2O3), rubidium oxide (Rb2O). 

Element 0% 0.2% 1% 2% 3% 

Range of Values for Each Chitin Amendment 

Min Max Min Max Min Max Min Max Min Max 

Na2O 

(%) 

0.012 0.056 0.019 0.100 0.044 0.171 0.024 0.077 0.012 0.319 

MgO 

(%) 

4.360 4.822 4.671 4.909 4.419 4.858 4.549 4.685 4.720 4.747 

Al2O3 

(%) 

2.084 2.373 2.111 2.244 2.000 2.168 1.942 2.087 2.238 2.846 

SiO2 

(%) 

7.007 7.748 6.844 8.115 7.111 8.206 7.292 7.443 8.805 9.010 

P2O5 

(%) 

1.967 2.113 1.927 2.050 1.994 2.078 2.116 2.277 2.287 2.558 

SO3 (%) 9.9260 10.358 9.669 10.181 9.305 9.977 9.369 10.057 9.461 9.626 

Cl (%) 0.474 0.537 0.467 0.505 0.455 0.490 0.466 0.481 0.447 0.578 

K2O 

(%) 

2.607 2.981 2.661 2.768 2.548 2.873 2.688 2.739 2.729 2.815 

CaO 

(%) 

58.016 58.920 59.060 59.350 58.773 59.010 58.892 59.029 56.711 58.077 

TiO2 

(%) 

0.000 0.754 0.4810 0.724 0.582 0.753 0.639 0.704 0.506 0.740 

MnO 

(%) 

0.296 0.382 0.315 0.344 0.315 0.335 0.322 0.369 0.282 0.383 
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Fe2O3 

(%) 

9.639 10.979 9.231 9.911 9.476 10.391 9.932 10.644 9.081 9.556 

CuO 

(%) 

0.129 0.159 0.131 0.143 0.123 0.150 0.128 0.155 0.114 0.154 

ZnO 

(%) 

0.127 0.147 0.127 0.145 0.105 0.142 0.120 0.145 0.109 0.138 

Br (%) 0.097 0.113 0.097 0.108 0.112 0.123 0.118 0.139 0.132 0.169 

SrO (%) 0.207 0.257 0.220 0.222 0.204 0.248 0.220 0.241 0.201 0.254 

ZrO2 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MoO3 

(%) 

0.067 0.104 0.068 0.078 0.045 0.091 0.080 0.093 0.058 0.072 

NiO (%) 0.000 0.051 0.000 0.052 0.000 0.057 0.000 0.055 0.042 0.067 

Y2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000 0.000 

Rb2O 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Data below represents the range of values for XRF mineral analysis composition (% mass) of 

LP2B growing media amended with 0% shrimp chitin (control), 0.2% shrimp chitin, 1% shrimp 

chitin, 2% shrimp chitin, and 3% shrimp chitin. LP2B samples shown here were collected on 

day 195 of tomato trial 1. Elements represented are as follows: sodium oxide (Na2O), 

magnesium oxide (MgO), aluminium oxide (Al2O3), silicon dioxide (SiO2), phosphorus 

pentoxide (P2O5), sulphur trioxide (SO3), chlorine (Cl), potassium oxide (K2O), calcium oxide 

(CaO), titanium dioxide (TiO2), manganese(II) oxide (MnO), iron(III) oxide (Fe2O3), 

copper(II) oxide (CuO), zinc oxide (ZnO), bromine (Br), strontium oxide (SrO), zirconium 

dioxide (ZrO2), molybdenum trioxide (MoO3), nickel(II) oxide (NiO), yttrium(III) oxide 

(Y2O3), rubidium oxide (Rb2O), titanium(III) oxide (T12O3), lead(II) oxide (PbO), arsenic 

trioxide (As2O3), thulium(III) oxide (Tm2O3), cobalt(III) oxide (Co2O3), erbium(III) oxide 

(Er2O3). 

Element 0% 0.2% 1% 2% 3% 

Range of Values for Each Chitin Amendment 

Min Max Min Max Min Max Min Max Min Max 

Na2O 

(%) 

3.369 3.522 3.154 3.361 3.325 4.117 2.988 3.187 3.021 3.821 

MgO 

(%) 

4.349 4.651 4.672 4.952 4.507 5.057 4.322 4.658 4.141 4.812 

A12O3 

(%) 

0.602 0.643 0.604 0.635 0.762 0.843 0.793 0.810 0.800 0.830 

SiO2 

(%) 

7.315 8.057 6.496 7.014 8.054 8.524 8.082 8.827 8.232 8.372 

P2O5 

(%) 

1.451 1.580 1.064 1.105 1.841 1.936 2.446 2.682 2.676 2.889 

SO3 (%) 7.377 7.628 5.624 5.834 7.411 7.727 8.938 9.490 7.777 8.970 

Cl (%) 24.623 24.867 27.436 28.055 20.812 21.723 15.499 15.879 16.877 19.367 

K2O (%) 1.225 1.266 0.764 0.779 1.271 1.366 1.425 1.506 1.3247 1.445 

CaO 

(%) 

42.416 43.548 43.189 43.852 42.956 44.440 44.561 45.223 44.507 46.358 

TiO2 

(%) 

0.000 0.279 0.000 0.000 0.000 0.318 0.319 0.376 0.000 0.305 
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MnO 

(%) 

0.067 0.073 0.079 0.082 0.000 0.107 0.152 0.177 0.104 0.131 

Fe2O3 

(%) 

4.931 5.284 4.751 5.104 5.370 5.805 7.480 7.865 5.431 6.341 

CuO 

(%) 

0.155 0.187 0.105 0.118 0.137 0.142 0.225 0.256 0.126 0.150 

ZnO 

(%) 

0.0941 0.1004 0.0925 0.1086 0.1225 0.1307 0.1420 0.1545 0.1195 0.129 

Br (%) 0.226 0.280 0.224 0.233 0.222 0.249 0.291 0.294 0.261 0.306 

SrO (%) 0.137 0.141 0.129 0.135 0.141 0.164 0.191 0.196 0.175 0.208 

ZrO2 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MoO3 

(%) 

0.000 0.031 0.027 0.034 0.023 0.050 0.000 0.034 0.000 0.039 

NiO (%) 0.039 0.041 0.035 0.041 0.043 0.047 0.048 0.066 0.042 0.062 

Y2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Rb2O 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

T12O3 

(%) 

0.000 0.052 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PbO 

(%) 

0.000 0.040 0.000 0.057 0.000 0.000 0.077 0.104 0.000 0.057 

As2O3 

(%) 

0.000 0.027 0.000 0.028 0.025 0.036 0.000 0.000 0.000 0.034 

Tm2O3 

(%) 

0.000 0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Co2O3 

(%) 

0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Er2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.044 0.000 0.000 0.000 0.000 
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Data below represents the range of values for XRF mineral composition (% mass) of LP2B 

growing media amended with 0% shrimp chitin (control), 0.2% shrimp chitin, 1% shrimp 

chitin, 2% shrimp chitin, and 3% shrimp chitin. LP2B samples shown here were collected on 

day 69 of tomato trial 2. Elements represented are as follows: sodium oxide (Na2O), 

magnesium oxide (MgO), aluminium oxide (Al2O3), silicon dioxide (SiO2), phosphorus 

pentoxide (P2O5), sulphur trioxide (SO3), chlorine (Cl), potassium oxide (K2O), calcium oxide 

(CaO), titanium dioxide (TiO2), manganese(II) oxide (MnO), iron(III) oxide (Fe2O3), 

copper(II) oxide (CuO), zinc oxide (ZnO), bromine (Br), strontium oxide (SrO), zirconium 

dioxide (ZrO2), molybdenum trioxide (MoO3), nickel(II) oxide (NiO), yttrium(III) oxide 

(Y2O3), rubidium oxide (Rb2O), titanium(III) oxide (T12O3), lead(II) oxide (PbO), arsenic 

trioxide (As2O3), thulium(III) oxide (Tm2O3), cobalt(III) oxide (Co2O3), erbium(III) oxide 

(Er2O3), rhenium(IV) oxide (ReO2), barium oxide (BaO). 

Element 0% 0.2% 1% 2% 3% 

Range of Values for Each Chitin Amendment 

Min Max Min Max Min Max Min Max Min Max 

Na2O 

(%) 

0.190 0.254 0.168 0.183 0.158 0.182 0.161 0.195 0.018 0.127 

MgO 

(%) 

3.114 3.259 2.947 3.253 2.411 2.526 2.462 2.637 1.655 1.854 

A12O3 

(%) 

1.099 1.154 1.456 1.535 1.301 1.383 1.091 1.165 1.151 1.218 

SiO2 (%) 4.516 5.003 5.146 5.946 5.514 5.766 4.137 5.087 3.850 4.327 

P2O5 (%) 5.653 6.265 4.279 4.486 5.404 5.931 7.658 7.982 11.684 12.191 

SO3 (%) 10.676 11.024 8.952 9.637 7.612 7.989 7.422 7.718 5.532 5.576 

Cl (%) 1.056 1.121 0.668 0.729 0.555 0.566 0.350 0.375 0.424 0.444 

K2O (%) 8.081 8.2569 5.134 5.365 3.322 3.391 2.966 3.068 2.461 2.564 

CaO (%) 56.051 56.752 60.504 61.939 63.832 64.059 64.067 65.153 63.396 63.933 

TiO2 (%) 0.000 0.484 0.510 0.616 0.000 0.470 0.3845 0.472 0.524 0.690 

MnO 

(%) 

0.453 0.563 0.340 0.389 0.325 0.407 0.440 0.511 0.448 0.491 

Fe2O3 

(%) 

6.208 6.798 6.8160 7.019 6.880 7.122 6.090 6.235 6.170 6.378 

CuO (%) 0.341 0.358 0.290 0.325 0.465 0.472 0.401 0.419 0.613 0.659 
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ZnO (%) 0.251 0.265 0.155 0.172 0.129 0.155 0.158 0.164 0.000 0.132 

Br (%) 0.121 0.121 0.118 0.122 0.132 0.184 0.148 0.154 0.141 0.157 

SrO (%) 0.235 0.260 0.271 0.286 0.296 0.310 0.316 0.334 0.308 0.334 

ZrO2 

(%) 

0.000 0.000 0.000 0.000 0.000 0.134 0.000 0.000 0.000 0.000 

MoO3 

(%) 

0.054 0.064 0.053 0.071 0.000 0.045 0.000 0.032 0.027 0.032 

NiO (%) 0.000 0.033 0.060 0.000 0.000 0.052 0.000 0.046 0.029 0.044 

Y2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 

Rb2O 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

T12O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.073 0.000 0.000 0.000 0.000 

PbO (%) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

As2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.038 0.000 0.000 0.000 0.000 

Tm2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Co2O3 

(%) 

0.000 0.000 0.000 0.035 0.000 0.000 0.000 0.000 0.000 0.000 

Er2O3 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

ReO2 

(%) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.378 

BaO (%) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.405 
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Appendix VII – OES Mineral Analysis of LP2B Substrate Amended with Shrimp Chitin 

Data below represents the average ± standard error (SE) concentrations (ppm in substrate 

mg·kg-1) of elements in LP2B amended with 0% shrimp chitin (control), 0.2% shrimp chitin, 

1% shrimp chitin, 2% shrimp chitin, and 3% shrimp chitin. LP2B samples shown here were 

collected prior to the experiment. Elements represented are as follows: aluminium (Al), iron 

(Fe), manganese (Mn), copper (Cu), Zinc (Zn), lead (Pb). 
 

0% 0.2% 1% 2% 3% 

Mean ± SE 

ppm in 

LP2B 

(mg·kg-

1) 

Al 1162.85 ± 

262.18 

999.43 ± 

68.10 

912.53 ± 

67.80 

832.95 ± 

91.93 

1335.55 ± 

354.17 

Fe 1919.82 ± 

496.04 

1703.60 ± 

92.95 

1530.72 ± 

82.36 

1387.50 ± 

86.80 

2196.05 ± 

587.79 

Mn 66.97 ± 

19.22 

62.47 ± 

4.13 

53.33 ± 

2.94 

50.70 ± 

2.97 

79.18 ± 

22.94 

Cu 7.67 ± 

3.91 

10.05 ± 

1.12 

9.07 ± 

1.03 

6.62 ± 

1.13 

13.35 ± 

5.04 

Zn 55.38 ± 

14.64 

44.38 ± 

7.09 

27.82 ± 

1.70 

39.25 ± 

3.95 

40.10 ± 

12.14 

Pb 5.40 ± 

1.93 

4.52 ± 

0.50 

9.52 ± 

0.80 

3.20 ± 

0.17 

4.60 ± 

1.73 

 

Data below represent the average ± standard error (SE) values of concentrations (ppm in 

substrate mg·kg-1) of elements in LP2B amended with 0% shrimp chitin (control), 0.2% shrimp 

chitin, 1% shrimp chitin, 2% shrimp chitin, and 3% shrimp chitin. LP2B samples shown here 

were collected on day 195 of tomato trial 1. Elements represented are as follows: aluminium 

(Al), iron (Fe), manganese (Mn), nickel (Ni), copper (Cu), Zinc (Zn), lead (Pb). 
 

0% 0.2% 1% 2% 3% 

Mean ± SE 

ppm in 

LP2B 

(mg·kg-

1) 

Al 759.78 ± 

71.07 

1239.13 ± 

448.35 

814.62 ± 

43.34 

898.02 ± 

53.71 

893.52 ± 

49.31 

Fe 2022.03 ± 

214.40 

2227.98 ± 

118.92 

1778.92 ± 

20.78 

2574.20 ± 

163.71 

2015.70 ± 

108.02 
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Mn 22.82 ± 

2.79 

59.72 ± 

28.36 

26.93 ± 

0.22 

54.17 ± 

3.81 

36.75 ± 

2.23 

Ni 7.65 ± 

0.90 

11.78 ± 

5.33 

7.27 ± 

0.12 

9.50 ± 

0.67 

8.93 ± 

0.45 

Cu 38.62 ± 

3.95 

68.10 ± 

29.14 

32.40 ± 

0.31 

59.82 ± 

2.78 

33.43 ± 

2.12 

Zn 57.10 ± 

6.75 

111.17 ± 

47.15 

63.00 ± 

6.30 

66.15 ± 

5.06 

57.33 ± 

3.23 

Pb 12.55 ± 

1.46 

37.45 ± 

13.78 

19.38 ± 

0.19 

30.73 ± 

2.16 

18.07 ± 

1.07 

 

Data below represents the average ± standard error (SE) values of concentrations (ppm in 

substrate mg·kg-1) of elements in LP2B amended with 0% shrimp chitin (control), 0.2% shrimp 

chitin, 1% shrimp chitin, 2% shrimp chitin, and 3% shrimp chitin. LP2B samples shown here 

were collected on day 69 of tomato trial 2. Elements represented are as follows: arsenic (As), 

cadmium (Cd), cobalt (Co), iron (Fe), manganese (Mn), chromium (Cr), nickel (Ni), copper 

(Cu), Zinc (Zn), lead (Pb), tin (Sn), vanadium (V). 
 

0% 0.2% 1% 2% 3% 

Mean ± SE 

ppm in 

LP2B 

(mg·kg-

1) 

As 0.78 ± 0.04 0.75 ± 0.03 0.63 ± 0.06 0.58 ± 0.02 0.30 ± 0.06 

Cd 0.55 ± 0.00 0.52 ± 0.02 0.52 ± 0.02 0.52 ± 0.02 0.50 ± 0.00 

Co 0.93 ± 0.02 0.93 ± 0.02 0.88 ± 0.02 0.97 ± 0.02 0.97 ± 0.02 

Fe 1286.40 ± 

21.71 

1327.67 ± 

63.36 

1407.52 ± 

43.04 

1597.33 ± 

27.66 

1747.52 ± 

76.30 

Mn 81.70 ± 

0.06 

58.08 ± 

1.51 

68.77 ± 

2.72 

106.60 ± 

0.94 

121.73 ± 

3.48 

Cr 2.12 ± 0.06 2.23 ± 0.12 2.38 ± 0.09 2.40 ± 0.03 2.48 ± 0.04 

Ni 1.73 ± 0.02 1.60 ± 0.03 1.57 ± 0.04 1.80 ± 0.03 1.80 ± 0.12 

Cu 59.80 ± 

0.58 

45.45 ± 

1.43 

85.93 ± 

1.15 

94.93 ± 

0.44 

0.00 ± 0.00 

Zn 44.63 ± 

0.83 

30.22 ± 

0.34 

31.07 ± 

0.89 

42.63 ± 

2.42 

34.87 ± 

1.36 

Pb 2.67 ± 0.04 2.27 ± 0.06 2.50 ± 0.13 2.55 ± 0.03 1.77 ± 0.07 
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Sn 0.45 ± 0.05 0.30 ± 0.15 0.23 ± 0.07 0.25 ± 0.05 0.28 ± 0.02 

V 2.25 ± 0.06 2.27 ± 0.14 2.85 ± 0.10 3.38 ± 0.04 4.57 ± 0.14 

 

Appendix VIII – OES Mineral Analysis of Leaf Samples from Tomato Trial 2 

Data below represents the average ± standard error (SE) concentrations (ppm in substrate 

mg·kg-1) of elements in Brioso tomato leaves grown in LP2B amended with 0% shrimp chitin 

(control), 0.2% shrimp chitin, 1% shrimp chitin, 2% shrimp chitin, and 3% shrimp chitin. Leaf 

samples were collected on day 69 of tomato trial 2. Elements represented are as follows: arsenic 

(As), aluminium (Al), cadmium (Cd), cobalt (Co), iron (Fe), manganese (Mn), chromium (Cr), 

nickel (Ni), copper (Cu), Zinc (Zn), tin (Sn), vanadium (V). 
 

0% 0.2% 1% 2% 3% 

Mean ± SE 

ppm in 

Ashed 

Leaf 

Samples 

(mg·kg-

1) 

As 3.07 ± 1.33 2.87 ± 1.33 2.80 ± 0.12 3.07 ± 0.12 2.80 ± 0.12 

Al 91.40 ± 

4.84 

132.60 ± 

17.92 

157.60 ± 

16.25 

138.53 ± 

3.65 

135.07 ± 

22.65 

Cd 2.87 ± 0.07 2.60 ± 0.00 2.60 ± 0.00 2.60 ± 0.00 2.60 ± 0.00 

Co 2.67 ± 0.07 2.40 ± 0.00 2.40 ± 0.00 2.40 ± 0.00  2.53 ± 0.07 

Fe 611.40 ± 

10.46 

516.40 ± 

1.97 

392.07 ± 

9.11 

362.93 ± 

3.06 

463.13 ± 

5.51 

Mn 616.60 ± 

20.19 

638.00 ± 

2.19 

469.40 ± 

5.16 

732.40 ± 

10.95 

661.47 ± 

7.47 

Cr 3.87 ± 0.07 3.73 ± 0.07 3.80 ± 0.00 3.67 ± 0.12 3.60 ± 0.00 

Ni 3.20 ± 0.12 4.13 ± 0.18 3.53 ± 1.33 7.87 ± 0.05 10.07 ± 

5.17 

Cu 87.67 ± 

1.76 

114.93 ± 

0.82 

143.67 ± 

0.93 

135.27 ± 

6.66 

123.40 ± 

1.40 

Zn 244.33 ± 

3.76 

284.40 ± 

1.14 

228.67 ± 

9.00 

260.73 ± 

27.70 

284.80 ± 

0.50 

Sn 1.13 ± 0.07 0.93 ± 0.07 0.80 ± 0.00 0.80 ± 0.00 0.60 ± 0.00 

V 1.6 ± 0.00 1.47 ± 0.07 1.47 ± 0.07 1.20 ± 0.00 1.33 ± 0.07 
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Appendix IX – UPR16 Form 

 

 

 

Appendix X – Dissemination of Scientific Research 

 

 X.1. Dissemination of Science 

The Public Understanding of Science (PUS) journal was founded to answer a question 

put forth in a 1987 article by Thomas and Durant that still remains relevant: “Why should we 

promote the understanding of science?” (403). The PUS journal continually discusses and 

debates this question,  and its significance, and has since broadened the topic of this question 

from ‘understanding’ to ‘engagement’ publishing policies, initiatives and practical experiments 

(404).  

Science communication and dissemination is a growing area of practice and research, 

as the number of courses, practitioners, and studies continues to increase (405). This section 

aims to look at what is meant by communication and dissemination in science and how it is 

being developed and impacted by a constantly evolving field.  

 

X.1.1. What does Dissemination of Science Involve 

The dissemination of science is an important part of research and promotes critical 

thinking in the public, and adds to previous knowledge for a greater scientific understanding 

(406). It can be stated that dissemination is an essential part of scientific research and is as 
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important as carrying out the research itself. Scientists have been publishing their research in 

journal articles since 1665 to establish themselves as experts and leaders in their field, and for 

prestige, citations, and the impact needed to further advance their careers (407). There are 

currently over 25000 peer-reviewed scientific journals worldwide publishing over 2.5 million 

articles per year (407).  

Scientific journals remain the primary source of knowledge dissemination in science, 

and have advanced beyond printed editions to include websites offering free distribution in the 

form of ‘Open Access’ papers for readers (407). Scientific journals, even if accessed online, 

represent an important ‘gatekeeping role’ in the scientific community as all submitted research 

is evaluated in both peer review and a hierarchical editing process (408). These processes aim 

to ensure that any published content is validated and acknowledged by members of the 

scientific community.  

Conferences are another important platform for the dissemination of information in 

many sectors including industry and academia (409). Conferences allow not only the 

publication of new scientific reports and papers and the presentation of new research, but also 

the ability for scientists from different fields and institutions to communicate and exchange 

ideas for future work.  

 

X.1.2. How has the Internet and Social Media Impacted Communication of 

Research? 

Over the last two decades, research dissemination has been fundamentally changed by 

the internet and digitally networked technologies. Scholarly journals and books are now 

increasingly found online as well as in print and have maintained similar formats (410). Digital 

platforms are being utilised in creative ways and social media and blogs are widely used among 

researchers as a type of ‘open notebook science’ (411,412). ResearchGate and other 

professional academic social networks have millions of users, while other organisations such 

as TED talks upload research content to YouTube receiving millions of views (410).  

Emphasis should be placed on digital technology’s ability to reach and involve 

members of the public more so than the ‘traditional’ methods of communication which are 

primarily aimed at scholars (413,414). The use of different outlets with a wider audience can 

lead to cross-disciplinary collaborations and foster further research, publications, and funding 

success (415). These outlets include, but are not limited to, online sharing ranging from updates 

on Twitter and LinkedIn, educational and promotional videos on YouTube and Vimeo, and 

shared presentations on SlideShare (415). Most journalists utilise social media platforms, such 
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as YouTube and Twitter, to publish and promote their work reaching broader target audiences 

(416).  

One of the most useful aspects of tools such as these is their accessibility. Any 

individual with an enabled device such as a smartphone, tablet, or computer can access these 

user-friendly resources with ease. The accessibility of these tools can also hinder the credibility 

and authenticity of scientific dissemination, however, by allowing any individual to upload 

false or misleading information to a potentially limitless audience. The lack of a peer review 

process in these cases can lead to individuals taking in information which can negatively impact 

their knowledge, health, and wellbeing (417).  

Social media is also a powerful tool in sharing research with the public, but has a 

relatively low frequency of use in the academic world (418). For example, a 2014 study of 

researchers at the University of Michigan observed that 40% of the participants would not use 

Twitter for professional or academic work (419). In 2021 a review of 24 published articles 

discussing the use of social media by academics was carried out, finding that not all academics 

use social media (420). This review cited a 2017 article which observed that, of 81 researchers 

at three separate institutions in Israel, 65% of researchers used academic social networking 

sites for self-promoting purposes (421). This review found that when academics do use social 

media it is for network development, research dissemination, and personal use, with very few 

utilising this tool for teaching (420). There are a range of reasons behind the low usage of social 

media in research: many researchers do not consider online media tools for research 

dissemination and do not understand the potential value; and some researchers do not see it as 

a valuable use of their time (415,420).  

For members of the academic community whose voices carry less weight such as 

younger scientists and early career researchers, social media platforms provide a way of further 

distributing their research (422). “Instagram, for example, allows for visible representation of 

individuals who are often unseen, and can amplify voices that may go unheard in traditional 

settings” (411). Social media is utilised by many younger scientists by being a convenient way 

of remote interaction between individuals, and also forms a large role in the development of 

scientific thinking in younger people as they take part in this informational socialisation (414). 

The use of scientific dissemination in social media is only growing as these platforms are 

further developed and should be considered when carrying out scientific research. However, 

social media platforms can also negatively impact scientific research, for example, when 

findings have not been peer reviewed or false information is shared with the public.  
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Social media has provided more opportunity for global networking of researchers 

creating online scientific communities in which ideas and data are shared. This allows for the 

knowledge exchange of individuals who may not have otherwise interacted prior to the digital 

age. Traditionally, networking takes place at conferences and through journal article 

publications, but social media has had a positive impact on researchers by providing a new way 

of interacting with researchers in the same field (423).  

 

X.1.3. Popular Science Dissemination  

The engagement and participation of non-academic audiences with science utilises a 

diverse range of media, including popular science magazines, newspapers, public lectures, 

radio and podcasts, and documentaries (404,415,424). The dissemination of research to the 

general public is often labelled as popularisation of research, and shapes how the general public 

receive and interpret scientific breakthroughs (424).  

Popular science magazines and articles are an important way in which research is made 

available to the public. In this specific form of scientific writing, key understandings and 

processes are recontextualised and become accessible to a wider audience (425). This 

recontextualization allows the non-expert reader to understand complex scientific concepts as 

a result of potential shared author-reader experiences, for example in the form of metaphors 

(425).  

When writing for an academic research paper, writing must be concise, formal, and 

utilise appropriate technical terms to communicate with an experienced reader and often 

follows the format: Introduction, Materials and methods, Results, Discussion, and Conclusions 

(426). However, popular science writing uses a format that is easier to comprehend. It is more 

common for an article to start with the conclusions, and follow up with the ‘less essential’ 

information such as the materials and methods and introductions (426). The increase in 

consumption of popular science writing is reflected in the 2013 Eurobarometer survey which 

found 53% of all Europeans to be interested in scientific discoveries, and an American survey 

which found that 41% of the US population are ‘very interested’ in scientific discoveries 

(426,427).  

Not only the public, but academics themselves can benefit from utilising the format of 

popular science writing. Higher education relies on a ‘learning scientific writing’ approach, 

whereas popular science promotes a ‘writing-to-learn’ strategy (428). Pelger, 2018, suggests 

that the use of more varied writing styles in science education would develop both students’ 

writing skills and also their subject understanding (428).  
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Podcasts have also become a popular medium for science communication to the general 

public, since their inception in 2004 (429). A 2019 study found 952 English language science 

podcasts, free to the public, 65% of which were hosted by scientists and 77% of which were 

aimed at communicating science to the public (429). A separate 2018 study investigated the 

rapid growth of this industry and concluded that several factors contribute to the popularity of 

podcasting in popular science dissemination: Information is presented to a listener in a quick, 

simple, and accessible way (430); the listener is experiencing human speech, rather than 

interpreting words on a page allowing the listener to draw their own conclusions from the 

speech based on tone, expression, and emotion (430); the majority of podcasts are set as 

interviewers or discussions, in which the perception and processing of new information is more 

structured by questions, metaphors, paraphrasing, and clarifications (430).  

Podcasts provide listeners with the opportunity to consume information while 

performing tasks that would otherwise inhibit this. For example, while driving, exercising, 

working, or on public transport (431). In 2019 it was shown that 70% of podcast users did not 

multitask while listening, instead just focussing on the content (432).   

Documentaries and other educational films are an important tool for communicating 

science to non-academic audiences. These films bring global issues such as climate change into 

people’s homes where they can stimulate debate and become part of a conversation between 

individuals. This is often done through the use of ‘science storytelling’ (433) which aims to 

pass on ideas and information through the use stories. Science storytelling has the advantage 

of ‘transporting’  an individual to a certain situation or place, and therefore the individual feels 

more attached and more likely to focus and take action on a particular issue such as climate 

change (433). 

The content of documentaries can be incomplete, and sometimes biased, but do have 

the potential to be ‘useful’ (434). A 2017 paper aimed at assessing the ‘usefulness’ of climate 

change films concluded that the most useful films were educational, truthful, and trustworthy 

when it came to presenting issues regarding climate change (434). A 2020 study investigated 

the impact the documentary series ‘Blue Planet II’ had on viewer’s awareness and behaviours 

about issues such as ocean plastic and plastic consumption (435). This study tested one group 

of participants viewing an episode of ‘Blue Planet II’ which focussed on plastic waste, 

compared to a control group which viewed an episode that did not mention this issue (435). 

The researchers observed that although the participant’s knowledge of environmental issues 

was positively influenced, the behaviour concerning plastic waste was not changed in either 

group (435).  
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Other ways to engage the public with research are now becoming popular including 

science slams, science cafés and hackerspaces (415). The concept behind science cafés is to 

host the public in an informal venue, usually with food and drink, and allowing them the time 

and space to discuss the science and technology affecting their lives (436). The nature of the 

venues is usually taken into consideration, and is a focus of the concept. In cafés multiway 

conversation is not only expected but encouraged, compared to a lecture theatre which is more 

of a one-way speech dynamic (436).  

Science cafés are mostly held as events, in which a speaker will give a short talk on a 

topic followed by questions and discussions by participants (436). Seating arrangement is 

usually set-up to promote small groups which supports engagement with both the topic being 

discussed and also the other participants (436). A 2012 study viewed science cafés “as a forum 

for science to meet society” and noted the positivity associated with a relaxed atmosphere 

(437). This study concluded that science cafés are effective as an upstream engagement 

platform allowing the discussion of the latest scientific technologies (437).  

Public awareness of scientific research influences major global issues such as climate 

change. It has been shown that between 2010 and 2020, American knowledge of the scientific 

consensus concerning global warming has risen from 33% to 53%, with only 56% of 

Americans understanding that it is impacted by human behaviours (438). While this increase 

in public awareness is a positive impact of public dissemination of scientific research over the 

last decade, almost half of Americans are still not aware of the current understanding of global 

warming which negatively impacts this issue. 

  

 X.2. Dissemination Tools 

There are a number of other new and innovative approaches for science communication, 

which are discussed in more detail below.   

   X.2.1. Virtual Reality 

Virtual reality (VR) is a computer-generated environment with scenes and objects 

which appear to be real, immersing a user in the environment. VR is an easy-to-use, immersive 

tool in which an environment can be created for users to move through and navigate (439). 

This environment can be used to show an individual how research is carried out and to help 

engage them more fully than a presentation or poster. The VR environment can include text, 

images, videos, and 3D models which can further relay your research and results to the 

individual in an interactive way which they may find more appealing (439). As part of the 

present study, VR was used at public facing events to immerse participants in a greenhouse 
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during a tomato trial. This enabled participants to gain a better understanding of how 

horticultural research is carried out.  

VR is an evolving technology and has been utilised for entertainment, education, 

training, and therapy (439–442). Game-based interfaces and VR experiences have been shown 

to be effective in the education and training of students in architecture, engineering, and 

construction sectors, offering students the ability to explore a 3D model of a campus building 

while simultaneously investigating the different disciplines of their sector (440). Research has 

also gone into utilising VR as a form of exposure therapy for military personnel at risk of 

developing posttraumatic stress disorder (441).  

In the case of historical ruins and other archaeological sites VR technologies give 

individuals the ability to visit a site which otherwise would be inaccessible, either because of 

legislation, travel costs, or the site no longer existing (443). The process of creating a historical 

site in VR can be done via 3D modelling, or using a 360 camera to capture the site at a particular 

time. Some projects understand that 3D modelling is seen as a ‘first step’ in this process and 

that real time simulations are required to represent a particular building performing a specific 

social function such as a place of worship or a theatre (443). For example, in one case the 

ancient city of Pompeii was simulated using 3D technologies and in this simulation a 

representation of humans, plants, and animals among reconstructed 3D buildings were created 

(444). For this the group filmed the natural décor and augmented it with virtual humans 

featuring costumes, hairstyles, and behaviours of people in that specific place and time (444).  

In order to engage users more in the experience, some VR environments are constructed 

as a story or a game, so that the users do not lose focus and become distracted (443). Digital 

game environments have recently found their place as tools for education and training. More 

frequently, evidence-based theories are put forward suggesting the educational benefits of 

digital games leading to an increase of completing learning objectives and improvement of 

overall cognitive skills due to value-adding features (445), and also an enhanced motivation 

towards learning (446).  

The effectiveness of VR as a tool for education has also been investigated for 

individuals with intellectual disabilities (ID). This was explored in a 2018 study assessing if 

virtual apps installed on tablets could be managed independently by 16 adolescents and young 

adults with ID who lived with their family (447). This study found that both participants and 

their parents were satisfied with the VR apps and the systems were managed independently by 

the participants with ID and were found to be useful and fun (447).  
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X.2.2. Sonification 

Sonification is a nonverbal audio subtype of auditory displays, which communicate 

trends and relationships in information through sounds (448). The use of audio to communicate 

data has been investigated for over 50 years, however, the evolution of digital computing 

technology has resulted in a higher prevalence of sonification in science dissemination (448).  

The field of sonification focuses on three components: psychological understanding of 

sound perception; development and engineering of the appropriate tools needed to 

communicate data; and the design and application of these tools (449). Sonification is 

multidisciplinary and requires the expertise and input from specialists in psychology, computer 

science, engineering, physics, and music technology (449). Sound synthesis is just one area 

relevant to sonification and involves both creating the effect of a sound, and also the physical 

modelling of a sound using digital wavelengths to create complex interactions of various 

instruments (450).  

Sonification is currently utilised to display types and ranges of information, such as 

radiation levels in a Geiger Counter, or even radar which allows a pilot to fly a plane during 

moments when the need to move the eyes to obtain information is dangerous (451). The uses 

of these technologies were developed to allow a researcher to measure one parameter, while 

their visual attention was focused elsewhere. This concept was taken one step further with the 

development of software that enabled blind chemists to examine infrared spectrographic data 

via auditory signals (452).  

Sonification can also be utilised as a tool in data mining to find hidden trends or patterns 

in large and complex data sets (453). High dimensional data is data in which the number of 

features of data is larger than the number of observations in a data set (454). This data is often 

not efficiently analysed using visualisation techniques such as graphs as the eyes can miss 

minor differences between measurements (453,454). When it comes to auditory data, however, 

we are capable of detecting very small changes in acoustic sounds as demonstrated by the 

stethoscope – a tool which allows an experienced physician to investigate a patient’s inner 

organs with fine detail (454). One example of the use of auditory signalling was the analysis 

of climate data to predict rain (453). This utilisation used an auditory icon to alert users of 

incoming rain and demonstrated the intensity of rain using the volume of the auditory signal 

(453).  
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X.2.3. X-Ray Imaging 

X-ray computed tomography (CT) is used to map variations in x-ray absorptions within 

an object (455). This technique is used to reconstruct the interior of an object in three-

dimensions (3-D), without compromising the exterior (455–457). X-ray CT is a useful tool as 

it allows the imaging of samples to a resolution of ~40 nm (456). Recent developments in x-

ray optics will soon allow resolution of 15 nm allowing the imaging of even smaller samples 

(456). This method of imaging is even utilised to obtain 3D images of the interior of an optically 

opaque material without causing any external damage to the material (457). 

X-ray CT has long been used in medicine, for example computer-assisted tomography 

(CAT) is a routine procedure for the internal examination of bone and other tissue (456). There 

has been a progression, however, of x-ray CT being used not only to acquire 3D images for 

medical diagnosis but also the extraction of data from various samples through quantitative 

analysis of x-ray CT scans (458). A 1999 review, written by Stock, noted that x-ray CT was 

frequently used in many areas other than medicine including non-invasive metrology and 

materials performance prediction (455). 

However, since the publication of that 1999 review, dedicated microcomputed 

tomography (microCT) instruments and third generation synchrotron x-radiation sources led 

to an explosion of this field, offering more opportunities for 3D imaging at the highest spatial 

resolution and contrast sensitivity (459). This led Stock to publish another review, in the same 

journal, on the advances of x-ray tomography in 2008, just nine years after the first review 

(459). 

X-ray CT scanning can be used as a non-destructive method of visualising root 

structures in situ. Understanding the root system of a plant is key to understanding overall plant 

health as the plant relies on this root system to acquire below-ground resources (460). Most 

methods of root measurement, such as extracting and washing roots, are very destructive and 

so have limited accuracy (461). Due to their 3D structure, the quantification of roots is difficult 

and often involves destructive methods of isolating the roots, usually resulting in loss of mass 

(462,463). X-rays have both a high penetrating power and negligible reflection at the interface 

of dissimilar materials which makes this a useful tool in the examining of internal morphology 

while maintaining a high resolution (456). Previous studies have characterised root structure 

using the non-destructive method of x-ray CT (461–467). A paper by Mooney et al., (2012) 

describes how x-ray CT has been used for over 30 years to visualise root systems (462).   
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The 3D visualisation of belowground plant structures is relevant to assess the growth 

and health of the plant, but this is inherently difficult to study (468). X-ray CT is a powerful 

tool in the visualisation and analysis of root systems to obtain 3D images. This does have its 

limitations in practice, however:  

• Only small volumes of a few cubic centimetres can be scanned at one time (469) 

• X-ray CT does not distinguish between dead plant material and water (470) 

• In practice, fine root structures and/or rhizomes may not be possible to visualise in the 

image data (471) 

 

A 2018 study investigated the development of making 3D models of root systems by 

analysing 2D root images of various wheat varieties (Triticum aestivum) (460). This study 

found that the 2D image analysis allowed for the efficient construction of 3D root models, 

however, these roots were grown ex situ specifically for this 2D analysis and therefore were 

not representative. Other studies have grown plants in transparent, gel-based growing media 

(472,473) for 3D modelling of the root system, but this limits studies such as the present one 

in which the growing media is the subject being investigated.  

The first reported use of x-ray CT being utilised for plant roots was over 30 years ago, 

but only in recent years has software been developed enough to enable the resolutions, 

reconstruction times, and image segmentation for plant root analysis (474). As these 

developments continue it shows more promise for the use of 3D modelling as a tool for root 

structure analysis.  

  

 X.3. Communication and Dissemination in a Global Pandemic 

The majority of the research that took place as part of this thesis happened during the 

global SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) pandemic. The 

pandemic had a great effect on the daily lives of people across the globe and for scientists in 

particular, research activity was halted, projects were delayed, Universities closed, and 

conferences were cancelled. These challenges were quickly met with solutions, however, as it 

became essential to find new ways to communicate data during global lockdowns. 

 

X.3.1. Computer-Mediated Communication 

The risk of infection from the Coronavirus was increased in situations in which large 

numbers of people were in an enclosed space, with limited ventilation, carrying out 

conversations and vocalisations within 6 feet of each other (475). Due to this increased risk of 
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infection, all in-person meetings and conferences were cancelled or postponed starting in 

February, 2020 (475). In response to this, meetings began to be held online using 

videoconferencing platforms such as Cisco Webex Meetings, Zoom Meetings, Microsoft 

Teams, and Google Meet (475). This computer-mediated communication (CMC) quickly 

became the default as people tried to adjust to a new way of working with each other safely. 

As we developed skills in CMC, conferences and symposiums were adapted to be held online 

using these platforms.  

CMC is known to be less effective when compared to face-to-face meetings, especially 

for meetings with many participants all in different locations (476–478). Face-to-face dialogue 

has been shown to have more speaker exchanges, shorter dialogues, and more interruptions 

than CMC (479–481), leading to groups coming to decisions faster (482,483). CMC has the 

potential to be more efficient if: 

• Teams have a history together – face-to-face teams show more openness and trust 

compared to CMC meetings, but these differences were seen less with teams that shared 

a history (484). 

• Teams can build personal relationships in the CMC environment through regular 

meetings – some electronic communication channels are more effective than others at 

building relationships between teams, which result in more effective working 

relationships (485). Videoconferencing is suggested to be inadequate for building ‘trust 

relations’ as they do not support ‘backstage’ access, normally associated with face-to-

face interactions (486). 

• Teams have an understanding of effective communication – virtual teams are often 

inefficient in tasks due to electronic communication failing to facilitate building of 

shared understanding among participants (487). A 2000 study proposed a form of 

dialogue involving stages of ‘small talk, infinite container, and laser generation’ which 

was seen to be effective in enhancing the relational development of a team and improve 

their decision outcome efficiency (487).  

 

A 2021 study compared a face-to-face interaction with a CMC interaction on the 

videoconferencing platform ‘Zoom’ in which participants of each interaction, who had not met 

before, had to organise a travel proposal plan (476). When testing 17 face-to-face groups and 

10 Zoom groups, this study concluded that participants felt that they did not talk enough during 
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face-to-face interactions compared to the Zoom groups who found the ideation challenging but 

were observed to have a higher satisfaction with their final proposal (476). 

CMC was utilised by the present study to host project meetings and also supervisor 

meetings. It was found that using CMC, more meetings could be arranged without having to 

plan travel or accommodation. Once the lockdowns were lifted, the majority of project 

meetings were still held via CMC.  

Another way CMC is utilised is for the educational function of learning and teaching, 

known as webinars (488). Webinars are held online and feature a presenter, or multiple 

presenters, disseminating their research to a potentially unlimited audience watching from 

separate locations (489). This became a key way to communicate research during the pandemic, 

with talks being able to be viewed live to interact with, but also being made available at a later 

date for casual viewing on websites such as YouTube. 

As the popularity of webinars increases, ways of carrying out webinars effectively are 

being refined. These include, but are not limited to, the presenter being completely aware of 

the CMC logistics, attending webinars themselves, creating learning objects specific to their 

presentation, and learning from previous feedback given (490). A 2019 study, in which more 

than 40 participants took part in a webinar, aimed to assess the effectiveness of webinars to 

improve the quality of student education (491). This study observed that student activity 

became more independent, with a noticeable active pedagogical interaction between the 

students and teachers, concluding that the use of webinars became a motivating factor in the 

learning process of the students, but also noting that they should be carried out in tangent with 

other means of distance learning (491).  

Furthermore, a 2020 study evaluating the experience of 419 trainees towards 48 

webinars in four different content areas, aimed to identify key approaches to presenting an 

effective webinar (488). This study observed that the trainees preferred more learner-teacher 

interactions, and enjoyed that the webinars allowed the possibility of more in depth content 

which made them feel better prepared for exams (488). This study also found that webinars 

were most effective when limited to 90 minutes and held on weekdays after work, compared 

to the weekends (488).  

Webinars carried out by project partners of the present study to disseminate research 

and data to members of the public, and also relevant consumers such as crop growers. Four 

different webinars were arranged at different points in the year, each discussing a different 

aspect of the project. Due to the ease of attending a webinar, and the unlimited number of 

viewers the project webinars were found to have a large number of attendees.  
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X.3.2. Conferences 

After being postponed due to infection risks and travel bans, the majority of planned 

conferences were adapted to be held using online platforms such as Cisco Webex Meetings, 

Zoom Meetings, Microsoft Teams, and Google Meet. These platforms had challenges not faced 

by in-person events such as difficulty found in participants with no experience of using them. 

Most conferences overcome this challenge by providing everyone with a demonstration or 

instruction manual of the system, followed by a rehearsal session prior to the event. For these 

online events it was important to consider not only the coordination of the attendees of the 

conference, but also the presenter and the chairperson as each member could be joining the 

session from a different location and time zone. Some online conferences have had the option 

for presenters to record their presentation ahead of time to ensure a coherent series of 

presentations on the day of the conference. This method can stop any errors found in the 

presenter’s internet connections, but limits question and answer sessions after the presentation.  

Online conferences need to address complications not seen in in-person events. For 

example, an online conference has many technical requirements such as stable internet 

connections, and adequate headsets and webcams for participants (492). Online conferences 

must also employ individuals for the purpose of moderating the event and standing by in case 

of a technical fault (492). The length of a conference and the number of breaks also need to be 

timed accurately to prevent viewers developing a phenomenon known as ‘Zoom fatigue’ 

(493,494). This can be caused by a number of factors including: the lack of non-verbal cues; 

an attendee using the same computer for work that they use for leisure; the attendee’s constant 

view of both themselves and also the presenter leading to an increase in self-presentational 

requirements (493,494). 

Online conferencing tools mostly programme meetings through a server that 

coordinates communications from a terminal in which the meeting originates (475). The server 

configuration method of all mentioned online conferencing tools provides a cloud server for 

participants, allowing the conference to be hosted and delivered via the internet (475). There 

are many benefits to these online platforms, compared to an in-person event including: 

• A potentially unlimited number of attendees  

• Saving travel, venue, and catering costs (492) 

• Saving CO2 emissions through reduced travel (492,495,496) 

• Reduced travel time allowing more individuals to potentially attend 
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• More accessibility for researchers in developing countries who would struggle 

to obtain visa permits or afford travel costs (492,497), and also physically and 

intellectually disabled attendees who may struggle with travel and 

accommodation needs (496) 

 

Many of these benefits of online conferences encourage more inclusivity, leading to 

different perspectives and more diversity in the world of science (492). Increased attendance 

of online conferences is observed not only due to reduced financial restraints, but also reduced 

struggles for attendees with family obligations such as children or other duties of care – this is 

an issue which disproportionately affects women in science (492,498).  

A loss of networking, question and answer sessions, and communications were a 

challenge to overcome concerning online conferences. This was solved with the use of chat-

based online communication tools which work in conjunction with the conference and can also 

be utilised after the conference is concluded. The use of these chat-based tools is preferred or 

not based on the individual using it. It can be said that individuals who are confident in digital 

spaces thrive using these tools, which also allow for busy schedules which would normally halt 

a face-to-face conversation following a conference. However, others may feel anxious and need 

more time to acclimate to the format (499).  

Academic conferences are used by researchers as networking opportunities. Online 

conferences have utilised chat-based online communication tools as a way of allowing 

participants to network with other researchers by sending messages to individuals attending the 

event. Other online conferences have featured virtual rooms for independent networking 

meetings (495). Data from the present study was presented at the Sustainable Waste 

Management Conference 2020 which featured a virtual room for networking and discussion of 

results.  

During a 2020 study (500) which interviewed junior researchers to see how virtual 

conferencing impacted their research, the subject of networking at conferences was discussed. 

A postdoctoral researcher, at GEOMAR Helmholtz Centre for Ocean Research Kiel, claimed 

that networking is essential for junior researchers not only for work opportunities but also to 

speak to experienced individuals about how to thrive in a research-based career (500). They 

specify that in a virtual setting one is less likely to ‘run’ into someone and so there is more 

need to take initiative and be prepared with a ‘virtual business card’ such as a personal institute 

webpage, or personal website or social media account (500). Finally, they specified the need 
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for more senior scientists to join virtual networking events directed at early career researchers 

and invest in the next generation of scientists (500).  

Online conferences also allow creative ways of presenting posters. Some available 

software presents all posters as a slideshow in which presenters are given a set amount of time 

to discuss their posters (495). Other online conferences instruct participants to record a 

description of their poster with a PDF of the final poster and present these recordings in 

between the live research presentation during breaks. Another software called Gather, enables 

participants to create an avatar which ‘walks’ through a virtual room in which posters are 

presented (501). Using this software individuals can meet via video conferencing by making 

their avatar approach and contact another, can ask questions using an included chat function, 

and look at PDFs of a presenter’s poster while discussing it with them (501). Most conferences 

also keep the virtual poster room for a period of time after the conference, allowing individuals 

with limited schedules the opportunity to discuss their poster with someone at a more 

convenient time. Gather was utilised for the Growing Media 2021 conference attended. Using 

this software, a poster was presented with information gathered during the present study. Any 

participant could approach the virtual poster for viewing and also for direct discussion using 

CMC.   

When the lockdowns and travel restrictions, which started in March 2020, began to be 

relaxed in 2021 some conferences became known as hybrid conferences. In these conferences 

there would be an in-person event at a venue, but it would also be carried out online in the same 

way a virtual conference is held. Hybrid conferences take the best of both virtual and in-person 

conferences, allowing the networking-without-boundaries some require from face-to-face 

conversation while also respecting the inclusion of those who cannot travel to the event (497). 

The Growing Media 2021 conference was a hybrid conference which allowed both the benefits 

of an in-person event, but also allowed the presentation of data collected in the present study 

despite travel bans.   

 

X.3.3. Dissemination tools  

The increased prevalence of online conferences and meetings enabled researchers to 

find more creative ways of making their work available to others remotely during the pandemic. 

For example, a physical demonstration of a product or space is not possible when most 

participants are viewing the event from a screen. It is also common for conferences and project 

meetings to arrange a tour of a facility, such as a laboratory or building.  
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These issues can be solved by utilising some of the dissemination tools already 

referenced in this chapter such as the use of VR to carry out tours of facilities. The use of 2D 

top view sketches to represent spaces are not an effective base for ergonomic analysis and can 

be difficult for a viewer to interpret (442). These issues are solved when VR is used to visualise 

a space, and this 3D space people can move through and stand in can be used for other potential 

purposes such as training or demonstrations (442). This also promotes the interaction and 

collaboration of many users in the same virtual space, even though they are physically 

separated from each other (502).  

A 2020 study utilising VR hospital tours for residency interviews found that, compared 

to in-person tours, the VR tours were a “viable and innovative option that can save time and 

money and favourably impact the applicant’s impression of the program” (503). The authors 

went on to discuss that more research was needed to assess whether VR tours could replace in-

person tours permanently but stressed that while social distancing guidelines were in place the 

VR tours may be required for future programs (503).  

 The use of 3D models to represent spaces, buildings, or other relevant objects can also 

be utilised for online conferences and meetings. This also has the benefit of the participant not 

needing to own, and know how to use, a VR headset – as the 3D model can be displayed on 

their screen while a presenter describes the space from a different location, utilising CMC. 

Dissemination of information remained an essential part of scientific research during the 

pandemic, and the creative use of tools such as these allowed the continued sharing of data and 

ideas while individuals communicated from different locations. 

 

X.2.5. Methods Used to Create Dissemination Outputs    

X.2.5.1. 3D Modelling of Tomato Plants 

A Brioso tomato plant was grown from seed in a 1 L pot containing Sinclair All Purpose 

Peat-Sand Growing Medium. The plant was kept in moist soil and regularly monitored in a 

greenhouse with a modulated temperature of 21oC and a light cycle set to 14 hours. It was 

grown to a height of 30 cm to test the 3D modelling of tomato plants prior to conducting a 

future tomato trial which would potentially utilise this process for assessment of tomato leaf 

canopy.  

The tomato plant position on the turntable was noted and tracked and the plant was 

positioned in front of a white wall acting as a blank background. The plant was rotated at 45o 

angles and photographed using Nikon D3400 Digital camera was used with a wide-angle lens 
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on a Manfrotto 190XDB tripod with an 804RC2 head at each rotation from the following 

angles:  

• Three points at a higher position angled down to capture the top section of the plant  

• Three points at a higher position from a straight angle to capture the top section of 

the plant 

• Three points at a middle position from a straight angle to capture the middle section 

• Three points at a bottom position from a straight angle to capture the bottom section 

•  Three points at a bottom position angled up to capture the bottom section 

 

The whole plant was then photographed at each 45o angle allowing Agisoft PhotoScan 

professional software to discern the background from the plant in processing. These 

photographs were taken at every 45o angle until the plant had been rotated 360o.  

The plant was then positioned on the turntable in the centre of the room, with no blank 

background, to investigate if the Agisoft PhotoScan professional software reconstructed 

images of the plant without a background to a higher standard. These images were taken every 

45o from a high and low point of the plant at a straight angle until the plant had rotated 360o. 

For each of these imaging sessions, a ruler was positioned in the pot of the tomato plant acting 

as a scale in processing.  

 

X.2.5.2. 360 Video Imaging 

 360 video imaging was carried out to create immersive digital footage of the greenhouse 

during tomato trials.  

 X.2.5.2.1. Commercial Tomato Trial 360 Imaging 

On day 21 of the commercial tomato trial, 360 images and a one minute 360 video were 

captured of the greenhouse (figure 2.32) with a Ricoh Theta V 360 Camera on a tripod. Adobe 

Premiere Pro software was used to edit the 360 video before being uploaded to YouTube. Once 

uploaded to YouTube, it could be accessed by any device with the ability to process it including 

smart phones and VR headsets. 
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Figure 2.32.133360 image captured of the commercial tomato trial. This image is a 2D 

representation of the 360 image which was viewed in VR.  

 

 X.2.5.2.2. Tomato Trial 1 Time-Lapse 360 Imaging 

 As part of tomato trial 1, a Ricoh Theta V 360 Camera on a tripod was used to take 360 

images and a one minute 360 video every Monday for 159 days (figure 2.33). It was ensured 

that all videos and images were taken at the exact same position using markings in the 

greenhouse when setting up the tripod and camera. The one minute videos were edited and put 

in sequence using HitFilm Express editing software. When viewed in sequence, the 360 videos 

formed a time-lapse of the tomato trial showing the developmental stages of the tomato plants. 

Sonification of tomato harvest data from the commercial tomato trial was carried out 

by Harry Salter, a Masters student. The fresh mass (g) of tomatoes was represented as different 

pitches and different growing media treatments were represented by different instruments using 

Max MSP and JavaScript software. In editing the 360 video, the sonification audio was added 

as a soundtrack. The edited 360 video was uploaded to YouTube allowing access from any 

enabled device.  
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Figure 2.33.134A Ricoh Theta V 360 Camera on a tripod. This camera was used to capture 

360 videos/images of tomato plants growing as part of tomato trial 1. 

 

 X.2.5.3. VR Experience 

 X.2.5.3.1. Tomato Root System Scanning 

 The root sample scanned for this VR experience was a Brioso tomato root, supplied to 

the University of Portsmouth by project partner, ADAS. Upon delivery, the root system was 

contained within a growing media bag and the main plant had been removed at the base of the 

stem. A corer was used to isolate the root system, still contained in a cylinder of growing media, 

from the growing media bag at the base of the stem. This was transferred to a labelled tube, 

and sealed for storage in a 4oC fridge.  

 The root system was ‘washed’ by submerging in a bucket of water to remove the 

growing media from the root system, before it was stored in a labelled, sealed tube in a 4oC 

fridge. This tomato root system, now only surrounded by air, in the sealed tube was scanned as 

before using a X-Tek XT H225 Metris Micro CT scanner at 140 kV. 

Software ‘3D Slicer’ was used to create a 3D model of only the root system and the 

negative space surrounding it. The tomato root system was modelled as an opaque figure 
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showing the finer details on the root surface, and as a translucent ‘hologram’ to view the 

internal structure.  

 

 X.2.5.3.2. Design and Development of the VR Experience 

 Developing the VR experience was carried out using ‘Unity Game Engine’ software 

with the following plug-ins installed: ‘XR Plugin Management’, ‘XR Interaction Toolkit’, 

‘Oculus XR Plugin’. The VR experience was designed to be viewed using an ‘Oculus Quest 

2’, a wireless VR headset, which can be tethered to a PC to operate as an ‘Oculus Rift’. Using 

the Unity software, a virtual rig for the Horti-BlueC resources was created, and made into a 

prefab. The rig managed the videos being played and where they were positioned based on the 

user.   

 The 3D environment in which the VR experience takes place was designed to be dark: 

the floor was a dark grey, and the surroundings were a shade of black with promotional and 

educational videos prepared for the Horti-BlueC project visualised on virtual screens 

surrounding the user. Three videos describing Horti-BlueC goals and projects were selected, 

and one final video was prepared to demonstrate how the tomato root system was washed prior 

to the CT scanning. This final video preceded the 3D models of the VR experience as a way of 

introducing them to the user. All four videos were imported into Unity, and placed on a Plane 

game object (figure 2.34). The development of the VR experience was designed to be scalable 

so that, if necessary, more resources could be added to the experience without any extra coding.  
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Figure 2.34.135Image taken during VR experience development. All videos imported into 

Unity were placed on a Plane game object, which performed in the same way as a television 

screen inside the VR experience. 

 

 The videos played in sequence, ending with the final video demonstrating the tomato 

root washing. A ‘Scene Manager’ object was set up to control the sequence resources that were 

presented to the user. The videos were designed to appear at 45o angles to the right of each 

other which rotated the user in a semicircle as the experience progressed. The sequence of 

videos took place without the control of the user, so that there were less opportunities for error.  

 After the first video finished, and the second started at a 45o angle to the right, a virtual 

desk was set to appear in front of the viewer. The desk featured a machine to the right, and 

three 3D models of shrimp subsequently appeared on the desk on top of a diagram directing 

the user to put shrimp into the machine to receive a tomato plant (figure 2.35). All of these 

featured objects were developed using software on an ‘iPad Pro’ called ‘Nomad Sculpt’. The 
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user was then presented with a message instructing them to pick up the shrimp with the buttons 

indicated. The user had control of 3D hands in the VR experience which could ‘grab’ the 

shrimp and other objects manipulating them however they wanted.  

 Only specific 3D objects in the experience were interactable: the shrimp, the fully-

grown tomatoes, and the smaller opaque model of the scanned root system. To help the user 

differentiate the interactable objects from the non-interactable objects the relevant objects 

material properties were changed to reflect the interaction. This was achieved by changing the 

emission colour of the interactable objects to create a highlighted effect when the 3D hands 

controlled by the user pointed at them (figure 2.36).  

 

 

Figure 2.35.136The virtual desk featured during the second promotional Horti-BlueC 

video. The desk had a machine to the right, and shrimp which appeared on the top of the 

instructional diagram. A message then appeared to the user directing them to pick up the 

shrimp. 
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Figure 2.36.137Interactable 3D models of shrimp within the VR experience. The material 

properties of the interactable objects, such as shrimp, change when the user points the 3D hand 

at them. It can be seen that the emission colour of the shrimp on the right is changed when the 

3D hand points at it to create a highlight effect which is clear to the user.  

 

 Upon placing three 3D model shrimp into the machine, a 3D model of a potted tomato 

plant appeared on the desk in front of the user where the shrimp had previously been (figure 

2.37). The tomato plant grew in size as the users listened and watched the promotional videos 

on how Horti-BlueC utilised the chitin from waste shrimp for the purpose of improved 

sustainability in agriculture. Once fully grown, the user was instructed to pick up a 3D model 

of tomato fruit from the plant in the same way they had done with the shrimp.  
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Figure 2.37.138Tomato plant 3D model within the VR experience. Once all three shrimp 

were placed into the machine on the right, a 3D model of a potted tomato appeared on the desk 

in front of the user. This tomato plant grew until it stopped at a specified size and the user was 

instructed to pick up the 3D models of fruit from the plant.  

 

 The experience was timed so that when the user was at the stage in which they were 

picking up and playing with the 3D model tomato fruit, the final video of the tomato root 

washing started to play. This was followed by the opaque structure of the 3D modelled tomato 

root system which the user was instructed to pick up in the same way. When 10 seconds passed, 

that 3D modelled tomato root system disappeared and the user was faced with the large 

hologram 3D model of the tomato root system. The experience was designed so that these two 

3D models of the tomato root system were featured without the Horti-BlueC videos, enabling 

the user to completely focus on them. The VR experience was programmed to automatically 

stop 10 seconds after the appearance of the hologram tomato root system and closing 

acknowledgements for those who helped with the process.  
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                  5. Research Dissemination Results and Discussion 

 5.1. 3D Modelling Tomato Plants Results  

 Photographs captured of the tomato plant in front of a white background failed to 

replicate the finer details of the tomato plant after processing (figure 5.1 a). This was also 

observed for photographs captured of the tomato plant in the centre of the lab (figure 5.1 b). 

 

a)  

b)  

Figure 5.1.1393D model construction of tomato plant photographs using Agisoft 

PhotoScan professional software. Constructions were made based on photographs taken of 

the tomato plant (a) against a white background, (b) in the centre of a laboratory. 
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 5.2. 360 Video Imaging Results  

 All 360 videos can be found at the following link: 

https://www.youtube.com/channel/UCsky5irtm9Ya_gVM9og1Owg  

 

 5.2.1. Commercial Tomato Trial 360 Imaging 

 The 360 video of the greenhouse during the commercial tomato trial (section 2.5.2.1) 

was viewed on YouTube a total of 40 times. This video had the potential to be viewed in VR 

with a VR headset, or on a flat screen. This video was also used with a VR headset at a Horti-

BlueC public engagement event in Hoogstraten, Belgium. Approximately 40 people viewed 

the 360 video of the commercial tomato trial in VR. Feedback from all participants was positive 

with individuals reporting that they enjoyed the immersion in the tomato trial.  

 

 5.2.2. Tomato Trial 1 Time-Lapse 360 Imaging 

The 360 time-lapse of tomato trial 1 (section 2.5.2.2) has had 25 views on YouTube, 

most of which were likely to be flat screen views. The video was presented at the Growing 

Media 2021 international conference in Ghent, Belgium, and one Horti-BlueC public 

engagement event in Portsmouth, UK. These events utilised VR headsets for a more immersive 

experience. The video received positive feedback from all viewers, who reported that they 

enjoyed the 3D 360 immersion in a tomato trial. The sonification audio was reported by viewers 

to give this time-lapse a more complete immersive experience, as they watched tomato plants 

grow around them whilst listening to the sonification data representing fruit yield 

measurements from the same trial. 

 

 5.3. VR Experience Results 

 The aim of this work was to create an immersive, interactive VR experience to 

demonstrate the Horti-BlueC project. The VR experience featured three screens depicting 

videos made for the Horti-BlueC project to promote and disseminate aspects of the project at 

events and online.  

 The CT scan of the root system featured surface details of the root system as well as 

the internal structure. Due to this, it was decided to model the tomato root system in two ways 

within the VR experience: 

• Firstly, as an opaque model of the tomato root system (figure 5.2 a) which appeared to 

the user floating in front of them and rotating. The user was encouraged to ‘try picking 

up’ the root system as it was large enough for the user to hold in their virtual hands and 

move around, and even throw long distances across the virtual room. This opaque 

https://www.youtube.com/channel/UCsky5irtm9Ya_gVM9og1Owg
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structure allowed the user to note the many individual roots featured on the tomato root 

model, and also observe the finer details on the surface of the roots. 

• Secondly, the opaque tomato root system disappeared and the user was then presented 

with a large, rotating, translucent ‘hologram’ effect of the tomato root model, which 

appeared above and in front of them (figure 5.2 b). This representation of the tomato 

root system focused the user on the internal structure of the tomato roots and also the 

base of the stem, which was featured in the model. The user could observe xylem and 

phloem vessels in the stem and follow them into the individual root systems.  

 

 This part of the VR experience was visually impressive, interactive, and immersive, 

and was the ‘finale’ of the VR experience, allowing the user to focus on the tomato root system, 

first as an opaque entity, and then as a large hologram. 

a)  
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b)  

Figure 5.2.140Images taken from within the VR experience of root 3D models. The 3D 

models developed were: a) the opaque 3D model of the tomato root, designed so that the user 

can observe individual root systems and see the detail on the surface of the root systems, b) the 

hologram effect of the tomato root system for observation of internal structures such as the 

xylem and phloem in the stem. 

 

 The VR experience was used at the Growing Media 2021 international conference in 

Ghent, Belgium, in which approximately 20 people took part. The VR experience received 

positive feedback from all users who noted how easy it was to set up and use. The VR 

experience was also used at a Horti-BlueC public engagement event in Portsmouth, UK, and 

received positive feedback from all users. It was most popular with younger people, who found 

the interactivity very engaging and enjoyable. The VR experience had approximately 50 people 

interested and queuing to participate, which kept people at the event for a longer period of time 

and encouraged interaction with other activities. It was beneficial that the experience had a set 

finishing point as it was clear to all participants that they should take off the headset at that 

point and allow the next participant to begin the experience.  

 

 5.3. 3D Modelling Tomato Plants Discussion 

 Figure 5.1 (a) shows the construction of the 3D model when viewed in front of a white 

background. The finer details of the tomato plant, such as leaflet structures and trusses, were 

lost in 3D modelling. This was suggested to be due to the minor movements of the plant during 
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the photographing process. The plant was rotated throughout the process causing the plant to 

move slightly each time. This observed effect was compounded when the tomato plant was 

photographed in the centre of the laboratory with no background (figure 5.1.b). This 

construction showed less detail compared to the white background, suggesting the software 

could not distinguish the plant structures in the photographs and that, for a successful 3D 

modelling, a blank background was required. A similar study took place in which barley was 

photographed in situ using an unmanned aerial vehicle for crop modelling to assess crop height 

in response to applied fungicide (504). When modelling barley, however, the authors did not 

model the finer details of the crop and instead modelled the crop surface (504).  

A wide-angle lens was used to obtain a focal length substantially smaller than a regular 

lens to allow more of the plant in the photograph. This reduced the need to take more pictures 

of the plant. Exposure (light per unit area reaching an electronic sensor, determined by shutter 

speed, lens aperture, and scene luminance) was taken account to achieve an image in which the 

tomato plant was bright enough to have detail, but not so bright as to lose parts of the plant in 

processing (505). This was done to allow the software to focus on the plant structures compared 

to the background. A Manfrotto 190XDB tripod with an 804RC2 head was always used to hold 

and position the camera to stop the camera wobbling, reducing blur. Excess blur would have 

led to a loss of more plant detail in the final 3D construction.  

Following the Covid-19 lockdowns, and due to the limited success of the 3D modelling, 

the decision was made not to continue with this method.  

 

 5.4. 360 Video Imaging Discussion 

 360 videos are a useful tool allowing individuals to visualise an environment (439–

442), such as a greenhouse during a tomato trial, and engage with the research. This was utilised 

at the Horti-BlueC public engagement event in Hoogstraten, Belgium, in which approximately 

40 people experienced the 360 video of the commercial tomato trial using a VR headset. This 

was beneficial at this time as tomato greenhouses were not open to the public due to the 

growing spread of the tomato brown rugose fruit virus (506–510). This virus caused tomato 

leaves to have chlorotic mosaic, mottling, rugosity and narrowing, and tomato fruit to have 

necrotic spots (507). 360 videos, captured safely from within a greenhouse during this risk 

period, were the only viable way of individuals or members of the public experiencing a tomato 

trial.  

 A similar problem was encountered due to the Covid-19 pandemic. As travel 

restrictions and social distancing measures halted in-person events, 360 videos were utilised in 
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the present study to allow individuals to experience a tomato trial without having to travel. The 

360 video time-lapse captured as part of tomato trial 1 was used in this way at the Growing 

Media 2021 international conference in Ghent, Belgium, and a Horti-BlueC public engagement 

event in Portsmouth, UK. This allowed participants to experience the tomato trial time-lapse 

at the event, which otherwise would not have been possible.  

 Sonification of tomato fresh mass yield was utilised in the 360 video time-lapse. This 

use of sonification has not yet been explored in prior literature. The auditory representation of 

this data was displayed over 360 video time-lapse of the tomato trial and created a more 

immersive experience for the user. 

 

 5.5. VR Experience Discussion 

 The VR experience was interactive to allow the user to feel immersed and entertained, 

whilst at the same time learning about the science behind the Horti-BlueC project. Interactivity 

was implemented through the use of a physical space or ‘room’ which the user entered, and 

consequently encountered objects which could be picked up and played with. The interaction 

represented a gamification of the one of the project foci – chitin as a growing media 

amendment. When VR experiences are constructed as a story or game, the user is less likely to 

lose focus or become distracted and, therefore, they are more engaged with the content 

(440,443). 

During the final part of the gamification, the VR experience featured 3D models of a 

root system made from a tomato root isolate scanned using a CT scanner (methods in section 

2.5.3.1). This method of root visualisation was utilised in this thesis as a way of not only 

measuring root sizes and structures, but also bringing the visualisation of the roots to the public 

in a way they had never seen before. The scanning of these root systems results in videos which 

‘travel’ through a section of growing media which contains intact, undisturbed root structures 

so that the viewer can really see how these roots are distributed. This thesis also utilised these 

root scans to make 3D models of root structure for visualisation in virtual reality, so that a user 

could ‘pick up’ a root and see the complex internal structure of the root system. 

When first analysed, however, CT scans of tomato root structures showed that the 

densities of the growing media and of the roots were very similar. As a result, the roots could 

be visually identified in the scan, but the ‘3D Slicer’ software required to make a 3D model of 

the root system could not differentiate between the root structures and the growing media 

(figure 5.3).  
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Figure 5.3.141‘3D Slicer’ software modelling the CT scan of the root system. The root 

system had a range of density, which significantly overlapped the density of the growing media, 

making it impossible to isolate and distinguish the root system for analysis. Using this data, a 

3D model would only be represented as a cylinder of growing media showing some root 

structures on the outside of the cylinder. 

 

 Following this, the decision was made to ‘wash’ the growing media from the root 

system (discussed in section 2.5.3.1) so that in the VR experience, the user would be able to 

see finer root structures in the 3D model, rather than a cylinder of growing media.  

 Scanning the root system using the ‘3D Slicer’ resulted in the creation of a 3D model 

of the root system and the negative space surrounding it, and some of the finer details of the 

root system could be observed. However, in the washing process root sections were lost and 

thus the 3D model was not completely representative of a ‘true’ tomato root system, as previous 

scans had been. Therefore, this 3D model was utilised visually as part of the VR experience to 

show the user what a tomato root system looks like, but was not used to obtain any data 

concerning the structure or size of tomato roots. The 3D models of the tomato roots were 

designed in a way to allow the user to engage with them. Viewing the root system in 3D, 

compared to 2D, allowed the user to gain more understanding of the structure of a tomato root 

system (442). The opaque 3D model was smaller and could be picked up and manipulated to 
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understand the dimensions and examine the root surface details, and the hologram 3D model 

allowed the user to visualise the internal structure of the root system. 

 While engaged in the experience, users were presented with 3D models of shrimp which 

were to be placed inside a virtual machine as an interactive game. Once all the shrimp were in 

the machine, a 3D model of a tomato plant grew in front of them. Tomatoes could be ‘picked’ 

from the model and played with within the experience. While users were immersed in this 

virtual room, and engaged in activities, they were also shown educational videos on the 

relevance of the project as a whole.  

 This VR experience was used for dissemination of Horti-BlueC project results at the 

Growing Media 2021 international conference. This event was a hybrid conference, in which 

participants from Belgium could attend, but due to travel restrictions those situated in the UK 

could only participate virtually using video conferencing. The VR experience was designed to 

be easy to use and, therefore, it was able to be utilised at this event. At the event, a presentation 

discussing the VR experience was given via video conferencing, before participants were 

invited to take part in the VR experience. VR headsets with the VR experience already installed 

were available at the event, and the developer was available via video conferencing to assist if 

any issues occurred or to discuss the VR experience further. This was an excellent example of 

how this technology was utilised for the dissemination of scientific research during travel 

restrictions and social distancing measures caused by the Covid-19 pandemic. Use of creative 

tools such as this VR experience were an effective method of disseminating Horti-BlueC 

research during the Covid-19 pandemic. 

 

 5.6. Summary 

 3D modelling of tomato plants was unsuccessful due to the minor movements of the 

plant during photographing. The minor movement of the plant resulted in loss of finer details 

of the plant such as leaflet structures when photographs were processed to produce a 3D model. 

X-ray imaging was a useful dissemination tool for scanning tomato root structures. Videos 

‘travelling’ through the root systems were created for dissemination purposes, as well as 3D 

models of tomato root systems. 3D models of root systems were utilised in a VR experience 

for dissemination of Horti-BlueC research at public engagement events. The VR experience 

was effective in educating the public in an engaging way. 360 imaging and VR were useful 

tools during lockdowns and travel bans caused by the Covid-19 pandemic and allowed 

individuals to experience greenhouse trials without risk of spreading the virus. 

 



453 

 

 

 



454 

 



455 

 

 

 



456 

 

  

  

EThOS DEPOSIT AGREEMENT FOR   

UNIVERSITY OF PORTSMOUTH THESES  
  

  

COVERED WORK I,  

Edward Collins “the Depositor”, would like to deposit “An Investigation into the Impact of Chitin 

Amendments on the Growth and Nutritional Properties of Greenhouse Lettuce and Tomato Crop 

Production” hereafter referred to as the “Work”, in the University of Portsmouth Library and agree to 

the following:  

  

NON-EXCLUSIVE RIGHTS  

Rights granted to the University of Portsmouth through this agreement are entirely non-exclusive and royalty 
free. I am free to publish the Work in its present version or future versions elsewhere. I agree that the 
University of Portsmouth or any third party with whom the University of Portsmouth has an agreement to do 
so may, without changing content, translate the Work to any medium or format for the purpose of future 
preservation and accessibility.  

  

DEPOSIT IN THE UNIVERSITY OF PORTSMOUTH LIBRARY  

I understand that work deposited in the University of Portsmouth Library will be accessible to a wide variety 
of people and institutions - including automated agents - via the University’s Institutional Repository.  In 
addition, an electronic copy of my thesis may also be included in the British Library Electronic Theses Online 
System (EThOS). I understand that once the Work is deposited, a citation to the Work will always remain 
visible. Removal of the Work can be made after discussion with the University of Portsmouth Library, who 
shall make reasonable efforts to ensure removal of the Work from any third party with whom the University 
of Portsmouth has an agreement.  

  

I AGREE THAT:   

- I am the author or co-author of the Work and have the authority on behalf of the author or authors to 
make this agreement and to hereby give the University of Portsmouth the right to make available the Work 
in the way described above.  

  

- I have exercised reasonable care to ensure that the Work is original, and does not to the best of my 
knowledge break any applicable law or infringe any third party’s copyright or other intellectual property right.   

  

- The University of Portsmouth does not hold any obligation to take legal action on my behalf, or other 
rights holders, in the event of breach of intellectual property rights, or any other right, in the Work.  

  

- I DO wish my thesis to be deposited in EThOS but am aware that EThOS may, at some future date, 
harvest thesis details automatically (including the full text) from the University’s Institutional Repository 
available at https://researchportal.port.ac.uk/  

  

  

Signature:  …………………………………………………….  

Date:   ……………………20/12/2022…………………………..  


