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Summary

• The delay in autumnal senescence that has occurred in recent decades has been

linked to rising temperatures. Here, we suggest that increasing atmospheric CO2

may partly account for delayed autumnal senescence and for the first time,

through transcriptome analysis, identify gene expression changes associated with

this delay.

• Using a plantation of Populus · euramericana grown in elevated [CO2]

(e[CO2]) with free-air CO2 enrichment (FACE) technology, we investigated the

molecular and biochemical basis of this response. A Populus cDNA microarray was

used to identify genes representing multiple biochemical pathways influenced by

e[CO2] during senescence. Gene expression changes were confirmed through

real-time quantitative PCR, and leaf biochemical assays.

• Pathways for secondary metabolism and glycolysis were significantly up-regu-

lated by e[CO2] during senescence, in particular, those related to anthocyanin bio-

synthesis. Expressed sequence tags (ESTs) representing the two most significantly

up-regulated transcripts in e[CO2], LDOX (leucoanthocyanidin dioxgenase) and

DFR (dihydroflavonol reductase), gave (e[CO2] ⁄ ambient CO2 (a[CO2])) expres-

sion ratios of 39.6 and 19.3, respectively.

• We showed that in e[CO2] there was increased autumnal leaf sugar accumula-

tion and up-regulation of genes determining anthocyanin biosynthesis which, we

propose, prolongs leaf longevity during natural autumnal senescence.

Introduction

Phenological records suggest that recent global warming
has resulted in longer growing seasons. An analysis of over
1700 species showed significant shifts in plant phenology

(Parmesan & Yohe, 2003), including extension of the grow-
ing season (Myneni et al., 1997; Menzel & Fabian, 1999;
Zhou et al., 2001; Menzel et al., 2006), which has been
attributed to rising air temperature (Menzel & Fabian,
1999). On average over the past 35 yr autumnal senescence
has been delayed across Europe by 1.3 d per decade
(Menzel et al., 2006). However, while a strong correlation
exists between atmospheric warming and an earlier spring
phenophase, the correlation between warming and a later
on-set of the autumn phenophase is very weak (Menzel
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et al., 2006). Understanding this process is important, as
changing phenology can alter biogeochemical cycling and
albedo, both feeding back on climate change (Peñuelas
et al., 2009). For example, an extended autumn has been
reported to increase carbon storage in the boreal zone of
northern latitude forests (Lucht et al., 2002) and in the
aspen boreal forests of North America (Chen et al., 1999).
It also represents a potential mechanism for adaptation to a
changing climate; understanding the genetic and genomic
basis of such changes is pertinent to understanding evolu-
tionary mechanisms and, in turn, how forests may be
managed and conserved in future.

Over the time period of the Menzel et al. (2006) study
(1971–2000), atmospheric carbon dioxide has increased by
44 lmol mol)1 (+13.5%). We have previously shown that
elevated atmospheric CO2 (e[CO2]) delays autumnal senes-
cence in a forest canopy exposed for 6 yr to e[CO2] under
free air CO2 exposure (FACE) (Taylor et al., 2008). At the
canopy level, the decline in greenness measured using the
normalized difference vegetation index (NDVI) and leaf
area index (LAI) were both significantly reduced by e[CO2].
Also delayed was the decline in leaf chlorophyll, indicating
delayed senescence in these trees (Taylor et al., 2008).
However, these finding are controversial, as rising [CO2]
has been shown to shorten (Sigurdsson, 2001), extend (Li
et al., 2000; Rae et al., 2006; Taylor et al., 2008) or have
no effect (Herrick & Thomas, 2003) on forest senescence.

Natural autumnal senescence is regulated by day length,
temperature, light, nitrogen, water supply, plant carbon–
nitrogen and source–sink balance (Wingler et al., 2006),
the timing of which can be regarded as the result of a trade-
off between the conflicting requirements for optimizing the
nitrogen and carbon status of the plant (Keskitalo et al.,
2005). The strength of the plant’s sink for photosynthate
can positively influence photosynthetic responses to e[CO2]
(Bryant et al., 1998; Ainsworth et al., 2004) and also reduce
the rate of senescence (Wingler et al., 2004; Kaschuk et al.,
2009). Recent studies using girdled sugar maple trees have
shown that sugar accumulation in leaves resulted in the for-
mation of anthocyanins (Murakami et al., 2008), and leaves
with increased anthocyanin content were associated with a
delayed senescence (Schaberg et al., 2008). In poplar, over-
expressing an Arabidopsis sucrose phosphate synthase gene
resulted in increased leaf sucrose content between August
and throughout senescence, which was associated with a
delayed senescence (Park et al., 2009). These data indicate
the complex interactions between the plants’ developmental
state, source–sink balance and rate of senescence. Never-
theless, the initiation and a sequence of events during
senescence is well conserved. The stimulus for autumnal
senescence in Populus is a shortening of the photoperiod
initiating bud-set, at least for high-latitude trees (Olsen
et al., 1997; Keskitalo et al., 2005; Böhlenius et al., 2006;
Fracheboud et al., 2009), which is considered an adaptive

trait related to plant fitness (Ingvarsson et al., 2006). Fol-
lowing this, a well characterized sequence of cellular events
has been reported (Keskitalo et al., 2005), from chloroplast
breakdown, carotenoid and soluble sugar loss to anthocya-
nin production, a massive 80% nitrogen remobilization and
leaf abscission. During this process in poplar, 166 genes
were classed as ‘most up-regulated’, revealing a shift from
gene expression associated with anabolism to that of catabo-
lism and an increased role of the mitochondria for energy
generation as photosynthesis breaks down (Andersson et al.,
2004).

The aim of this research was to understand how exposure
to increased atmospheric CO2 disrupts the process of
autumnal senescence and to identify key changes in metabo-
lism and gene expression associated with delayed senescence.
We conducted our investigation at the POP ⁄ EUROFACE
(free air CO2 enrichment) experiment (Miglietta et al.,
2001) where trees had been grown for 6 yr, from planting
to canopy closure, in a fully open-air environment at either
ambient CO2 (a[CO2]) or e[CO2] (550 lmol mol)1).
Conducting this study at a FACE site allowed us to elimi-
nate the potentially confounding problems of sink, nitrogen
and water limitation that are common in experiments using
other CO2 fumigation techniques (McLeod & Long, 1999)
and are known to influence the rate of senescence. The
highly productive, fast-growing trees reported to be non-
resource-limited (Liberloo et al., 2009) at the POP ⁄
EUROFACE experiment provided the ideal model system
in which to investigate the changes in natural autumnal
senescence of a forest canopy growing in e[CO2]. Further-
more, Populus is now recognized as a model tree genus
(Taylor, 2002; Tuskan et al., 2006; Jansson & Douglas,
2007) enabling genomic resources to be deployed to answer
questions of ecological and evolutionary significance on
plant response and adaptation to climate change.

Materials and Methods

The POP ⁄ EUROFACE site

The POPFACE experiment (9 ha) was situated on a nutri-
ent-rich, clay soil in Tuscania, Italy (42�22¢N, 11�48¢E;
altitude 150 m asl; http://www.unitus.it/euroface). Three
species of Populus (P. alba L. (clone 2AS-11), P. nigra L.
(clone Jean Pourtet) and P. · euramericana (Dode) Gui-
nier (clone I-214)) were grown in the experiment within six
experimental plots assigned equally between two treatments
of [CO2] (a control of ambient CO2, a[CO2] and elevated
CO2 e[CO2] of 550 lmol mol)1), as described previously
(Miglietta et al., 2001; Scarascia-Mugnozza et al., 2006).
During the period of this study, trees had been planted for
6 yr, coppiced after 3 yr and exhibited a closed canopy.
Canopy characterization and climatic data during this study
have been described in detail in Taylor et al. (2008) and
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only the ambient nitrogen subplots were used in this study,
the same treatments as in Taylor et al. (2008). A strong
chlorosis of the canopies in plots five and six was evident
during this study and so these plots were discounted from
any further analysis, as described in Liberloo et al. (2007).
Daytime CO2 enrichment was provided from bud burst
until bud-set except during this study when CO2 enrich-
ment was continued throughout. The e[CO2] measured at
1 min intervals was within a 20% deviation from the target
concentration of 550 ppm for 94% of the time during the
first 3 yr rotation, and for 78% of the time during the sec-
ond rotation (Liberloo et al., 2009). The leaf sampling
regime is described in the Supporting Information (Meth-
ods S1) and all sampled leaves were instantly placed in foil,
added to a weighted bag and dropped from the canopy to
be placed in liquid N2 (from removal until placing in liquid
N2 was c. 10 s).

Canopy level spectral reflectance

Canopy reflectance was measured with a field portable
spectroradiometer (GER 3700) (GER, Buffalo, NY, USA;
Mod. 3700), and a chlorophyll-specific NDVI (Gitelson &
Merzlyak, 1994; Gamon & Surfus, 1999) was calculated as
described in Taylor et al. (2008). Further details are given
in Methods S2.

Microarray hybridization

Total RNA was extracted using the protocol of Chang et al.
(1993) and as described by Street et al. (2006). One hun-
dred micrograms of total RNA was denatured (65�C for
10 min) with 2 ll of anchored oligo(dt)20 primer and this
was taken for cDNA sysnthesis. A reverse transcription mas-
ter mix was prepared. This consisted of 6 ll 5· -RT-buffer
(first-strand buffer), 3 ll of 10 mM Dithiothreitol (DTT),
1 ll of 50· deoxynucleoside triphosphate (dNTP) mix (a
mix of dA, dC and dG), and aa-dUTP and dTTP in a ratio
of 4 : 1 aa-deoxyuridine-triphosphate (dUTP) : deoxythy-
midine-triphosphate (dTTP)) (all Amersham UK, except
for aa-dUTP, which came from Sigma UK), 1 ll RNase
inhibitor and 2 ll Superscript� reverse transcriptase. After
overnight synthesis of cDNA at 48�C, the reverse-transcrip-
tion reaction was inhibited by addition of 10 ll 0.5 M
EDTA and any remaining RNA was degraded by the addi-
tion of 10 ll 1 M NaOH and heating at 65�C for 15 min.
The remaining cDNA was then neutralized with 50 ll of
1 M Hepes (pH 7.5). The cDNA purification was carried
out according to the manufacturer’s instructions (Qiagen
PCR purification kit) with the following exceptions. A
phosphate-ethanol wash buffer (PWB: pH 8.0, 5 mM
KPO4) was used instead of buffer PE (Qiagen) and two
PWB steps were included. cDNA was then eluted via two
elutions each with 30 ll of 0.1 M NaHCO3 (pH 9.0), and

1 ll of cDNA (60 ll total) was then taken for spectromet-
ric quantification. The purified cDNA (59 ll total) was
taken and 35 ll 100 mM sodium acetate (pH 5.2) was
added. Under minimal light, purified cDNA was added to
an aliquot of CyDye� ester (Amersham). Cy3 and Cy5
were added to the control and treatment, respectively, and
for nearly 50% of the samples this orientation was reversed
to account for any dye binding bias. The samples were
gently agitated and then left in the dark at room tempera-
ture for 2 h. Following a dye-coupled cDNA purification
step (using the Qiagen protocol except that an additional
buffer PE wash step was included and two repeated elution
steps were carried out), the labelled samples were randomly
paired between control and treated samples. The total elute
containing 200 ll Cy3-and-Cy5 coupled cDNA was con-
centrated down to 25 ll in a spin concentrator (Eppendorf
Concentrator 5301; Eppendorf, Cambridge, UK). The dye-
labelled cDNA target (25 ll) was denatured by the addition
of 50 ll formamide, 25 ll hybridization buffer (Amer-
sham) was added and the sample was heated at 95�C for
1 min and then chilled on ice.

Microarray slides were purchased from PICME (http://
www.picme.at) and were estimated to represent c. 10 000
predicted gene models in the P. trichocarpa genome
sequence (Rinaldi et al., 2007). The expressed sequence tags
(ESTs) printed on the PICME poplar arrays were produced
by INRA-Nancy (Rinaldi et al., 2007), INRA-Orleans
(Déjardin et al., 2004) and the University of Helsinki (Bro-
sché et al., 2005) within the framework of the LIGNOME
and ESTABLISH programmes. Full MIAME-compliant
details of the array content and production can be found at
http://www.picme.at. An overview of the experimental
design is illustrated in Fig. 1. In approach (i) a direct com-
parisons was conducted between replicate senescent samples
(18 October) exposed to either elevated CO2 treatment

Fig. 1 A schematic representation of the microarray hybridization
design. (i) Nine replicate hybridizations are shown for probes
obtained from Populus leaves sampled on 18 October 2004 with
each CO2 treatment represented in each hybridization. (ii) Two
hybridizations are shown for senescence within each CO2 treatment.
The presenescent probe for each treatment was created by pooling
probes from seven replicate leaves sampled from within the respec-
tive CO2 environment.
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(e[CO2]) or ambient CO2 control (a[CO2]). Of the 12
leaves sampled per treatment on 18 October, RNA of suffi-
cient quality was obtained from nine leaves per treatment.
These nine samples were randomly paired so that each CO2

treatment was represented in each pair. In approach (ii),
comparisons between presenescent (31 August) and senes-
cent material were undertaken using a common presenes-
cent reference pool. For the progress of senescence in
a[CO2], the a[CO2] reference pool was used and this was
designated a[CO2] senescence; in e[CO2], the e[CO2] refer-
ence pool was used and designated e[CO2] senescence.
Microarray hybridizations were carried out to directly assess
the transcriptome changes occurring during senescence in
a[CO2] and e[CO2]. RNA was extracted individually from
presenescent (31 August 2004) leaves and then pooled. The
pool for e[CO2] consisted of seven samples (four from plot
one and three from plot four), and the pool for a[CO2] con-
sisted of seven samples (four from plot two and three from
plot three) (Fig. 1). In each pool, 100 lg of total RNA was
established using 14.3 lg of total RNA from each replicate
leaf.

Prehybridization, hybridization and scanning of the
PICME microarray slides, and normalization of the raw
expression data are described in Methods S3. Raw image
spots were flagged as ‘bad’ and removed from further analy-
sis if the median signal intensity was less than 256 or equal
to 65 535 (saturated). Images were also checked visually
and abnormal spots and those far off the indexed spotting
grid (dust, salt etc.) were also flagged as bad. Normalized
data were then filtered based on A value ((log2R + log2G) ⁄ 2)
to remove spots with low intensities in both channels (the
threshold value for A was set to 8.0, equating to a raw inten-
sity of 256 in both channels). The transcript profile data
were analysed using linear models with B statistics imple-
mented in the LIMMA (Smyth, 2004, http://bioinf.wehi.
edu.au/limma/) package for the statistical software ‘R’
(http://www.r-project.org) to identify ESTs representing
transcripts that may be differentially regulated (Diaz et al.,
2003). The model contained only one specified factor for
treatment, either e[CO2] for the 18 October direct compar-
ison between exposure to a[CO2] and e[CO2] (approach (i)
in Fig. 1) or expression on 18 October for the comparison
between the presenescent reference pools and the senescent
material (approach (ii) in Fig. 1). Calculated B- and P-val-
ues are adjusted for multiple testing with a false discover
rate (FDR) of 0.05 (Benjamini & Hochberg, 1995), which
is considered a very conservative statistical analysis for
FACE experiments of field-acclimated material (Leakey
et al., 2009a). As the influence of senescence on tran-
script abundance can be very large for some transcripts
(Andersson et al., 2004), this conservative statistical analysis
was considered appropriate. Transcripts classed as signifi-
cantly differentially expressed in e[CO2] compared with
a[CO2] late in senescence (18 October 2004) and during

senescence were those represented by ESTs with a B-value ‡
3. A B-value of zero is equal to a 50 : 50 probability of
differential expression whereas a B-value of 3 represents
approximately 95% certainty of differential expression
(exp(3) ⁄ (1 + exp(3)) = 0.95, or 95%). We used a B-value
of ‡ 3 and a twofold change in mean normalized expression
as our threshold for declaring an EST as significantly differ-
entially expressed. Expression levels for gene models were
calculated from the mean data of all ESTs representing that
model. Sequence annotation was obtained using the tblastx
algorithm run by the DOE Joint Genome Institute (JGI,
http://genome.jgi-psf.org). All microarray data generated
have been deposited in the Gene Expression Omnibus
(GEO) database as series GSE15874 and platforms
GPL8472 and GPL8473.

Analysis of expression changes for genes representing
multiple biochemical pathways

Microarray data were further analysed by MapMan (ver-
sion 2.2.0; Thimm et al., 2004). Arabidopsis thaliana or-
thologue IDs were obtained using the gene model IDs
of each EST sequence on the PICME array and the or-
thologue extractor function in PopGenIE (Sjödin et al.,
2009). The mean log2 ratios for all the Populus ESTs
representing single Arabidopsis orthologue gene models
were used in the Mapman pathway analysis. The Wilco-
xon rank sum test was used within MapMan to identify
any functional group of genes that exhibit a different
behaviour in terms of expression profile compared with
all the other remaining functional groups. Data were
Benjamini Hochberg corrected in MapMan and
P £ 0.05 was considered the cut-off for identifying func-
tional groups considered to have a different behaviour in
terms of expression profiles. The pathway diagrams for
anthocyanin biosynthesis were based on that described
for Arabidopsis (Solfanelli et al., 2006) and additional
information for Populus was obtained from Tsai et al.
(2006).

Real-time quantitative PCR (RT-qPCR)

The selection and validation of the internal reference gene
are described in Methods S3. ESTs to be validated were
searched by their EST name in the PICME database and
the EST information was extracted from NCBI using acces-
sion number. Gene model information was downloaded
from JGI. Real-time qPCR primers were designed using
Beacon Design 5.0 (PREMIER Biosoft International, CA,
USA) and the following criteria: Tm of 55–60�C and PCR
amplicon lengths of 115–160 bp, yielding primer sequences
with lengths of 19–22 nucleotides and GC contents of
45–55%. Primers were also designed to amplify close to the
3¢-end of the transcripts or EST, and at least one primer of
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a pair was designed to cover an exon–exon junction if possi-
ble. All primers used in this study were synthesized and
desalted by Sigma-Genosys.

The protocols for cDNA synthesis and SYBR Green
qPCR are described in Methods S4. The primer pairs used
and mean Ct values of the reference gene are also reported
in Methods S4.

Leaf biochemistry

Anthocyanin content frozen leaves were ground and
50 mg from each sample was used for analysis according to
the method of Martin et al. (2002). Data were calculated
from the mean of three technical repeats for eight replicate
leaves per treatment (four per plot).

Soluble carbohydrates and starch Extraction and measure-
ment of glucose, fructose, sucrose and starch content have
been described previously (Rogers et al., 2006). Glucose,
fructose and sucrose were extracted from frozen ground
material using sequential incubations in ethanol. Starch was
extracted from the residual material and converted to glu-
cose. Glucose, fructose, sucrose and the glucose resulting
from the starch degradation were then assayed using a con-
tinuous enzymatic substrate assay.

Statistical analysis of leaf biochemistry and spectral
reflectance

Responses of leaf biochemistry during the progression of
autumnal senescence were subjected to general linear model
ANOVA (using Minitab� 15.1.0.0; Minitab Inc., Phila-
delphia, PA, USA), with the model: response = block|CO2

and leaf was considered the unit of replication. No signifi-
cant block · CO2 interactions were detected. Responses of
canopy spectral reflectance during the progression of
autumnal senescence were analysed by a two-way ANOVA
with repeated measures in SPSS (SPSS 16.0 for windows)
with the model: response = time|CO2.

Results and Discussion

The trees used in this study exhibited a net increase in pho-
tosynthesis (Tricker et al., 2005; Liberloo et al., 2007),
increased biomass production (Liberloo et al., 2009), a
significantly reduced leaf nitrogen (on a leaf mass basis)
(Liberloo et al., 2007) and were considered not to be
resource-limited (Liberloo et al., 2009). Taylor et al. (2008)
established that the field-grown poplar trees in this study
exhibit delayed autumnal senescence in response to growth
at e[CO2] (Taylor et al., 2008) and here we unravel the
gene expression and biochemical changes that are associated
with this response. Fig. 2a shows images across 2 yr for the
senescing canopies. A canopy-modified NDVI (a chlorophyll-

specific NDVI) (Gitelson & Merzlyak, 1994; Gamon &
Surfus, 1999) was used to estimate changes in whole-canopy

(a)

(b)

(c)

Fig. 2 The influence of elevated [CO2] (e[CO2]) on canopy chloro-
phyll content and leaf anthocyanin content during senescence in
Populus. (a) Digital images of an ambient CO2 (a[CO2]) and an
e[CO2] plot during senescence and on two separate years. (b) The
chlorophyll specific normalized difference vegetation index (modi-
fied NDVI, where R750 and R705 are the reflectance at 750 nm and
705 nm respectively) measured over the e[CO2] (closed bars) and
a[CO2] (open bars) canopies at three time-points through October
2004 (mean ± SE; n = 4). (c) Extractable leaf anthocyanin content in
leaves senescing in either e[CO2] (closed bars) or a[CO2] (open bars)
(mean ± SE; n = 8).
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chlorophyll content during October 2004 (Fig. 2b). As
expected during senescence, modified NDVI declined sig-
nificantly with time (F2,6 = 115.2, P £ 0.001), and at all
time points modified NDVI was significantly greater in
e[CO2] (F1,3 = 104.1, P £ 0.01). This indicates that the
canopy contained more chlorophyll in e[CO2] than in
a[CO2] during this period and is in agreement with the
extracted leaf chlorophyll content reported in Taylor et al.
(2008). There was no significant interaction between CO2

treatment and time. Our study provides the first snapshot
of what may be occurring within the metabolism of these
trees during senescence in e[CO2]. Initially we focused on
genes that exhibited a statistically significant change in regu-
lation in e[CO2] during senescence, as evident from the
microarray EST data. These data identified a significant up-
regulation of key transcripts in anthocyanin biosynthesis. In
addition, functional groups of genes were examined which,

together, exhibited a significant change in regulation. These
data from direct comparison between an e[CO2] and
a[CO2] late in senescence (18 October) are presented in
Fig. 3. Changes in the leaf transcriptome between nonse-
nescent and senescent leaf material in either e[CO2] or
a[CO2] were also examined, and changes in leaf metabolism
identified. These data, representing the changes between
nonsenescent and senescent material, are presented in
Figs 4 and 5. Leaf anthocyanin content and soluble and
insoluble carbohydrate contents were also measured to sup-
port the data identified from the microarrays.

Identifying the genes most significantly influenced by
e[CO2] late in autumnal senescence

The effect of senescence in e[CO2] on transcript abundance
for c. 10 000 predicted gene models in the P. trichocarpa

(a) (b)

Fig. 3 A representation of transcript abundance from the late senescence (18 October 2004) microarray experiment displaying differential
gene expression involved in metabolism (a) and anthocyanin biosynthesis (b). (a) Each coloured square represents the mean log2 expression
data for the Arabidopsis orthologue calculated from the Populus expressed sequence tag (EST) expression data. The logarithmic colour scale
bar ranges from )1.5 (dark blue, representing a threefold down-regulated gene in elevated [CO2] (e[CO2])) to +1.5 (dark red, representing a
threefold up-regulated gene in e[CO2]). (b) Log2 transcript abundance data for Populus gene models involved in anthocyanin biosynthesis, as
a function of (e[CO2] ⁄ ambient CO2 (a[CO2])) expression (the logarithmic colour scale bar ranges from )2.0 to >2.0, dark blue to dark red).
Genes coding for enzymes in this pathway were identified using the Populus EST sequence data and annotation and obtaining the Arabidopsis
orthologue gene model. Coloured circles represent Populus gene models predicted to code for enzymes involved in each metabolic step. Path-
way diagrams were constructed using Solfanelli et al. (2006) and Tsai et al. (2006). The expression data and annotations for (b) are given in
the Supporting Information, Table S3.

420 Research

New
Phytologist

� The Authors (2010)

Journal compilation � New Phytologist Trust (2010)

New Phytologist (2010) 186: 415–428

www.newphytologist.com



genome sequence (Rinaldi et al., 2007) was tested using the
PICME microarray. Differential gene expression between
e[CO2]- and a[CO2]-grown leaves was assessed on 18 Octo-
ber during the latter phase of senescence. Canopy leaf area
index (LAI) at this time had declined by 43 and 37% from
31 August in a[CO2] and e[CO2] treatments, respectively
(data not shown). A robust statistical analysis using Bayes-
ian statistics with a FDR of 0.05 was applied to identify the
most consistently and significantly differentially expressed
transcripts during senescence. This approach is considered
by some to be very stringent for FACE experiments (Leakey
et al., 2009a). For example, in the study by Taylor et al.
(2005) zero transcripts would have been classed as signifi-
cantly differentially expressed at this level of significance.
Transcripts represented by 66 ESTs were classed as signifi-
cantly differentially expressed using a Bayesian log odds

(B-stat) cut-off value of ‡ 3. Of these, 15 were significantly
up-regulated in e[CO2], 13 of which were also ‡ twofold
up-regulated and these are given in Table S1; 51 were sig-
nificantly down-regulated, 38 of which were also ‡ twofold
down-regulated and these are given in Table S2. The two
most significantly differentially expressed transcripts show-
ing the greatest increase in abundance in the e[CO2] treat-
ment were annotated as leucoanthocyanidin dioxgenase
(LDOX, clone id R71B12) and dihydroflavonol reductase
(DFR, clone id RSH03D11), exhibiting a normalized
change in transcript abundance (e[CO2] ⁄ a[CO2]) of 39.6
(5.3 log2) and 19.3 (4.3 log2), respectively (Table S1). The
gene models for the two Arabidopsis orthologues of these
were identified (LDOX gene model at4g22880 and DFR
gene model at5g42800) and the mean normalized increases
in transcript abundance (e[CO2] ⁄ a[CO2]) for all (not only

(a) (b)

(c) (d)

Fig. 4 A representation of transcript abundance during senescence in either ambient CO2 (a[CO2]) or elevated [CO2] (e[CO2]). (a) Venn dia-
grams giving the numbers of expressed sequence tags (ESTs) representing significantly differentially expressed genes during senescence up-
regulated in common and unique to each [CO2] (i), and down-regulated (ii). (b, c) MapMan metabolism overview maps representing changes
in transcript abundance during senescence in a[CO2] (b) and e[CO2] (c) as a function of Populus EST expression data (18 October ⁄ 31 August)
within each CO2 environment averaged by Arabidopsis orthologue. The normalized expression values for all ESTs classed as significantly differ-
entially expressed through the process of senescence in e[CO2] are reported in Supporting Information, Tables S4 and S5, and those during
senescence in a[CO2] are in Tables S6 and S7. (d) The mean normalized expression ratio (log2) are for those functional groups that exhibited a
significantly (Benjamini Hochberg corrected Wilcoxon rank sum test) different behaviour in terms of expression profiles compared with all the
other remaining groups during senescence in e[CO2] (closed bars). The expression ratio for the same group is given for senescence in a[CO2]
(open bars) and P-values are reported as follows: *P £ 0.05, **P £ 0.01, ***P £ 0.001, ****P £ 0.0001. Functional groups are annotated in
MapMan as follows: 1, PS light reactions; 2, secondary metabolism, flavonoids; 3, secondary metabolism, phenylpropanoids; 4, glycolysis; 5,
amino acid metabolism, synthesis, aromatic aa, chorismate; 6. TCA cycle.
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those classed as significant) of the Populus ESTs showing
homology to these Arabidopsis orthologues were 16.7
(4.1 log2) and 30.2 (4.9 log2), respectively. These two tran-
scripts code for enzymes in the anthocyanin biosynthetic
pathway of Populus (Tsai et al., 2006). Correlations between
these changes in transcript abundance and leaf anthocyanin
content were investigated, with anthocyanin content mea-
sured on three occasions in August, October and November.
Irrespective of CO2 treatment, leaf anthocyanin increased
over time from late August to early November, as expected
during senescence (Keskitalo et al., 2005). Although not
statistically significant, anthocyanin content had increased
by 413% in e[CO2] compared with a 342% increase in
a[CO2] between 31 August and 4 November, resulting in a
23% increase in the anthocyanin content by 4 November in
e[CO2] compared with a[CO2] (Fig. 2c).

Identifying the pathways most significantly influenced
by e[CO2] late in autumnal senescence

Although a relationship between mRNA and protein con-
centrations can be inferred here for anthocyanin biosynthe-
sis, this may often not be the case (Feder & Walser, 2005).
Therefore, by grouping genes into functional categories,

Andersson et al. (2004) considered that mean values should
represent a good approximation of the relative effort that
plants are making to synthesize the proteins of the res-
pective categories. Using the pathway analysis software
MapMan (http://gabi.rzpd.de/projects/MapMan/), the
metabolism overview map was explored against the Arabid-
opsis TAIR 8 database. Functional groups of genes which
together exhibit a statistically significantly different behav-
iour in terms of expression profiles compared with all the
other remaining functional groups were identified. The
mean expression data were calculated for each EST passing
the quality controls (i.e. not flagged as bad) from the late
senescent replicate microarray hybridizations. Of the
13 241 ESTs with expression data, 12 491 exhibited
homology with the Arabidopsis genome, and unique Ara-
bidopsis orthologue gene models numbered 4712. The
mean log2 expression data for each Arabidopsis orthologue
was imported into MapMan and the functional groups
within the metabolism class were analysed (Fig. 3a). The
statistically significant differentially regulated functional
groups (BINs) were BIN 16.8 secondary metabolism of fla-
vonoid biosynthesis P £ 0.02 (mean normalized expression
ratio, e ⁄ a = 4.56 (2.19 log2)) and BIN 4 glycolysis
P £ 0.04 (mean normalized expression ratio, e ⁄ a = 2.39

(a) (b)

(c)

Fig. 5 The influence of elevated [CO2] (e[CO2]) on gene expression within the anthocyanin biosynthetic pathway and leaf sucrose and starch
content during senescence (between 31 August and 18 October). (a) Log2 expression data for Populus gene model from two replicate hybrid-
izations for each CO2 treatment calculated as ((e[CO2] 18 October ⁄ 31 August) ⁄ (ambient CO2 (a[CO2]) 18 October ⁄ 31 August)). The path-
way diagram was constructed using Solfanelli et al. (2006) and Tsai et al. (2006). The expression data and annotations for (a) are given in
Supporting Information, Table S9. (b, c) Data for leaf sucrose (b) and starch content (c) in both a[CO2] (open bars) and e[CO2] (closed bars)
(n = 8). P-values are reported as follows: *P £ 0.05, **P £ 0.01, ***P £ 0.001; where no P-value is reported, data were not significant.
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(1.26 log2)). This approach provided further support for
up-regulation of secondary metabolism, leading to anthocy-
anin biosynthesis in e[CO2] compared with a[CO2]-grown
leaves.

In Populus the flavonoid biosynthetic pathway contains
increased gene copy numbers for many enzymes when com-
pared with Arabidopsis (Tsai et al., 2006) and so the mean
expression data for each Populus gene model was used.
Fig. 3b shows that transcript abundance for enzymes cataly-
sing the biosynthetic pathway from phenylalanine to antho-
cyanin were generally increased in e[CO2]. Table S3 gives
the expression data for each EST, Populus gene models and
the Arabidopsis orthologues used in Fig. 3(b). The variance
for multiple ESTs forming expression data for individual
gene models is also given. Although post-transcriptional
processes play an important role in regulating metabolism,
the greater transcript abundance for nearly the entire path-
way (rather than just a small number of enzymes) provides
strong evidence for a transcriptionally driven mechanism
responding to e[CO2] and leading to increased anthocyanin
biosynthesis. Anthocyanin pigments have a multifaceted
protective role in leaves, including protection from UV
damage, pathogens, photoinhibiton, photo-oxidative stress
and scavenging free radicals (Gould, 2004). The increased
anthocyanin biosynthesis seen here is consistent with the
idea that induction of stress-responsive pathways can extend
the viability of senescing cells (Buchanan-Wollaston et al.,
2005). Diaz et al. (2006) suggest that anthocyanin may
influence leaf life span by protecting from photo-oxidative
stress, and Schaberg et al. (2008) identified a delay in
abscission layer formation during autumnal senescence in
sugar maple leaves containing increased anthocyanin.

Identifying the genes most significantly influenced
by e[CO2] during the progression of autumnal
senescence

To determine whether this shift in metabolism late in senes-
cence was in response to delayed senescence, changes in leaf
transcript abundance and selected metabolites were exam-
ined. Differential gene expression between the presenescent
(31 August) and the senescent canopies (18 October) was
investigated (Fig. 4) using RNA from a presenescent refer-
ence pool, similar to the approach of Andersson et al.
(2004). During senescence in a[CO2], normalized tran-
script abundance was calculated as (18 October ⁄ 31 August)
and 892 ESTs representing 417 unique Populus gene mod-
els were significantly differentially expressed (‡ 3 B-value
and ‡ twofold change). In the e[CO2]-treated canopies,
494 ESTs representing 196 unique Populus gene models
were classed as significantly differentially expressed; fewer
ESTs representing significantly differentially expressed tran-
scripts occurred in e[CO2] (Fig. 4a). These differences are
interesting as they suggest that the senescence transcrip-

tional programme was disrupted by the e[CO2] treatment.
Using a different microarray platform, Andersson et al.
(2004) identified 201 ESTs representing 166 unique Populus
gene models as the most up-regulated during senescence in
Populus tremula. The ESTs representing transcripts exhibit-
ing a twofold change in normalized transcript abundance
and a significant B-value, and unique to senescence in each
CO2 environment, are reported in Tables S4–S7. Although
the Andersson et al. (2004) study and the data reported here
used different microarray platforms, of the significantly up-
regulated transcripts during senescence in e[CO2], only
seven had commonality with Andersson’s up-regulated list,
whilst in a[CO2] this numbered 15 (EST data for these are
reported in Table S8). Beyond the use of different micro-
array platforms, the lack of commonality in expression
changes during senescence between these studies is a sur-
prise. Species differences, tree environment and leaf position
in the tree (upper canopy in this study and lower canopy in
Andersson et al. (2004)) were also very different which may
begin to explain some of the differences seen. The onset of
senescence is strongly controlled by changing photoperiod;
however, the lack of commonality here may indicate how
different biotic and abiotic factors influence the progression
of senescence. Systemic differences between these studies
(i.e. methodology for declaring EST data as significant) may
also account for the lack of commonality. During senescence
in e[CO2], ESTs representing four Arabidopsis orthologue
gene models in the anthocyanin biosynthetic pathway were
among the most abundant (Table S4). These represented
the Arabidopsis orthologue gene models: at4g22880
(LDOX), at5g42800 (DFR), at2g37040 (Phenylalanine
ammonia lyase, PAL1) and at5g05270 (chalcone-flavanone
isomerise, CHI). The mean normalized increases in transcript
abundance in e[CO2] were 20.26 (4.3 log2), 12.75
(3.7 log2), 8.36 (3.1 log2)and 6.31 (2.7 log2), respectively,
for each of these gene models. Of these gene models, both
those expressing the products LDOX and DFR were
among those that were at least fourfold up-regulated and
CHI was between two- and fourfold up-regulated during the
development of bud dormancy in Populus (Ruttink et al.,
2007).

Identifying the pathways most significantly influenced
by e[CO2] during the progression of senescence

The MapMan software was used to identify functional
groups of genes which together exhibited a significantly dif-
ferent behaviour in expression during the progression of
senescence in either a[CO2] or e[CO2] (18 October ⁄ 31
August), with data presented in Fig. 4(b)–(d). To identify
changes in transcript abundance between senescence in
a[CO2] and senescence in e[CO2] the sequences for all
expression data represented by ESTs existing in both CO2

environments and passing quality control were taken. These
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numbered 7404 ESTs: 7171 showed homology to Arabid-
opsis and, of these sequences, 2148 were classed as unique
Arabidopsis orthologue gene models. Figure 4(b) represents
functional groups within the metabolism overview in
a[CO2] and Fig. 4(c) represents groups in e[CO2]. In both
CO2 environments, these figures show a significant down-
regulation of genes involved in the light reactions of photo-
synthesis, as would be expected. It is notable that the mean
down-regulation of this functional group was greater in
e[CO2] than in a[CO2] (Fig. 4d). It is possible that antho-
cyanin accumulation results in a stabilization of photosyn-
thetic proteins and pigments in e[CO2], and thus delayed
functional senescence despite induction of the senescence
programme at the transcriptional level. During senescence
in e[CO2], the phenylpropanoid and flavonoid biosynthetic
pathways were significantly up-regulated (18 October ⁄ 31
August),. 1.84 (0.88 log2) and 1.93 (0.95 log2), respec-
tively, while during senescence in a[CO2] the flavonoid bio-
synthetic pathway was down-regulated 0.63 ()0.67 log2)
(Fig. 4d). Studies of developing and mature soybean have
shown an e[CO2]-induced increase in transcripts associated
with glycolysis (Ainsworth et al., 2006; Leakey et al.,
2009b) and data here support this. Both the glycolytic path-
way and the TCA cycle were significantly up-regulated dur-
ing senescence in e[CO2], as were genes for enzymes of the
shikimate pathway leading to chorismate biosynthesis, a
precursor for the aromatic amino acids such as phenylala-
nine (Fig. 4d). Taken together, these data indicate a shift in
metabolism between senescence in a[CO2] and e[CO2],
which appears to coincide with an up-regulation of glycoly-
sis and secondary metabolism. The change in transcript
abundance was calculated from EST expression data as a
function of (senescence in e[CO2]) ⁄ (senescence in a[CO2]),
and the mean Populus gene model expression data for the
anthocyanin biosynthetic pathway is given in Fig. 5(a). The
pathway analysis (Fig. 5a) and data from the EST statistical
analysis (Table S4) all indicate an active up-regulation of
the anthocyanin pathway during the progress of senescence
in e[CO2] compared with that in a[CO2]. This supports
the transcript data obtained from a direct comparison
between CO2 growth environments late in senescence
(Fig. 3b) and the leaf anthocyanin content data (Fig. 2c).

Leaf carbohydrate contents

As photosynthate production declines during the active
process of senescence, energy is generated by mitochon-
drial respiration through processes such as beta-oxidation
(Andersson et al., 2004). During senescence in e[CO2], it
could be postulated that metabolism through glycolysis was
still sufficient for energy generation, and the products of
this metabolism were used in flavonoid biosynthesis. If this
were the case, substrate for glycolysis should be present
in e[CO2]-exposed leaves and beta-oxidation could be

expected to be up-regulated in the a[CO2] leaves. Although
not classed as a significantly up-regulated functional group,
those genes comprising BIN 11.9.4.2: (lipid metabo-
lism.lipid degradation.beta-oxidation) exhibited increases in
mean normalized expression during senescence in a[CO2]
compared with e[CO2] of 4.20 (2.07 log2) and 3.07
(1.62 log2), respectively (data not shown, but extracted
from Fig. 4b,c). Sucrose and starch contents were increased
in e[CO2], although this was only significant at two time
points and only for sucrose (Fig. 5b,c). A gradual increase
in sucrose content was apparent from August to November
in e[CO2] (Fig. 5b). This is in contrast to leaves sampled in
the growing season before the onset of senescence and dur-
ing a preceding year where, in e[CO2], no accumulation of
sucrose or hexoses were observed (Davey et al., 2006). Dur-
ing senescence, starch content declined in all leaves, suggest-
ing that catabolism contributed to the energy requirements
of the leaf (Fig. 5c). Glucose and fructose contents are
reported in Fig. S1. During senescence, the glucose content
of leaves decreased and no significant difference was
reported between treatments for either glucose or fructose.

Additional microarray confirmation using RT-qPCR

Transcript abundance data derived from the microarray
hybridizations for the pathways reported here are consistent
with the findings from leaf biochemical assays of anthocya-
nin and carbohydrate contents. Real-time qPCR was used
to further assess the reliability of the microarray data and
particularly to observe the CO2 influences on LDOX tran-
script abundance. Primers were designed against the
sequences of three genes up-regulated and three down-regu-
lated in e[CO2] on 18 October. The expression of these
genes was quantified using RT-qPCR and normalized with
PDF1 as a reference gene. Fig. S2 shows good confirmation
between the microarray data and those from RT-qPCR.
The relative expression of LDOX between the late growing
season and late senescence samples was also examined using
RT-qPCR. A clear up-regulation of LDOX during senes-
cence in e[CO2] can be seen, with the opposite occurring in
a[CO2] (Fig. S2, inset).

Summary

Once autumnal senescence in Populus is initiated by a
change in photoperiod (Olsen et al., 1997; Keskitalo et al.,
2005; Böhlenius et al., 2006), the balance between reactive
oxygen species (ROS) production and ROS scavenging can
determine the rate of senescence (McKersie et al., 1988;
Buchanan-Wollaston et al., 2003; Gepstein et al., 2003).
We have shown that leaf sucrose content was significantly
increased by exposure to e[CO2], while glucose and fructose
were not affected, and that this may act as a signal to stimu-
late the synthesis of anthocyanin. This supports findings in
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several contrasting plant species and organs and is sup-
ported by work on the mutant pho3 (Lloyd & Zakhleniuk,
2004). In this sucrose-export mutant (pho3), LDOX and
DFR were up-regulated by 190 and 31 times, respectively,
again linking leaf sucrose content and anthocyanin biosyn-
thesis. Direct sugar induction of anthocyanin biosynthesis
in Arabidopsis has also been reported (Teng et al., 2005;
Solfanelli et al., 2006). Furthermore, the association
between e[CO2] and the partitioning of carbon to the syn-
thesis of secondary metabolites was evident in tobacco
plants exposed to an e[CO2] of 1000 ppm (Matros et al.,
2006). The Matros et al. (2006) study provides evidence
for a direct link between e[CO2], an increased leaf C : N
ratio and an increased activity of phenylalanine ammonia
lyase (PAL), a key enzyme catalysing the first committed
step in the biosynthesis of phenylpropanoids, with a con-
comitant increase of secondary metabolites. Long-lived
trees, such as Populus, have evolved strategies for defence,
dormancy and wood formation that may not be well repre-
sented in the genomes of annuals such as Arabidopsis.
Enzymes involved in the flavonoid biosynthetic pathway
leading to anthocyanin production are coded by multiple
copy genes in Populus and generally single copy genes in
Arabidopsis, for example, LDOX and DFR (Tsai et al.,
2006). This study further highlights the importance of
using Populus as a model to study natural autumnal senes-
cence (Jansson & Douglas, 2007) and the open-field
environment as essential to gaining a mechanistic under-
standing of how trees may respond in the natural environ-
ment, using fully replicated and designed field
experimentation (Taylor et al., 2005).

In conclusion, we have identified an association between
delayed autumnal senescence in e[CO2], with a change in
leaf carbohydrate status, gene expression profiles and antho-
cyanin content. It is possible that this may be a secondary
response to other factors. For example, canopy temperature
is often increased during growth in e[CO2] at FACE sites,
as is evident for soybean (Long et al., 2006). Nevertheless
the data reported here begin to identify processes by which
climate change can influence plant phenology, although fur-
ther work will be required to provide evidence of a causal
relationship between e[CO2], carbohydrate metabolism,
anthocyanin biosynthesis and delayed senescence. The most
conspicuous change in gene expression was for genes
involved in the biosynthetic pathway of anthocyanin; they
were strongly and significantly induced in e[CO2], resulting
in an increased leaf anthocyanin content. The sucrose con-
tent of senescing leaves was also increased in e[CO2] and we
propose that excess carbon in e[CO2] is available to be par-
titioned to carbon-rich secondary metabolites, such as
anthocyanin, which provides a protective role in senescing
leaves, extending leaf longevity. This CO2-stimulated shift
in metabolism is consistent with the growth ⁄ differentiation
balance hypothesis extended by Herms & Mattson (1992)

and observed in forest studies (Harding et al., 2005; Matt-
son et al., 2005; Cseke et al., 2009). We have begun to
identify the genetic mechanisms for adaptation to future
CO2, but the long-term consequences of such changes for
forest ecosystem function and microevolutionary adaptation
remain uncertain.
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Methods S4 The real-time quantitative PCR (qPCR) pro-
tocol.
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selected genes determined using the microarray data and
real-time quantitative PCR (RT-qPCR) data.
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