
Abstract Free Air [CO2] Enrichment (FACE) allows

for plant growth under fully open-air conditions of

elevated [CO2] at concentrations expected to be

reached by mid-century. We used Arabidopsis thaliana

ecotypes Col-0, Cvi-0, and WS to analyze changes in

gene expression and metabolite profiles of plants grown

in ‘‘SoyFACE’’ (http://www.soyface.uiuc.edu/), a sys-

tem of open-air rings within which [CO2] is elevated to

~550 ppm. Data from multiple rings, comparing plants

in ambient air and elevated [CO2], were analyzed by

mixed model ANOVA, linear discriminant analysis

(LDA) and data-mining tools. In elevated [CO2], de-

creases in the expression of genes related to chloroplast

functions characterized all lines but individual members

of distinct multi-gene families were regulated differ-

ently between lines. Also, different strategies distin-

guished the lines with respect to the regulation of genes

related to carbohydrate biosynthesis and partitioning,

N-allocation and amino acid metabolism, cell wall

biosynthesis, and hormone responses, irrespective of

the plants’ developmental status. Metabolite results

paralleled reactions seen at the level of transcript

expression. Evolutionary adaptation of species to their

habitat and intrinsic genetic plasticity seem to deter-

mine the nature of responses to elevated [CO2]. Irre-

spective of their underlying genetic diversity, and

evolutionary adaptation to different habitats, aElectronic Supplementary Material Supplementary material
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small number of common, predominantly stress-

responsive, signature transcripts appear to characterize

responses of the Arabidopsis ecotypes in FACE.
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Metabolite profiling

Introduction

The concentration of atmospheric [CO2] has risen to its

highest level in the past approximately 25 million years

and is expected to increase further during this century

(Ainsworth et al. 2003). The manner in which this change

impinges on plant development and crop performance is

intensely debated, yet little is known about molecular

events that underlie plant responses to an increase in

[CO2]. The exposure of plants to elevated [CO2] under

strictly controlled conditions results in increased photo-

synthesis and increased activity of the primary enzyme

responsible for [CO2]-fixation, ribulose-1,5-bisphoshate

carboxylase/oxygenase (Rubisco). This agrees with pre-

dictive models on the effects of elevated [CO2] (Cheng

et al. 1998; Moore et al. 1999; Root et al. 2003; Pritchard

and Amthor 2005). However, exposure of plants to ele-

vated [CO2] under controlled conditions has often been

reported to lead to a reduction in photosynthetic

capacity, termed ‘photosynthetic acclimation’ (Bowes

1993; Ludewig et al. 1998; Kauder et al. 2000; Jifon and

Wolfe 2002). The decline is accompanied by reduced

expression of genes encoding functions in photosynthesis

and [CO2] assimilation (Majeau and Coleman 1996;

Moore et al. 1999; Pego et al. 2000).

Photosynthetic acclimation may have its basis in the

evolutionary history of land plants, because plants

experienced atmospheric levels of 260–280 ppm [CO2]

for millions of years (Sage 2004). [CO2]-fixation and

auxiliary mechanisms may have evolved for optimal

operation at that concentration. Among these mecha-

nisms, control of stomatal conductance, size of the

photosynthetic machinery, substrate provision for

[CO2]-fixation, or the capacity to convert carbon into

anabolic components may exert constraints. Set values

may also have evolved for pool sizes of products,

predominantly hexoses and sucrose that are either

transported or stored (Moore et al. 1999; Sharkey et al.

2004; Smith et al. 2005). Moreover, sugars, glucose and

trehalose-6-phosphate in particular, represent not only

sources of carbon but also act as monitors of cellular

physiological status (Gibson 2005; Kolbe et al. 2005).

Sensing the levels of certain sugars and sugar phos-

phates appears to be a key regulatory point by which

gene expression is controlled, including the expression

of genes that encode chloroplast functions and hor-

mone homeostasis (Moore et al. 2003; Koch 2004;

Rolland and Sheen 2005).

[CO2] at current levels is rate limiting for fixation.

Thus, elevated [CO2] could be expected to lead to a

significant increase in plant growth and yield (Ludewig

et al. 1998). However, intra- and inter-specific

variability exists with respect to the extent of that in-

crease and also the mechanisms by which plants direct

additional photosynthate to sinks (Ainsworth and

Long 2005). A mechanistic understanding of the bases

for this variability, and of how the physiological re-

sponse is grounded in genetic organization, is lacking.

Indeed, increased carbohydrate content is observed in

the leaves of C3 plants grown at elevated [CO2] (Drake

et al. 1997; Long et al. 2004). A meta-analysis of data

obtained in various FACE (Free Air Carbon dioxide

Enrichment) facilities (Miglietta et al. 2001), which

monitored plant behavior in a [CO2]-enriched atmo-

sphere in the field, indicated highly variable, species-

dependent increases in biomass and/or yield

(Ainsworth and Long 2005).

In the past, FACE studies have focused on ecologi-

cal, physiological, and metabolic aspects of plants. To

date, few studies reported transcript changes under

FACE conditions. One study used Arabidopsis to

gauge differences in the transcript profile that distin-

guish plants in FACE from those grown under con-

trolled conditions (Miyazaki et al. 2004), while a second

analysis contrasted transcript profiles in poplar trees

under ambient air and elevated [CO2] (Gupta et al.

2005; Taylor et al. 2005). This analysis showed moder-

ate changes in the transcriptome of long-term adapted

poplar leaves of different developmental stages in the

comparison ambient to elevated [CO2]. Arabidopsis

Col-0 exposed to field conditions for 10 days to deter-

mine acclimation characteristics showed a massive in-

crease in stress-related genes compared to greenhouse

grown plants. Exposure to elevated [CO2] further in-

creased expression of a subset of stress-related genes,

and identified genes whose products serve in metabolic

functions (Miyazaki et al. 2004).

Arabidopsis, for which genetic and physiological

indications exist that point towards considerable

phenotypic plasticity between ecotypes (Mitchell-Olds

1995; Kliebenstein et al. 2001; Mitchell-Olds 2001;

Koornneef et al. 2004), could be used for investigations

of intra-specific, evolutionarily programmed, variations

in the response to elevated [CO2]. We have used

SoyFACE (http://www.soyface.uiuc.edu) to begin to

compare ecotypes Arabidopsis thaliana to test for

intra-specific variability and common features that
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accompany the exposure to elevated [CO2]. In addition

to determining the dynamic behavior of transcripts in

[CO2] at 550 ppm and establishing metabolite profiles,

we wished to probe for commonality, on top of possible

intra- or inter-specific variations, in the transcriptome

response. Signature processes emerged, i.e. common

responses to elevated [CO2] in all lines, which could be

distinguished from line-specific differences that were

based on different growth patterns of the ecotypes.

In contrast to controlled growth chamber conditions,

FACE experiments face challenges of reproducibility

because local weather conditions affect plants over

days of growth and results are also dependent on the

weather immediately preceding the time of harvest.

While the comparison of FACE experiments with data

from controlled environments provides valuable clues

about real world conditions, our hypothesis assumed

that the comparison of ecotypes and species would

provide information about common responses,

expressed as ratios of ambient vs. elevated [CO2]

transcript and metabolite results, in an environment in

which the plants are exposed to a multiplicity of

parameters that affect performance. The experimental

design eliminated local weather as a parameter, and

the choice of three lines, available in pairs, with dif-

ferent evolutionarily programmed adaptation and

growth parameters in the field, provided information

about acclimation and common responses in the short-

term exposure of the plants to an altered atmosphere.

Results

Responses to elevated [CO2]

In FACE in July 2003, under both ambient and ele-

vated [CO2] the Arabidopsis ecotypes developed at

different rates. Cvi-0 grew slowly, showing rosette

leaves and some bolting at the time of harvest, while

WS had begun to flower, and Col-0 contained some

developing siliques. However, for the days under

FACE conditions, plants developed at the same rate

irrespective of whether they grew in ambient or

elevated [CO2]. Leaf damage, to the extent that it

occurred, like development, was not specific for ele-

vated [CO2] fumigation, but occurred in plants grown

under ambient conditions as well. Leaf [CO2] uptake

(A), stomatal conductance (gs), and intercellular [CO2]

concentration (Ci) were measured (LI-6400, LI-Cor,

Lincoln, NE). Plants from all three lines showed

slightly, but not significant, increased [CO2] fixation

rates in high [CO2] rings compared to control rings and

gs decreased, while (Ci) increased in elevated [CO2]

(data not shown). In a repeat experiment in June 2005

maximum dark-adapted quantum efficiency of PSI

(Fv/Fm) declined from a value of ~0.8 to ~0.68 after

transfer of ecotypes Col-0, and Cvi-0 from greenhouse

to the FACE rings but recovered within 3 to 4 days to

the original value in both (Leakey A, Li P, Ainsworth

L, unpublished). Over time, however, quantum effi-

ciency declined gradually, depending on weather con-

ditions, as older leaves began to senesce. This behavior

characterized all plants of all ecotype tested, irrespec-

tive of the fumigation condition.

Metabolite responses

Results of GC/MS analysis of the material used for

transcript profiling, expressed as lg g-1 fresh weight, are

shown in a summary form in Table 1 and in Supple-

mentary Table 1 (ST1). Cvi-0, which grew slowly,

showed lowest amounts of metabolites in the categories

measured (organic acids, amino acids, sugars, and sugar

alcohols). Major metabolites (fructose, galactose, glu-

cose, citrate, fumarate, malate, inositol) showed sub-

stantial decreases (P = 0.05) in Cvi-0 in elevated [CO2],

in contrast to the other lines. In Col-0 and WS, with

similarly accelerated growth in the field, elevated [CO2]

resulted in increased (WS), maintained or slightly de-

creased (Col-0) amounts in the categories sugars/sugar

Table 1 Major categories of metabolites

Metabolites CV-A CV-C WS-A WS-C Col-A Col-C

Organic acids 3964.1 ± 130.1 2453.1 ± 80.0 6476.4 ± 115.9 7655.2 ± 180.2 8791.3 ± 160.3 7364.9 ± 240.4
Amino acids 721.1 ± 17.6 451.5 ± 10.0 1619.7 ± 322.6 2042.5 ± 68.0 4572.0 ± 55.8 2988.0 ± 179.0
Hexoses & hexose-P 478.0 ± 5.0 159.8 ± 15.3 1567.3 ± 25.4 1813.6 ± 70.0 3289.9 ± 56.0 2779.8 ± 144.7
Disaccharides 2364.4 ± 66.5 2112.8 ± 35.5 3940.2 ± 216.6 4747.7 ± 294.1 4807.9 ± 168.8 4167.6 ± 113.0
Trisaccharides 116.7 ± 3.9 103.1 ± 0.0 452.4 ± 2.0 621.0 ± 22.2 518.6 ± 39.7 578.6 ± 23.7
Sugar alcohols 520.5.6 ± 16.0 221.0 ± 18.3 993.7 ± 16.7 961.4 ± 31.0 1578.3 ± 31.0 1442.3 ± 41.0

Total concentration of major classes of metabolites in Arabidopsis ecotypes. A detailed list of identified compounds is provided in ST2,
identifying statistical significance of change (P = 0.05). In addition, Fig. 1 provides an analysis using LDA (Catchpole et al. 2005) that
provides significance (P = 0.05) for the metabolite differences in the pairs of lines (Cvi versus Col and WS). A––metabolite amounts in
ambient [CO2] (lg g–1 FW); C––metabolite amounts in elevated [CO2] (lg g–1 FW)
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alcohols with respect to glycerol, galactinol, raffinose,

trehalose, sucrose (up in WS, down in Col-0 at

P = 0.05) and glucose. Fructose declined in Col-0.

Similarly, organic acids and amino acids as a group, as

well as inorganic phosphate, increased in WS and de-

creased slightly in Col-0 (P = 0.05). In elevated [CO2],

total metabolite concentrations decreased by >30% in

Cvi-0 and by ~20% in Col-0, but increased by ~15% in

WS. Sugar content in Col-0 and WS was over three

times higher than in Cvi-0, with major differences in

raffinose and glucose levels. Trehalose levels followed

the same pattern, with > 2 times higher levels in Col-0

and WS compared to Cvi-0. Total sugar alcohol levels

were three times higher in Col-0 than in Cvi-0, with WS

falling in between. Galactinol and inositol levels wer-

e > 7 times and > 2 times higher in Col-0 than in Cvi-0,

respectively. Col-0 had detectable levels of proline,

which was found in trace amounts only in WS and Cvi-

0. Col-0 and WS had higher levels of nitrogen-con-

taining compounds in ambient and elevated [CO2] than

Cvi-0. Most of the compounds considered here are in

stable metabolic pools and, considering that the sam-

pling strategy assured that the tissues were frozen

within seconds, can be expected to show representative

amounts for each ecotype.

Statistical analyses of the metabolite profiles were

performed using a t-test, PCA and linear discriminant

analysis (LDA) (Catchpole et al. 2005). Figure 1

presents an analysis of the data. PCA (panel A), in

ambient and elevated [CO2], indicated close similarity

for WS and Col-0, while Cvi-0 revealed a different rank

in the analysis that included all metabolites. The LDA

graphs in panels B–D identify relationships and dif-

ferences for organic acids in ambient and elevated

[CO2] (B) or in ambient [CO2] alone (C). A nearly

identical distribution was also found for amino acids

(not shown). Panel D exemplifies the case where a

group of metabolites, alcohols (mainly sugar alcohols)

separated in a species-specific way.

Identification of differentially expressed genes

All data are included in ST2. When each treated

sample was compared to its own control, Expresso

analysis (Heath et al. 2002; Watkinson et al. 2003)

identified a total of 818 transcripts encoding known

genes at P = 0.01 that increased under elevated [CO2]

in Col-0, 174 in Cvi-0, and 859 in WS. In total, 481

transcript levels were significantly reduced in Col-0,

390 in Cvi-0, and 372 in WS. Table 2 shows the list of

genes whose transcripts were significantly affected at

both the 95 and 99% confidence level. [CO2]-

responding genes lacking functional annotations num-

bered 488 (Col-0), 182 (Cvi-0), and 444 (WS).

Fig. 1 Statistical Validation of Metabolite Profiles of Arabidop-
sis thaliana ecotypes Ecotypes are identified by abbreviations
(Col, WS, CV) A––metabolite amounts in ambient [CO2], C––
metabolite amounts in elevated [CO2]. (A) PCA analysis of
metabolite profiles. PCA factors 1 and 2 were used for
visualization of differences between control and experimental

treatments and include 98.34% of the information from
metabolic variances. (B) LDA of organic acid profiles. The
LDA scores plots for F1 versus F2 are presented. (C) LDA of
organic acid profiles for plants grown in ambient [CO2]. (D)
LDA of sugar alcohol profiles
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Verification of microarray results by quantitative

RT-PCR

Quantitative RT-PCR was carried out as a test of the

validity of the microarray data. For each gene se-

lected, primer pairs were established for use in 384-

well format and tested. Figure 2 shows a plot of the

qPCR results, together with corresponding results

obtained from microarray hybridizations for each

genotype as a validation of the microarray data.

Considering the direction of change, r2 values of 0.85

(Col-0), 0.89 (WS), and 0.90 (Cvi-0) were obtained

between the two sets of data, while the r2-values for

absolute changes were lower, as it is typically ob-

served in these comparisons. ST3 includes the entire

dataset, including primers used, indicating absolute

abundance and abundance changes in elevated

[CO2].

Influence of elevated [CO2] on biosynthetic

pathways and processes

Changes in transcripts for known pathways responding

to elevated [CO2] were visualized using MapMan

(Usadel et al. 2005). The mixed model ANOVA

showed that genes associated with a wide spectrum of

physiological processes responded to elevated [CO2] in

the three lines. Figure 3 provides examples to enable

visual comparison of transcript behavior in all lines.

The Supplemental Figure 1 gives an overview of the

data for metabolic pathways (Metabolism Overview).

Overall, transcripts levels encoding proteins involved

in chloroplast light reactions and photosynthetic elec-

tron transport were significantly lower in high [CO2], in

all lines (Fig. 3A; ST4). The three lines exhibited dif-

ferent behaviors, showing a higher incidence in the

regulation of the LHC complex in Col-0 and Cvi-0,

Fig. 2 Verification of Microarray Results by real-time RT-PCR.
The figure shows the direction of change comparing [CO2] versus
ambient air. Transcripts are listed in the order appearing in the
figure as follows for Col-0, WS and Cvi-0: (a) At1g09960; (b)
At1g14920; (c) At1g22650; (d) At1g55120; (e) At1g58180; (f)
At1g61800; (g) At1g67090; (h) At1g70290; (i) At1g71890; (j)
At2g19860; (k) At2g21590; (l) At2g30470; (m) At2g35840; (n)

At3g01500; (o) At3g06500; (p) At3g29360; (q) At3g43190; (r)
At3g46970; (s) At3g52340; (t) At4g09020; (u) At4g37870; (v)
At4g39210; (w) At5g22510; (x) At5g54800; (y) At5g55900; (z)
At5g57050. See the supplemental Table 3 for the primers used.
Considering the direction of change, r2 values of 0.85 (Col-0),
0.89 (WS), and 0.90 (Cvi-0) were obtained between the two sets
of data

Table 2 Effects of [CO2] exposure on gene expression -
statistical analysis of microarray data A summary of results
obtained from statistical analysis of the microarray data (see
Materials and methods). The number of genes identified by the

two step ANOVA model as up- or down-expressed under [CO2]
exposure relative to ambient air are shown, including values
obtained at both the 99 and 95% confidence levels

Comparison* Number of Genes up-regulated Number of Genes down-regulated Total

P = 0.01 P = 0.05 P = 0.01 P = 0.05

Col-0 818 1690 481 1140 22976
Cvi-0 174 591 390 1313 22922
WS 859 2366 372 1092 23287

*Comparisons were made within lines only, treated versus control. Comparisons are based on log2 (elevated [CO2]/ambient [CO2])
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while WS was generally least affected, with a number

of up-regulated genes that may be involved in

re-organization of the photosynthetic machinery.

Overall, the significant changes in this pathway may be

interpreted to reflect phenotypic differences in growth

and development as follows: WS > Col-0 >>> Cvi-0.

Responses among transcripts of the Calvin cycle,

photorespiration, and the reductive pentose phosphate

cycle were equally divergent in detail (not shown).

Again, differences appeared to be line-specific with the

Arabidopsis ecotypes showing reductions in RPPC. All

lines showed some reduction in transcripts for Rubisco

activase, and repression of chloroplast carbonic anhy-

drase (CA1), while the expression of a biochemically

uncharacterized CA-homolog was induced in all three

lines.

Transcripts for allocation and transport of carbon

Results for genes involved in sucrose and starch

metabolism and in cell wall biosynthesis are shown in

Fig. 3B–D and ST5. Sucrose phosphate synthase (SPS)

genes were up-regulated in Col-0 and WS, while one

SPS gene was down-regulated in Cvi-0. Genes encoding

Fig. 3 Effect of Exposure to Elevated [CO2] on Transcript
Behavior in Selected Categories. Genes are identified by
Arabidopsis ID and annotation using the Mapman program
(Usadel et al. 2005). Values of changes are expressed by color
intensity. Up-regulation indicated by shades of blue, down-
regulation by red. The scale identifies log2 at -1 to +1 (Figs. 3–5).
The values for all DNA probes are shown in ST1. (A)
Photosynthetic Light Reaction Genes. (B) Sucrose metabolism.
(C) Starch metabolism. (D) Allocation of carbon into cell wall.

In panel D, the genes included are: PGM (phosphoglucomutase);
UGPase (UDP-glucose pyrophosphorylase); UGD (UDP-glu-
cose 6-dehydrogenase); MIOX (myo-inositol oxygenase); SUS
(sucrose synthase); UGE (UDP-glucose 4-epimerase, putative/
UDP-galactose 4-epimerase); AXS (UDP-apiose/UDP-xylose
synthase) UXS (UDP-xylose synthase); MUR (MUR4-like
NAD-dependent epimerase/dehydratase); NRS (NDP-rhamnose
synthesis); GAE (UDP-glucoronate 4-epimerase). They are
identified in the supplemental Tables
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ADP-glucose pyrophosphorylase (AGPase) were up-

regulated in all lines with one AGPase down-regulated

in Col-0 only. Both soluble and granule-bound starch

synthases were down-regulated in Col-0. At least one

sugar transporter responded in each line. For example,

up-regulation of a glucose transporter in Col-0 is of

note, and UDP-glucose dehydrogenase, a crucial

enzyme in the allocation of carbon for cell wall bio-

synthesis, showed regulatory differences among lines

(ST5 see also Fig. 3D). The patterns of decreases in

transcript levels in Cvi-0 are consistent with a depres-

sion of the flow of carbon to the cell wall in this lower-

growing ecotype. Up-regulated expression of UDG3

was observed in WS. Col-0 showed generally weaker

reactions for all transcripts in this category (Fig. 3D).

The MapMan representations (Fig. 3, 4 5) have been

chosen to highlight pathways relevant to the [CO2]

response in the three lines indicating not only tran-

scripts that are significantly upregulated by also iso-

forms of genes that may not be regulated, or regulated

at a level that is below log2 = 2, in some lines. Ecotype-

specific differences are illustrated by the regulation of

sucrose synthase (SUS) genes (Fig. 3D). In each Ara-

bidopsis ecotype, one of the SUS genes is significantly

up-regulated, although it is not necessarily the same

isoform.

Fig. 4 Nitrate, Ammonia and Amino Acid Metabolism. Path-
ways are represented according to the Mapman format. Legend
as in Fig. 3(A) Nitrate Utilization. 1––At1g77760 nitrate reduc-
tase 1 (NR1); 2––At1g37130 nitrate reductase 2 (NR2); 3––
At2g15620 ferredoxin–nitrite reductases; 4––At5g04140 gluta-
mate synthase (GLU1); 5––At2g41220 glutamate synthase,
chloroplast (GLU2); 6––At5g37600 glutamine synthetase, puta-
tive; 7––At5g35630 glutamine synthetase (GS2); 8––At5g16570
glutamine synthetase, putative; 9––At3g53180 glutamine synthe-
tase, putative; 10––At1g66200 glutamine synthetase, putative;
11––At3g17820 glutamine synthetase (GS1); 12––At1g48470
glutamine synthetase, putative; 13––At5g57440 haloacid dehal-
ogenase-like hydrolase family; 14––At4g25840 haloacid dehalo-
genase-like hydrolase family. (B) Proline and Asparagine
Biosynthesis. Genes included encode the following enzymes:
1––At5g14800 pyrroline-5-carboxylate reductases; 2––At5g62530
delta-1-pyrroline-5-carboxylate dehydrogenase (P5CDH ); 3––
At3G55610 pyrroline-5-carboxlate synthase-2 (P5CS2); 4––

At5g65010 asparagine synthetase 2 (ASN2); 5––At5g10240
asparagine synthetase 3 (ASN3); 6––At3g47340 asparagine
synthetase 1 (ASN1). (C) Proline and Asparagine Degradation.
1––At5g66060 oxidoreductase, 2OG-Fe(II) oxygenase family
protein; 2––At5g38710 proline oxidase, putative; 3––At5g18900
oxidoreductase, 2OG-Fe(II) oxygenase family protein; 4––
At4g35820 oxidoreductase, 2OG-Fe(II) oxygenase family pro-
tein; 5––At4g33910 oxidoreductase, 2OG-Fe(II) oxygenase
family protein; 6––At1g20270 oxidoreductase, 2OG-Fe(II) oxy-
genase family protein; 7––At3g30775 proline oxidase (PRO1),
mitochondrial; 8––At3g28480 oxidoreductase, 2OG-Fe(II) oxy-
genase family protein; 9––At3g06300 oxidoreductase, 2OG-
Fe(II) oxygenase family protein; 10––At2g17720 oxidoreductase,
2OG-Fe(II) oxygenase family protein; 11––At2g43080 oxidore-
ductase, 2OG-Fe(II) oxygenase family protein; 12––At5g61540
L-asparaginase, putative; 13 - At5g08100 L-asparaginase; 14––
At4g00590 putative glycosylasparaginase 3; 15––At3g16150 L-
asparaginase, putative
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Nitrogen metabolism

Transcript abundance for genes in nitrogen acquisition

and amino acid biosynthesis as well as degradation

could to some extent be correlated with metabolite

amounts (Fig. 4 A–C and ST6). The analysis is based on

the MapMan format (Usadel et al. 2005), listing genes

in nitrate acquisition and utilization (Fig. 4A) and

genes in proline and asparagine biosynthesis and deg-

radation (Fig. 4B, C). For example, the transcript for

NR2 did not change in Cvi-0 and declined in Col-0 and

WS. The metabolite data were in agreement with those

for gene expression since Cvi-0 had the lowest amounts

of amino acids (glutamic acid in particular) that showed

more than trace amounts. In elevated [CO2], ASN2

transcripts were down-regulated in WS and Col-0.

Transcripts for the ferredoxin independent gluta-

mine synthetases were induced in WS, with GS2 down-

regulated, and two cytosolic GS up-regulated in Col-0.

Finally, glutamate dehydrogenase 2 was up-regulated

in all lines except Cvi-0, possibly suggesting increased

turnover.

Elevated [CO2] increased the abundance of tran-

scripts encoding the pyrroline-5-carboxylate synthase

gene (P5CS2), and pyrroline-5-carboxylate dehydro-

genase (P5CDH) in Col-0 alone (Fig. 4B). Col-0 was

the only ecotype that showed high amounts of proline

in the metabolite profiles in agreement with gene

expression data. PRO1 transcript abundance, with a

role in proline degradation, also increased in Col-0

(Fig. 4C). However, genes regulated in amino acid

related pathways seemed to favor catabolism in WS

and Col-0. The prevalence of degradation pathways in

the transcript profile separated WS and Col-0 from the

minimal responses that were observed in Cvi-0.

Hormone-associated responses

Elevated [CO2] caused transcript level changes in a

variety of hormonal response circuits, although the

results were diverse (Fig. 5; ST7). All lines showed

significant changes related to, both, ABA synthesis and

ABA-dependent responses. Changes in up-regulation

were most numerous and strongest in WS and Col-0.

Cvi-0 showed few responses, except for the strong up-

regulation of a putative PP2C (At3g23360). In this

category, the responses by Cvi-0 were diametrically

opposed from those shown by WS and Col-0 in direc-

Fig. 5 Transcript Changes in Hormone-associated Response
Genes Legend as in Fig. 3. Genes are identified by Arabidopsis
ID and annotation using the Mapman program (Usadel et al.
2005). Values of changes are expressed by color intensity. Up-
regulation indicated by shades of blue, down-regulation by red.
The scale identifies log2 at -1 to +1 (Figs. 3–5). The values for all
DNA probes are shown in ST1. (A) Photosynthetic Light
Reaction Genes. (B) Sucrose metabolism. (C) Starch metabo-
lism. (D) Allocation of carbon into cell wall. In panel D, the

genes included are: PGM (phosphoglucomutase); UGPase
(UDP-glucose pyrophosphorylase); UGD (UDP-glucose 6-dehy-
drogenase); MIOX (myo-inositol oxygenase); SUS (sucrose
synthase); UGE (UDP-glucose 4-epimerase, putative/UDP-
galactose 4-epimerase); AXS (UDP-apiose/UDP-xylose syn-
thase) UXS (UDP-xylose synthase); MUR (MUR4-like
NAD-dependent epimerase/dehydratase); NRS (NDP-rhamnose
synthesis); GAE (UDP-glucoronate 4-epimerase). They are
identified in the supplemental Tables
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tion and magnitude. The increased transcript abun-

dance of ABA-responsive genes across all lines indi-

cates that elevated [CO2] activated ABA signal

transduction pathways in line-specific ways.

Signature genes

Despite the fact that the three ecotypes were at different

developmental stages, our data show only the effects of

exposure to elevated [CO2] compared with ambient

CO2 in each case, and thus, developmental differences

are cancelled out. The overlap among upregulated genes

across all three ecotypes is 31, shown in Table 3.

Data mining of the entire dataset identified 31 up-

regulated genes characterized by identical expression

behavior in the three ecotypes (Table 3). Several of

these identified transcripts of unknown function. All

genes for which additional data are available have

been reported to respond to some form of abiotic

stress, with, for example, fifteen responding to ozone,

ten to ABA, and eight to methyl jasmonate,

(Zimmermann et al. 2004) (Table 3). Four genes

had previously been reported as responsive to ele-

vated [CO2]. Six induced genes have domain identi-

fications—three protein kinases, and one each

transporter-related, leucine-rich repeat protein, and

ABC-transporter—with the latter possibly involved

in the transport of amino acids, choline, or ions.

Genes encoding enzymes involved in flavonoid,

alkaloid, brassinosteroid, and carbon metabolism are

included among the signature genes. Finally, at least

eight transcripts are best characterized by their pos-

sible involvement in cell signaling or protein turn-

over. Predicted protein locations suggested two as

nuclear, four as chloroplast, five as endomembrane

system, and one as mitochondrial.

Total protein, chlorophyll and starch amounts

Measurements of total protein (Fig. 6A), starch

(Fig. 6B), and chlorophyll (not shown) were carried

out on all lines. Chlorophyll [a + b] showed an

approximately 12% decline in Col-0 but did not

change significantly in the other lines. Exposure to

elevated [CO2] resulted in changes in total protein

in each case that did not exceed 15% of the

amount in ambient air, with WS and Col-0 showing

effects in the opposite direction from each other.

Chlorophyll content was slightly higher in Cvi-0

and WS in elevated [CO2], but declined by

approximately 10% in Col-0. Starch levels increased

slightly in elevated [CO2] in Cvi-0 and WS, but not

at all in Col-0.

Discussion

The data set shows transcriptome and metabolite

profiles in the response to elevated [CO2] alone, since,

in each case, samples from plants grown in ambient air

served as the control and only ratios of changes are

considered. Regardless of line-specific developmental

differences, which were independent of [CO2], the lines

responded similarly in their short-time acclimation to

elevated [CO2]. Our major focus was to look for and, if

possible, identify response commonalities across the

lines, which might define signature processes and

genes. In addition to metabolite profiling, we applied

microarray hybridizations to monitor the behavior of

three Arabidopsis ecotypes in response to [CO2] in

FACE rings at levels expected on earth within a few

decades. Arabidopsis may be grown in these rings, al-

Fig. 6 Changes in total Protein and Starch in elevated [CO2]. Total protein and starch levels were determined as described in Materials
and Methods
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though gene expression of plants grown in FACE rings

in ambient air, when compared to plants in greenhouse

conditions, is fundamentally different as many stress-

inducible genes appear to be constitutively highly

expressed in the field (Miyazaki et al. 2004). Statistical

analyses (Wolfinger et al. 2001) of field-grown mate-

rial, comparing RNA from plants in ambient air to

RNA under [CO2] fumigation, indicated subtle changes

in transcript abundance involving < 8% of the Ara-

bidopsis transcriptome, with many functionally un-

known genes responding. Among genes whose

expression differed between ambient and elevated

[CO2] conditions, not unexpectedly, a large number

encoded metabolic functions.

The ecotypes and species developed differently in the

field. Differences in the timing of flowering among ec-

otypes are well known (e.g., Sanda et al. 1997; Alonso-

Blanco et al. 1998). Thus, different developmental stages

at the time of sampling and different physiological

conditions could have affected the results. The respec-

tive responses to elevated [CO2] did not appear, how-

ever, to reflect different developmental stages, since

Col-0 and WS developed faster in the field, irrespective

of whether they grew in ambient air or in elevated [CO2].

Equally, Cvi-0 developed in the same way in ambient air

and elevated [CO2]. Owing to the fact that develop-

mental differences between the ecotypes were identical

in ambient air and in elevated [CO2], most or all tran-

scripts with functional annotation in the category

development should have been removed from the

microarray datasets, which present ratios of transcript

abundances between ambient and elevated [CO2].

Likewise, exposure to elevated [CO2] did not affect

starch or total protein in a manner that reflected the

developmental stage of the individual lines (Fig. 6).

The lines seemed to employ different strategies in

their response to elevated [CO2], although their pro-

files in ambient air were already significantly different

from each other. These differences most certainly

reflect adaptation to different habitats. Ecotypes WS

and Col-0 expended carbon gain on growth with

modest increases in non-structural carbon or amino

acids, typical responses of weedy species that recycle

nutrients, and maximize seed production or biomass

(Ziska 2003; Levey and Wingler 2005). Increases in

raffinose and trehalose in elevated [CO2] are seen as a

response to the stress exerted by field conditions.

Raffinose and trehalose were already present in plants

grown in ambient air in the field but are typically ab-

sent or present only in traces in plants grown under

controlled, optimal conditions.

Different adaptation of Cvi-0 is equally reflected in

growth. Cvi-0 is adapted to grow in dry, high light

conditions (Koornneef et al. 2004). In FACE, both in

ambient air and elevated [CO2], Cvi-0 entered flow-

ering later than Col-0 and WS and showed steady slow

growth, while non-structural carbon, hexoses and su-

crose, and nitrogen-containing compounds were con-

sistently lower than in the other lines and declined

significantly in elevated [CO2]. Cvi-0, which was also

least affected by insect predation, may be character-

ized as a stress-adapted ecotype. The metabolite pro-

files reflected changes seen also in relative transcript

abundances.

Trends that unite transcriptome responses across

lines

Natural genetic variation across ecotypes, lines or

species constitutes a difficulty impeding generalizations

about plant responses to global changes in [CO2], an

obstacle that might be overcome by comparative

functional analyses, extracting trends in gene expres-

sion and monitoring metabolites. We see the following

characteristics in the collection of signature processes

and genes that transcend natural variation but are

clearly modified by evolutionary adaptation to differ-

ent habitats. First, the increased availability of [CO2] is

reflected in a decreased expression of transcripts for a

portion of the light harvesting and Calvin cycle

machineries, in agreement with many other reports.

Second, increased transcripts are in functions that

distribute carbon. Third, the ratios or balance between

hexoses/sugars, organic acids and amino acids are

altered under elevated [CO2], and in this function we

see significant inter- and intra-species diversity in the

capacity to respond.

Changes in amino acid metabolism seem more

pronounced in degradation than in synthesis, possibly

an attempt to adjust nitrogen utilization. Few metab-

olite profiles of Arabidopsis have been reported, and

all existing values have, to our knowledge, been ob-

tained under controlled conditions. Leaf metabolite

concentrations determined here, from FACE condi-

tions, are generally higher than those reported

(Bohmert et al. 2000; Wagner et al. 2003; Hirai et al.

2004). High amounts of organic acids, e.g., citrate,

malate, glutamic acid, could indicate the movement of

fixed carbon away from hexoses, where increased glu-

cose sensing could be detrimental (Koch 2004; Rolland

and Sheen 2005). Indications for such a shift were more

pronounced in high [CO2] than in ambient air.

We place high significance on the presence of several

enzymes among genes that showed a trend of respon-

siveness across lines. One gene in this category, glucan-

water dikinase is upregulated in all lines, although not
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to an extent that it could be included into the list of

signature genes. This protein plays a major role in

starch degradation and sucrose provision for export,

involving maltose (Sharkey et al. 2004; Smith et al.

2005). Also, a recently characterized maltose exporter

MEX1 (Niittylä et al. 2004) in the major pathway for

export of carbon skeletons from the chloroplast, was

identified as marginally up-regulated in all lines

(Fig. 3C). The PEP-carboxykinase (PEPC) signature

gene may be involved in increasing rates of gluconeo-

genesis under elevated [CO2], using the increased levels

of exported carbon skeletons as substrate.

All signature genes for which data are available

have already been reported to respond to abiotic stress,

(Zimmermann et al. 2004), supporting a hypothesis

that assumes stress as a consequence of the exposure to

elevated [CO2], as first suggested by Miyazaki et al.

(2004). At least eight of the signature genes are pos-

sibly related to cellular responses to an altered envi-

ronment, in categories such as signaling or protein

turnover. Among those, FIERY1 has been described as

an attenuator of ABA-mediated and other stress

responses (Xiong et al. 2001). Up-regulation in all

lines-appears as strong evidence for the existence of

stress-related signaling in all ecotypes in elevated

[CO2].

In summary, levels of significantly regulated tran-

scripts, irrespective of line-dependent variations,

appears to point towards a metabolic switch, which

suggests that four-carbon acids could function in

bypassing or balancing hexoses (glucose, fructose,

UDP-glucose) in elevated [CO2] as has been suggested

before (Carnal et al. 1993). The metabolite profiles

and transcript changes reported here also suggest that

elevated [CO2] represents a stressful situation over

and above that exerted by growth in ambient air in the

field (Miyazaki et al. 2004), when compared to con-

trolled environment conditions. Raffinose, galactinol,

and inositol have been reported to increase under

drought treatment and in species exhibiting natural

osmotic and ionic stress tolerance or defenses (Nelson

et al. 1998; Pattanagul and Madore 1999; Taji et al.

2002).

The large number of functionally unknown genes

represents a challenge. These transcripts, as well as

transcripts known only by domain characteristics,

highlight components of the [CO2] response in signal-

ing and regulation that await identification. The report

here presents a combined molecular- and metabolite-

based approach for the study of plant responses to a

changing climate. When ecotypic differences are con-

sidered, or when genetically typed segregating popu-

lations are employed, field-grown Arabidopsis in

FACE-rings could guide work on species of agronomic

importance.

Uncovering the bases of genotypic divergence and

the mechanisms that may guide different responses to

elevated (CO2) appears to require a strong focus on

genetic, mutational and molecular approaches, rather

than more physiological characterizations. To our

knowledge, this is the first investigation characterizing

intraspecific variations in a global transcriptome

response to elevated [CO2] in any species. Functional

plasticity among Arabidopsis ecotypes appeared as the

most striking result. An understanding of the repeated

and extensive descriptions of physiological parameters

can now be provided by molecular analyses for which

Arabidopsis provides all necessary tools.

Experimental Procedures

Plant material and [CO2] exposure

Seeds of three Arabidopsis thaliana ecotypes

(Wassilewskija [WS], Columbia-0 [Col-0], and Cape

Verde Island [Cvi-0]) were sprayed on trays containing

soil from SoyFACE (Flanagan Drummer; a fine-silty,

mixed, mesic Typic Endoaquoll). After vernalization

(4�C, 4d), trays were moved to a greenhouse at ~25�C

until the plants reached the early rosette stage, when

they were transplanted into soil in SoyFACE. Three

control rings (ambient concentration, ~370 ppm) and

three rings with [CO2] elevated to ~550 ppm provided

biological repeats (Miglietta et al. 2001; Miyazaki et al.

2004; Ainsworth and Long 2005). Weather was

recorded continuously (http://www.soyface.uiuc.edu/

weather/July2003.xls

WS, Col-0 and Cvi-0 plants used for the experiments

were harvested after 12 days in the field June 26, 2003,

at ~8 a.m., ~3 h after dawn after dew had evaporated at

a temperature of ~22�C. Materials were sampled by

visual inspection, omitting severely damaged leaves. At

least 10 plants per experiment were sampled from each

of three FACE rings. Samples from each of three

FACE rings were treated separately as replicates, and

were used in separate microarray hybridizations. Plants

were cut at ground level, immediately frozen in N2, and

stored at –80�C. For control purposes, RNAs from

plants from two different rings for the same treatment

were Cy3 and Cy5 labeled fluorescent dyes, respec-

tively, and hybridized against each other. Dye-swaps

were included in different hybridizations. Correlation

in these hybridizations ranged from 0.90 to 0.97 (Mi-

yazaki et al. 2004).
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RNA extraction and microarray hybridizations

Total RNA was isolated by a method developed for

tissues with high carbohydrate content (Jaakola et al.

2001). RNAs (70 lg each) from ambient and elevated

CO2 treatments were reverse transcribed (0.3 mM

aminoallyl-dUTP, 0.45 mM dTTP, 0.75 mM dATP,

dCTP and dGTP; SuperScript III; Invitrogen, Carls-

bad, CA), and cDNAs labeled with Cy3 or Cy5 by

indirect labeling (Hegde et al. 2000; Miyazaki et al.

2004). Microarray slides with > 26,000 DNA elements

(70-mer gene-specific oligonucleotides; Qiagen/Operon,

Valencia, CA) were used (http://www.ag.arizona.edu/

microarray/) (Hegde et al. 2000; Miyazaki et al. 2004).

Three hybridizations for each of three replicates were

done with one dye-swap for each of WS, Col-0 and Cvi-

0. After hybridization, slides were scanned and spot

intensities were extracted by Genepix 4000 (Axon

Instruments, CA).

Quantitative RT-PCR

To verify hybridization results, real-time PCR was

conducted. Two ug of RNA from each condition were

used for first-strand cDNA synthesis. Primer pairs were

selected to represent 26 unique sequences in the

Arabidopsis genome (ST3). Internal controls was

Arabidopsis ubiquitin-10. Detection of RT-PCR

products used SYBR-green (Applied Biosystems,

Forster City, CA) and the ABI PRISM/ Taqman 7900

Sequence Detection System (Applied Biosystems).

Dissociation curves were generated for each reaction

to ensure specific amplification. Three repeats were

done for each gene, and averaged threshold cycle

numbers were used to calculate changes (log2).

Statistical analysis of transcript profiles

The Expresso two-stage statistical method that em-

ploys two linear mixed ANOVA models (Heath et al.

2002; Sioson et al. 2003; Watkinson et al. 2003; Li et al.

2006) was used to normalize the data and to identify

significant differentially expressed genes in the three

ecotypes. Current methodology (Kirst et al. 2005;

Byrne et al. 2005; Brinker et al. 2004; Tan et al. 2003)

and stringent statistical models (Allison et al. 2006;

Wolfinger et al. 2001; Chu et al. 2002; Cui and Chur-

chill 2003) include factors not previously considered,

such as dye and random block effects. These analyses

have now replaced the focus on fold-changes that did

not incorporate variance or probability considerations.

Thus, probability can now be assessed to changes that

previously were considered too close to call.

The analysis incorporated information about the

experimental design and the Lowess normalized med-

ian intensity values from GenePix (see Supplementary

Materials). The statistical model normalized the data

with respect to effects for experiment (V; 2 treatments

x 4 lines), dye (D, Cy3 or Cy5), array (A; 12 possibil-

ities), experiment-array interaction (V · A; 8 possi-

bilities), and block (B, 48 per array · 12 arrays) in the

first stage, and assessed gene-experiment (G · V) ef-

fects in the second stage.

Visualization

After Expresso statistical analysis, all microarray data

(log2 fold change of elevated [CO2] compared with

ambient atmosphere, significant at the 99% confidence

level) were imported into MapMan (http://ga-

bi.rzpd.de/projects/MapMan/ version 1.5.0) (Usadel

et al. 2005), converted into a false color scale, and used

for pathway and/or functional category analysis. This

allowed inferences about the degree of change in the

expression of any gene, as well as the direction of

change, in each figure.

Metabolite profiling according to MIAMET criteria

Methanol extracts were obtained and derivatized

(Roessner et al. 2000): Arabidopsis leaves (50 mg) were

homogenized in N2 with a mortar and pestle and

extracted with 1.4 ml of methanol for 15 min at 70�C,

centrifuged and supernatant was collected. Multiple

samples from six FACE-rings, three each ambient air,

and elevated [CO2], were analyzed. The extracts were

vigorously mixed with 1 vol. water and subsequently

centrifuged at 2200 · g. One ml of the methanol/water

was dried in vacuo overnight. The dried residues were

dissolved and derivatized for 90 min at 30�C with 80 ll

of methoxyamine hydrochloride in pyridine (20 mg ml–1)

followed by a 30 min treatment at 37�C (with 80 ll

MSTFA). 10 ll of an internal standard was added prior

to trimethylsilylation.

For GC-MS analysis, 1–2 (l was injected with a split

ratio of 8:1. The GC–MS system consisted of an

HP6890 gas chromatograph and a HP5973 mass

selective detector. The mass spectrometer was tuned

according to the manufacturer’s recommendations

using perfluorotributyl amine (PFTBA). Gas chroma-

tography was performed on 30 m SPB-50 column of

0.25 mm inner diameter and 0.25 (m film thickness

(Supelco, Belfonte, CA, USA). Injector temperature

was set to 230�C, the interface to 250�C, and the ion

source adjusted to 200�C. The helium carrier gas was

set at a constant flow rate of 1 ml min–1. The temper-
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ature program was 8.5 min solvent delay, 5-min iso-

thermal heating at 70�C, followed by an oven tem-

perature increase of 5�C min–1 to 310�C and a final

10 min at 310�C. The system was then temperature

equilibrated for 6 min prior to the next sample injec-

tion. Mass spectra were recorded in the m/z 50–600

scanning range (Roessner et al., 2001). The spectra of

all chromatogram peaks were compared with electron

impact mass spectrum libraries NIST98 (NIST, MD,

USA), WILEY138 (Palisade Corporation, NY, USA)

and metabolite library available at MPI Golm (http://

csbdb.mpimp-golm.mpg.de/csbdb/dload/dl_msri.html)

(provided by Dr. O. Fiehn). All data (3 independent

replicates) were normalized to the internal standard

(hentriacontanoic acid 10 mg ml–1) in each chromatogram.

The chromatograms and mass spectra were evaluated

using the HP Chemstation (Agilent, CA, USA) and

AMDIS (NIST, MD, USA) programs.

Multivariate statistical analysis was performed using

PCA (Principal Component Analysis), and LDA

(Linear Discriminant Analysis) (Sharma 1996; Jobson

1992; Solberg 1978; Catchpole et al. 2005). PCA was

used as a way to explore the key variables in metabo-

lite groups and lines. For PCA, a covariance matrix

method was adopted. The discriminant function anal-

ysis, which models the extent to which an observation

belongs to a group based on the values of several

variables, was used to achieve more comprehensive

evaluation of the group differences to summarize ways

in which ecotypes might vary under different condi-

tions. PCA and LDA were implemented in XLSTAT

(version 7.5.3; Addinsoft New York, NY, USA). The

term ‘significant’ is used throughout when the change

in question has been confirmed to be statistically sig-

nificant at P < 0.05.

Starch, chlorophyll and total protein measurements

Plant materials from ambient and elevated CO2 were

ground into fine powder in liquid nitrogen and stored

at –80�C. Five replicates were taken for each treatment

in each FACE ring. Chlorophyll was extracted in

250 ll 80% ethanol, 2 mM HEPES-KOH pH 7.8 at

95�C for 30 min, and repeated twice in 150 ll of buf-

fered ethanol. Chlorophyll content was determined

spectrophotometrically in ethanol extracts as described

(Porra and Grimme 1974). For protein and starch

determinations, the leaf powder remaining from hot

ethanol incubation was homogenized by adding 760 ll

of 0.1 M NaOH followed by thorough mixing at 95�C

for 30 min. Following centrifugation (13,200 rpm,

5 min), a 10 ll aliquots of the supernatant were

transferred to 96-well microplates and protein content

determined using a commercial kit (Protein assay kit,

Pierce, Rockford, IL) with BSA as the standard. Fol-

lowing the acidification of the NaOH solution to pH

4.9 with HCl/sodium acetate, pH 4.9, starch content

was determined as described (Kruckeberg et al. 1989).
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(1998) The role of transient starch in acclimation to elevated
atmospheric CO2. FEBS Lett 429:147–151

Majeau N, Coleman JR (1996) Effect of CO2, concentration on
carbonic anhydrase and ribulose-1,5-bisphosphate carbox-
ylase/oxygenase in pea. Plant Physiol 112:569–574

Miglietta F, Hoosbeek MR, Foot J, Gigon F, Hassinen A,
Heijmans M, Peressotti A, Saarinen T, van Breemen N,
Wallen B (2001) Spatial and temporal performance of the
MiniFACE (Free Air CO2 Enrichment) system on bog
ecosystems in northern and central Europe. Environ Mon-
itoring Assessment 66:107–127

Mitchell-Olds T (1995) The molecular basis of quantitative
genetic variations in natural populations. Trends Ecol Evol
10:324–328

Mitchell-Olds T (2001) Arabidopsis thaliana and its wild rela-
tives: a model system for ecology and evolution. Trends
Ecol Evol 16:693–700

Miyazaki S, Fredricksen M, Hollis KC, Poroyko V, Shepley D,
Galbraith DW, Long S, Bohnert HJ (2004) Transcript
expression profiles of Arabidopsis thaliana grown under
controlled conditions and open-air elevated concentrations
of CO2 and of O3. Field Crops Res 90:47–59

Moore B, Zhou L, Rolland F, Hall Q, Cheng W-H, Liu Y-X,
Hwang I, Jones T, Sheen J (2003) Role of the Arabidopsis
glucose sensor HXK1 in nutrient, light, and hormonal sig-
naling. Science 300:332–336

Moore BD, Cheng S-H, Sims D, Seemann JR (1999) The bio-
chemical and molecular mechanisms for photosynthetic
acclimation to elevated atmospheric CO2. Plant Cell Envi-
ron 22:567–582

Nelson DE, Rammesmayer G, Bohnert HJ (1998) The regula-
tion of cell-specific inositol metabolism and transport in
plant salinity tolerance. Plant Cell 10:753–764
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