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Effects of Short- and Long-Term Elevated CO, on the
Expression of Ribulose-1,5-Bisphosphate
Carboxylase/Oxygenase Genes and Carbohydrate
Accumulation in Leaves of Arabidopsis thaliana (L.) Heynh.'
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To investigate the proposed molecular characteristics of sugar-
mediated repression of photosynthetic genes during plant acclima-
tion to elevated CO,, we examined the relationship between the
accumulation and metabolism of nonstructural carbohydrates
and changes in ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) gene expression in leaves of Arabidopsis thaliana exposed
to elevated CO,. Long-term growth of Arabidopsis at high CO,
(1000 L L™ resulted in a 2-fold increase in nonstructural carbo-
hydrates, a large decrease in the expression of Rubisco protein and
in the transcript of rbcL, the gene encoding the large subunit of
Rubisco (approximately 35-40%), and an even greater decline in
mRNA of rbcS, the gene encoding the small subunit (approximately
60%). This differential response of protein and mRNAs suggests that
transcriptional/posttranscriptional processes and protein turnover
may determine the final amount of leaf Rubisco protein at high CO,.
Analysis of mRNA levels of individual rbcS genes indicated that
reduction in total rbcS transcripts was caused by decreased expres-
sion of all four rbcS genes. Short-term transfer of Arabidopsis plants
grown at ambient CO, to high CO, resulted in a decrease in total
rbcS mRNA by d 6, whereas Rubisco content and rbcL mRNA
decreased by d 9. Transfer to high CO, reduced the maximum
expression level of the primary rbcS genes (1A and, particularly, 3B)
by limiting their normal pattern of accumulation through the night
period. The decreased nighttime levels of rbcS mRNA were associ-
ated with a nocturnal increase in leaf hexoses. We suggest that
prolonged nighttime hexose metabolism resulting from exposure to
elevated CO, affects rbcS transcript accumulation and, ultimately,
the level of Rubisco protein.

Exposure of C; plants to elevated CO, frequently results
in an immediate increase in the rate of CO, assimilation;
however, a reduction in photosynthetic capacity often oc-
curs after prolonged periods (days to weeks) at elevated
CO, (for reviews, see Stitt, 1991; Griffin and Seemann,
1996). This down-regulation or acclimation of photosynthe-
sis is generally accompanied by a large increase in leaf
carbohydrates. On average, leaf soluble sugars increase by
52% and starch content increases by 160% (Long and
Drake, 1992; Webber et al., 1994). Growth at elevated CO,
may also result in a large decline in Rubisco protein (up to
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60%; Sage et al.,, 1989; Besford et al., 1990; Rowland-
Bamford et al., 1991) and significant decreases in the tran-
script levels of genes encoding the small (rbcS) and large
(rbcL) subunits of Rubisco (Nie et al., 1995a; Van Oosten
and Besford, 1995). However, the metabolic signals and
biochemical/molecular mechanisms underlying this accli-
mation to elevated CO, are not well understood. Under-
standing the mechanisms that will ultimately determine
the response of photosynthesis to the all-but-certain dou-
bled atmospheric CO, of the 21st century is a critical com-
ponent in predicting the impact of global change on the
earth’s terrestrial ecosystems.

Sugars are known to influence many metabolic and cel-
lular processes in both prokaryotes and eukaryotes, in part
through modulation of gene expression (for reviews, see
Sheen, 1994; Saier et al., 1995; Koch, 1996). To date, there is
substantial evidence indicating that increased sugar levels
can trigger repression of photosynthetic gene transcription.
Using a transient expression system in maize protoplasts,
Sheen (1990) showed that transcription of seven photosyn-
thetic genes, including rbcS, is repressed by Glc and Fru.
Furthermore, overexpression of a yeast invertase gene in
the apoplast of tobacco leaves resulted in leaf hexose accu-
mulation, bleached leaves, and stunted growth (von Schae-
wen et al., 1990). These transgenic plants also showed an
inhibition of photosynthesis attributable to a decrease in
the levels of several Calvin-cycle enzymes, including
Rubisco. When detached spinach leaves were supplied
with Glec through the transpiration stream, levels of rbcS
mRNA decreased within hours (Krapp et al., 1993), and the
amount of Rubisco protein declined 90% after 7 d (Krapp et
al., 1991). Such sugar repression of photosynthetic genes
appears to be widespread; this phenomenon has also been
demonstrated to occur in an autotrophic cell culture of
Chenopodium rubrum (Krapp et al., 1993), in photomixotro-
phic cultures and protoplasts of rapeseed (Harter et el.,
1993), and in intact leaves/plants of Arabidopsis thaliana,
tomato, potato, and wheat (Cheng et al., 1992; Heineke et
al., 1994; Van Oosten and Besford, 1994; Jones et al., 1996;
Dijkwel et al., 1997).

Repression of photosynthetic gene transcription by accu-
mulated leaf soluble sugars is an attractive hypothesis to
explain the acclimation responses of photosynthesis to el-
evated CO,. However, research on plant responses to high
CO, has largely focused on growth and physiological ac-
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climation, with only a few studies addressing the effects of
elevated CO, on photosynthetic gene expression (e.g. Van
Oosten et al., 1994; Van Oosten and Besford, 1995; Majeau
and Coleman, 1996). Although these studies indicate that
plants do modulate the levels of photosynthetic mRNAs in
parallel with leaf carbohydrate status after exposure to
high CO,, the link between sugar repression of gene ex-
pression and control of photosynthetic acclimation at ele-
vated CO, remains elusive.

All of the attributes of Arabidopsis that have made it a
model experimental organism (e.g. the existence of many
mutants, the small genome, the short generation time, and
the large amount of genome information) for addressing a
myriad of important questions in plant biology make it
valuable for high-CO, research. In Arabidopsis and other
higher plants, rbcS mRNAs are encoded by a multigene
family and their expression patterns can differ both quan-
titatively and qualitatively in response to light and devel-
opment, and in different organs (for review, see Manzara
and Gruissem, 1988; Dean et al., 1989). In Arabidopsis, the
rbeS gene family consists of four members, namely 1A, 1B,
2B, and 3B (Krebbers et al., 1988). Dedonder et al. (1993)
showed that the expression of individual Arabidopsis rbcS
genes is differentially regulated by light of different quality
and quantity. Whether other environmental factors such as
elevated CO, exert differential effects on the expression of
individual rbcS genes in any species has not yet been
determined.

Furthermore, in many species, such as Arabidopsis,
grown in a light/dark photoperiod, rbcS mRNA exhibits a
diurnal pattern of expression, with peak abundance occur-
ring soon after dawn and minimum levels at the end of the
light period (Pilgrim and McClung, 1993; this paper). This
diurnal oscillation of rbcS mRNA occurs in an inverse time
frame to the normal daytime accumulation and nighttime
mobilization of leaf carbohydrates (e.g. Trethewey and ap
Rees, 1994; Geiger et al., 1995). The response of such diur-
nal patterns after treatment of the plant with high CO, can
be a useful approach for evaluating carbohydrate regula-
tion of photosynthetic gene expression (e.g. Nie et al.,
1995a).

In this study we have examined the accumulation of leaf
carbohydrates and changes in Rubisco expression (both
protein and transcripts) during exposure of Arabidopsis to
elevated CO, (both long-term growth and short-term trans-
fer). We have also closely examined the impact of elevated
CO, on the diurnal expression of rbcS gene family members
in relation to leaf carbohydrate metabolism. These data
provide insight into the regulation of photosynthetic gene
expression by elevated sugar levels and on the control
points of Rubisco synthesis (e.g. transcription, mRNA sta-
bility, translation, and protein turnover) during plant ac-
climation to high CO,,

MATERIALS AND METHODS

Plants of Arabidopsis thaliana (L.) Heynh. ecotype Colum-
bia were germinated and grown five plants per 1-L pot in
growth chambers at either 360 uL L' CO, (ambient con-
ditions) or 1000 uL L™' CO, (high-CO, conditions), a 10-h
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photoperiod, a 21/18°C thermoperiod, 80% RH, and an
irradiance of 400 umol quanta m 2 s~ '. To avoid growth-
chamber effects, two chambers per treatment were used in
replicate experiments. Plants were watered with one-
fourth-strength Hoagland solution twice weekly.

For long-term growth experiments, plants were grown
continuously for 40 d at ambient or high CO,. At this stage,
plants grown at high CO, were 3 to 4 d farther along
developmentally than those grown at ambient CO,, as
judged by subsequent bolting. Thus, high-CO,-grown
plants on average may have been 2 d more advanced
developmentally. For transfer experiments, 30-d-old
ambient-CO,-grown plants were transferred to high CO,
for up to 12 d, and no accelerated development was appar-
ent after the transfer. Diurnal tissue sampling of ambient
control or high-CO,-treated plants began on the 6th d after
transfer from ambient to high CO,. Five plants of each
treatment were harvested at the indicated times and leaves
were pooled for analysis. Shoots of Arabidopsis were har-
vested and frozen in liquid N,. Stems and petioles were
removed from the samples before leaf analyses.

Biochemical Measurements

Leaf Rubisco content was measured by binding [*C]2-
carboxyarabinatol-1,5-bisphosphate, followed by immuno-
precipitation (Evans and Seemann, 1984). For carbohydrate
measurements, samples were extracted in hot ethanol and
processed as described by Moore et al. (1997). Starch in
residual material was autoclaved and hydrolyzed as de-
scribed by Schulze et al. (1991). All sugars were measured
using high-performance anion exchange-pulsed-ampero-
metric detection and a CarboPac PA1 column (Dionex,
Sunnyvale, CA) under conditions described previously for
parsley (Moore et al., 1997).

RNA Isolation and Northern-Blot Analysis

Total leaf RNA was isolated as described previously
(Cheng and Seemann, 1998), except that the RNA pellet
was dissolved in 10 mm Tris-HCI, pH 7.5, and 1 mm EDTA
after LiCl precipitation, and no alcohol precipitation was
performed thereafter. Carbohydrate or protein contamina-
tion of the RNA preparation was evaluated by measuring
Asso, Asgo, and A,gy, and the A,q, values were used for
quantitation.

Total RNA was denatured, size fractionated by electro-
phoresis in a Mops-formaldehyde-1.4% agarose gel, trans-
ferred to a nylon membrane (Schleicher & Schuell), and
cross-linked to the membrane by UV irradiation (Strata-
linker, Stratagene) (Sambrook et al., 1989). Before hybrid-
ization, the nylon membrane was stained with methylene
blue to check RNA integrity and ensure equal loading of
RNA amounts. cDNAs used as probes were a 750-bp Sall/
Notl fragment of Arabidopsis rbcS (no. 11C1T7P) and a
1.6-kb Sall/Notl fragment of Arabidopsis a-tubulin (no.
32C11T7) obtained from the Arabidopsis Biological Re-
search Center (Ohio State University, Columbus), and a
1.2-kb plastid BamHI/EcoRI fragment of tobacco rbcL (Shi-
nozaki and Sugiura, 1982). These DNA fragments were
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labeled with [a-**P]dCTP by random priming (Prime-a-
Gene, Promega).

Hybridization was carried out at 42°C in a buffer con-
taining 6X SSC buffer (1x SSC is 150 mm NaCl and 15 mm
sodium citrate, pH 7.0), 50% (v/v) formamide, 5X Den-
hardt’s solution (1X Denhardt’s solution is 0.02% PVP,
0.02% Ficoll, and 0.02% BSA), 50 mM sodium phosphate,
pH 7.0, 0.2% SDS (w/v), and 100 pg mL ™' denatured
salmon-sperm DNA. After 16 h of hybridization the blots
were washed twice for 5 min at room temperature in 2X
SSC/0.1% SDS, and then twice for 10 min in 0.2X SSC/
0.1% SDS at 60°C (for rbcS mRNA) or in 0.5X SSC/0.1%
SDS at 60°C (for rbcL and tubulin mRNAs). In each blot a
dilution series of an RNA sample was included to ensure
that *?P-labeled probes were in excess. The hybridizing
DNA probe was removed by incubating the blots in 50 mm
Tris-HCl, pH 8.0, 60% formamide, and 1% SDS at 75°C for
1 h, and the blots were reprobed. Hybridization signals
were quantified with a phosphor imager (Bio-Rad) to de-
termine the relative amount of RNA present in each lane.

The expression of individual members of the Arabidop-
sis rbcS gene family was determined by using gene-specific
oligonucleotide probes (Dedonder et al., 1993). The se-
quences of the probes were 5-TTTTGAGGTTTACA-
CAAAAG-3' (1A), 5'-CGGATAGTCAACATTGAAT-3’
(1B), 5'-AGAATAATCAACGCTGAATAT-3" (2B), and 5'-
AGATAATTCATAAGAATGTT-3' (3B). These synthetic
oligonucleotides are complementary to the 3" untranslated
regions of the rbcS mRNAs (Krebbers et al., 1988). Ten
micrograms of total RNA from each sample was processed
as described as above, and the hybridization conditions
were the same as reported by Dedonder et al. (1993).

RESULTS
Effects of Long-Term Growth at Elevated CO,

Glc, Fru, Suc, and starch were the predominant nonstruc-
tural leaf sugars in both ambient- and high-CO,-grown
Arabidopsis. Long-term growth of Arabidopsis at elevated
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Figure 1. Effects of long-term growth at elevated CO, on nonstruc-
tural carbohydrate content in leaves of Arabidopsis. Values represent
means * sp (n = 3) for plants collected at midday. Starch is ex-
pressed as micromoles of Glc equivalents. Total sugar amounts were
19.9 and 53.8 pmol hexose equivalents g~ fresh weight in ambient-
CO,-grown (black bars) and high-CO,-grown (hatched bars) plants,
respectively. Leaf chlorophyll was about 1.25 mg g™" fresh weight in
plants grown under both conditions. FW, Fresh weight.
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Figure 2. Effects of long-term growth at elevated CO, on Rubisco
content and rbcS and rbcl transcript abundance. Absolute amounts
of leaf Rubisco were 33.7 and 22.3 nmol g~ ' fresh weight for
ambient- and high-CO,-grown plants, respectively. One microgram
of total RNA per lane was used for northern-blot analysis. rRNA was
used as an internal control to ensure equal loading of the lanes; 255
rRNA is shown stained with methylene blue. Relative hybridization
signals quantified by phosphor imaging were expressed as a percent-
age of the values obtained from the ambient control. Values are
means = sD from three filters each, with RNA samples extracted from
two replicate experiments. Leaves were collected at midday.

CO, resulted in a 2-fold or greater increase in Glc and Fru
and a 3.5-fold increase in starch, whereas Suc levels re-
mained relatively constant (Fig. 1). Growth of Arabidopsis
at high CO, caused an approximately 34% reduction in
Rubisco protein content and an approximately 38% de-
crease in rbcL mRNA (Fig. 2). However, the abundance of
total rbcS transcript decreased nearly 60% at elevated CO,
relative to that at ambient CO,. Notably, the decrease in
Rubisco protein content was consistently similar in magni-
tude to the decrease in rbcL mRNA but not to that in rbcS
mRNA. Although growth at high CO, was slightly accel-
erated relative to that at ambient CO, (see “Materials and
Methods”), the large decreases in Rubisco protein and
subunit transcript levels were not attributable to acceler-
ated development, but primarily to the effects of high CO,
(S.-H. Cheng and ]J.R. Seeman, unpublished data).

In Arabidopsis, rbcS transcripts are encoded by four
different genes, 1A, 1B, 2B, and 3B (Krebbers et al., 1988).
Although the coding regions of Arabidopsis rbcS genes
have a high degree of homology with one another, the 3’
untranslated regions are sufficiently divergent to allow
their use as gene-specific probes to examine individual rbcS
mRNA expression (Krebbers et al., 1988; Dedonder et al.,
1993). Under both CO, growth conditions, the levels of 1A
and 3B gene mRNA accounted for about 75% of the total
rbcS transcript pool, and the 1B and 2B genes accounted for
approximately 25% of the total (Fig. 3). Although total rbcS
mRNAs decreased by approximately 60% in plants grown
at elevated CO,, individual rbcS genes were down-
regulated to somewhat different degrees. High CO, caused
more than a 60% decrease in the transcript abundance of
1B, 2B, and 3B genes, with a smaller reduction (45%) in 1A
mRNA levels. The internal control gene a-tubulin was
relatively unaffected by the CO, growth conditions.
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Figure 3. Effects of long-term growth at elevated CO, on the relative
abundance of rbcS gene members. Ten micrograms of total RNA per
lane was used for northern-blot analysis. Gene-specific probes were
labeled to similar specific activities (approximately 5 X 107 dpm
pmol™"), and equal amounts of radioactivity of each probe were
used. Blots were exposed for the same length of time. The relative
amounts of individual rbcS mRNA were expressed as a percentage of
the sum of hybridizing signals from each of the rbcS members.
Relative changes attributable to CO, treatments were expressed us-
ing the ambient values of each rbcS gene as 100%. One of the blots
was stripped and hybridized to an internal control gene (a-tubulin
[Tub]). Numbers represent means * sp from two filters each, with
RNA samples extracted from two replicate experiments. Leaves were
collected at midday.

Effects of Short-Term Transfer from Ambient to
Elevated CO,

Rapid Down-Regulation of rbcS mRNA Relative to
Rubisco Protein

In an initial experiment, plants grown at ambient CO,
were transferred to high CO, for up to 12 d, and leaves
were collected at the beginning of the light period on each
indicated sampling day for Rubisco protein and transcript
measurements (Fig. 4). The time of day for sampling was
selected based on a previous finding that the level of total
rbcS mRNAs in Arabidopsis grown in a light/dark photo-
period displays a diurnal pattern, with peak abundance
occurring soon after dawn (Pilgrim and McClung, 1993). In
this experiment plants from both CO, conditions showed
an age-dependent decline in the levels of rbcS and rbcL
mRNA and in Rubisco protein. Nonetheless, a distinct CO,
effect was evident. Total rbcS transcript abundance de-
creased significantly by d 6 (approximately 30%), with an
additional decline thereafter. There was only a small effect
of elevated CO, on rbcL mRNA levels (an 18% decline by d
12). A significant CO,-induced decrease in Rubisco protein
was observed on d 9 and 12 after the transfer to elevated
CO, (20 and 29%, respectively; Fig. 4B).

Dampening of Diurnal Oscillation of rbcS mRNA at
Elevated CO,

Because a significant decrease of rbcS transcript abun-
dance occurred by d 6 (Fig. 4), we chose this treatment time
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for a more detailed analysis of the diurnal expression pat-
terns of rbcS and rbcL mRNAs and total leaf carbohydrate
accumulation after high-CO, treatments. The level of total
rbcS mRNAs oscillated from a maximum at the beginning
of the light period to a minimum at the end of the light
period, with an ongoing accumulation throughout the dark
period that reestablished the maximum early-morning
level (Fig. 5). The change in transcript levels during the day
was about 3-fold more than that in ambient-grown plants.

A similar diurnal pattern of total rbcS mRNA level oc-
curred in plants transferred to elevated CO, (Fig. 5), with
maximum and minimum values also observed at the be-
ginning and end of the light period, respectively. However,
the maximum level was reduced about 40% relative to
ambient CO, (comparable to Fig. 4). Treatment differences
in rbcS mRNA levels diminished from the beginning of the
light period such that by the end of the light period (5:00
pM), virtually no difference in transcript abundance was
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Figure 4. Time course of relative abundance of Rubisco protein and
total rbcS and rbcl transcripts in ambient-CO,-grown plants trans-
ferred to elevated CO, for 12 d. Plants were transferred at the
beginning of the light period on d 1, and leaves from 10 plants were
collected on the indicated days at the beginning of the light period.
A, Northern-blot analysis using 1 ug of total RNA as shown on the
representative blot. 255 rRNA is shown stained with methylene blue.
B, Leaf Rubisco content and quantified relative amounts of rbcS and
rbcL mRNAs from ambient-CO,-grown (black bars) and high-CO,-
grown (hatched bars) plants. Values are means * sp from three
separate protein extractions or from three replicate filters, with RNA
extracted from one sample collection.
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Figure 5. Effects of transfer to elevated CO, on the relative abun-
dance of rbcS and rbcl transcripts during a light/dark cycle. Ambient-
CO,-grown plants were transferred to elevated CO, at the beginning
of d 1, and plants were collected through the 24-h period on d 6 of
exposure. A, Northern-blot analysis of rbcS and rbcl expression
using 1 ug of total RNA per lane. 255 rRNA is shown stained with
methylene blue. Bars above blots and at the bottom of the graph in
B indicate the light regime (the filled area indicates dark, the open
area indicates light). B, Quantified signals of total rbcS and rbcL
transcripts from ambient-CO,-grown (black bars) and high-CO,-
grown (hatched bars) plants. The hybridizing signal at 7:00 Am from
ambient-CO,-grown plants was defined as 100%. The diurnal trans-
fer experiment was done twice. Values are means *+ sp from four
filters (two filters for each replicate).

found between CO, treatments. However, the nighttime
accumulation of rbcS mRNA at high CO, was much less
than what occurred at ambient CO,, thereby reducing the
maximum accumulation level at the beginning of the light
period. In contrast, rbcL transcript levels from both CO,
conditions remained approximately constant throughout
the 24-h light/dark cycle, with rbcL mRNA amounts at
elevated CO, decreasing only slightly relative to amounts
in the ambient treatment (Fig. 5).

Differential Sensitivity of rbcS Genes to Elevated
CO, during the Diurnal Cycle

Because individual rbcS genes displayed differential sen-
sitivities to long-term growth at high CO, (Fig. 3), we
examined the effects of short-term elevated CO, on the
diurnal expression of specific rbcS genes. In ambient-CO,-

grown plants, the patterns of diurnal oscillation of mRNA
with respect to the timing of peak accumulation and the
amplitude of the fluctuation were not identical among rbcS
genes (Fig. 6). Similar to the oscillation patterns observed
for total rbcS mRNAs, the expression of rbcS 1A and 3B
mRNA (which constitute 75% of the total) was maximum at
the beginning of the light period and lowest at the end.
However, the relative magnitudes of these fluctuations and
the rate of recovery during the dark were different in these
two rbcS genes. 1A mRNA had a greater amplitude and
slower recovery than did 3B mRNA. In contrast, the peak
transcript abundance of both the 1B and 2B rbcS genes
occurred before the beginning of the light period (5 and 8 h
into the dark, respectively). Also, the minimum levels of
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Figure 6. Effects of transfer to elevated CO, on the diurnal oscillation
of different rbcS transcripts. Ambient-CO,-grown plants were trans-
ferred to elevated CO, at the beginning of d 1, and plants were
collected through the 24-h period on d 6 of exposure. Ten micro-
grams of total RNA was used for northern-blot analysis. The hybrid-
izing signal for each gene at 7:00 AmM from ambient-CO,-grown plants
was defined as 100%. Values are means * sp from three filters with
total RNA extracted from one sample collection. Filled symbols,
Ambient-CO,-grown plants; open symbols, high-CO,-treated plants.
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mRNA accumulation occurred in the middle of the day for
the 1B gene, but at the end of the light period for the 2B
gene. Evidently, Arabidopsis rbcS gene members are ex-
pressed differently during the diurnal cycle.

Transfer to high CO, on d 6 resulted in differential
effects on the diurnal fluctuations of individual rbcS
mRNAs (Fig. 6). Among the four rbcS genes, the 3B gene
was most affected by the high-CO, treatment. The 3B tran-
script levels in high-CO,-grown plants were as much as
60% lower than those in ambient plants throughout the
light/dark cycle. In contrast to its normal nighttime recov-
ery under ambient conditions, 3B transcript levels re-
mained low throughout the night after transfer to high
CO,. Elevated CO, also reduced 1A mRNA levels some-
what throughout the light/dark cycle, but substantially
less than occurred with 3B. 1A mRNA levels did increase
during the night, but at a slower rate than at ambient CO,.
Transfer to high CO, had a minimal effect on the 2B diurnal
levels except for an apparent stimulation at midday. Like-
wise, 1B mRNA levels were not much affected by high CO,
except that they were lower during the initial 5 h of dark-
ness. After 6 d at high CO,, the relative expression of 1A,
1B, 2B, and 3B were about 35, 12, 23, and 30%, respectively,
at the beginning of the light period (calculated from Figs. 3
and 6).

Diurnal Pattern of Leaf Sugar Accumulation

In both control plants and plants transferred to high CO,,
leaf Glc, Fru, Suc, and starch were at a minimum at the
beginning of the light period, accumulated throughout the
day, and then decreased to different extents during the
night (Fig. 7). This pattern of leaf carbohydrate accumula-
tion was generally inverse to that for rbcS mRNA. Overall,
high-CO,-treated plants had higher levels of all four sugars
than did ambient-CO,-grown plants throughout the light/
dark cycle. Moreover, the nighttime metabolism of all four
sugars was delayed in plants transferred to high CO,. For
example, the level of leaf hexoses was high and relatively
constant during the first 4 h of darkness in treated plants,
whereas the normal situation is that their levels have al-
ready declined to minimum values after 4 h of darkness.
These data indicate that exposure to elevated CO, not only
resulted in a 2-fold increase in total nonstructural leaf
carbohydrate content, but also caused a significant change
in nighttime carbohydrate metabolism.

DISCUSSION

We report here the first detailed characterization of pho-
tosynthetic acclimation to elevated atmospheric CO, in
Arabidopsis at both the biochemical and molecular levels.
Growth of Arabidopsis at high CO, resulted in a 2-fold
accumulation of nonstructural leaf carbohydrates and a
substantial decrease in Rubisco protein content (Figs. 1 and
2), similar to that found in other species (e.g. wheat [Nie et
al., 1995a, 1995b]; tomato [Van Oosten and Besford, 1995];
and pea [Majeau and Coleman, 1996]). Although such a
decrease in Rubisco protein during plant growth at high
CO, is well documented (e.g. Sage et al., 1989; Stitt, 1991),
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Figure 7. Effects of transfer to elevated CO, on the diurnal accumu-
lation of nonstructural leaf carbohydrates: A, Glc; B, Fru; C, Suc; and
D, starch. Ambient-CO,-grown plants were transferred to elevated
CO, at the beginning of d 1, and plants were collected through the
24-h period on d 6 of exposure. Values represent means * sb from
three extractions. Starch is expressed as micromoles of Glc equiva-
lents. Total maximum sugar amounts were 55.7 and 108.1 pwmol
hexose equivalents g~' fresh weight in ambient-CO,-grown and
high-CO,-transferred plants, respectively. Filled symbols, Ambient-
CO,-grown plants; open symbols, high-CO,-treated plants. FW,
Fresh weight.

the mechanism(s) that controls Rubisco expression at high
CO, has yet to be identified. Control of Rubisco synthesis is
known to occur at the transcriptional, posttranscriptional
(e.g. mRNA stability), translational, and/or posttransla-
tional levels, depending on developmental factors and en-
vironmental stimuli (Deng and Gruissem, 1987; Berry et al.,
1988; Shirley and Meagher, 1990; Wanner and Gruissem,
1991; Winder et al., 1992).

In Arabidopsis grown at high CO,, the levels of Rubisco
protein and rbcL mRNA were reduced about 40%, whereas
rbcS mRNA was reduced to an even greater extent (approx-
imately 60%; Fig. 2). There are only a few reports to date on
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the influence of high- or low-CO, growth conditions on the
expression of both Rubisco protein and subunit transcript
levels. In wheat grown at elevated CO,, both rbcS and rbcL
transcripts decreased equally, with the same level of de-
cline also observed in Rubisco protein (newly mature third
leaves in chamber plants [Webber et al., 1994]; flag leaves
in field plants [Nie et al., 1995b]). These results suggest that
the regulation of transcriptional and/or posttranscriptional
processes (e.g. mRNA stability) could determine the level
of Rubisco protein at elevated CO,.

In tomato transferred to elevated CO, for 22 d, the levels
of Rubisco protein and subunit transcripts decreased to
different extents relative to control plants, suggesting a
different type of posttranscriptional regulation of protein
content (Van Oosten and Besford, 1995). In Chlamydomonas
reinhardtii grown under low-CO, conditions, the steady-
state levels of both rbcS and rbcL transcripts were not
affected, but Rubisco protein content was found to decline
rapidly (Winder et al., 1992). This was not because of an
increased rate of protein degradation, but rather because of
the inhibition of translation of both rbcS and rbcL mRNAs.
Growth of pea at low levels of CO, resulted in decreased
rbeS mRNA, but had no effect on total Rubisco activity (i.e.
fully activated enzyme; Majeau and Coleman, 1996).

The nature of the control of Rubisco content in Arabi-
dopsis grown at high CO, is intriguing because the coor-
dination between rbcS and rbcL transcript levels was al-
tered, as was the expression of protein content relative to
subunit transcripts. The synthesis of Rubisco requires co-
ordinated expression between the nucleus and the chloro-
plast genomes, but nuclear-encoded photosynthetic genes
are generally more readily repressed by accumulated car-
bohydrates than are chloroplast-encoded genes (e.g. Van
Oosten and Besford, 1994; Van Oosten et al.,, 1994). A
decreased level of rbcS mRNA relative to rbcL mRNA has
been observed during leaf senescence in bean (Bate et al.,
1991), during severe water stress in tomato (Bartholomew
et al., 1991), and with high-CO, growth conditions in to-
mato (Van Oosten and Besford, 1994). Such differential
transcript expression also has been observed in tobacco
rbeS antisense plants, but reduced rbcS mRNA largely cor-
responded to reduced Rubisco content (Rodermel et al.,
1988). Of particular significance was the finding that leaf
rbcL mRNA in the rbcS antisense plants was not efficiently
translated (Rodermel et al., 1996), a situation that may also
occur in Arabidopsis at high CO,. During normal leaf
development, Rubisco subunit transcripts and protein con-
tent are all coordinately expressed (Jiang and Rodermel,
1995). Growth of Arabidopsis at high CO, may disrupt the
homeostatic control of Rubisco protein and transcript
expression.

We suggest that control of Rubisco content in Arabidop-
sis grown at high CO, may have three primary compo-
nents: (a) an inhibitory signal may repress levels of rbcS
mRNA more than rbcL mRNA by differential effects on
transcriptional activity and/or message stability. Tran-
scription and mRNA stability are both important mecha-
nisms for Glc repression of a-amylase in rice (Sheu et al,,
1994); (b) leaf rbcL mRNA may not be as efficiently trans-
lated as is rbcS mRNA, or large subunit protein may simply

accumulate in excess of small subunit protein, as appar-
ently occurs in tomato (Van Oosten and Besford, 1995), or
be degraded (although the latter has not been shown to
occur in any system [Rodermel et al., 1996]); and (c)
Rubisco protein turnover may be altered such that protein
levels are not repressed to an extent comparable to rbcS
mRNA. That Rubisco protein may be longer-lived was also
suggested in a study of wheat leaves of intermediate age
grown at high CO, (Webber et al., 1994).

In higher plants, rbcS mRNAs are encoded by a multi-
gene family (Dean et al., 1989). Pilgrim and McClung (1993)
showed that the diurnal expression of total leaf rbcS
mRNAs in Arabidopsis is under the control of a circadian
clock, but transcriptional activities are not involved in reg-
ulating the clock. We have extended this observation by
demonstrating that individual rbcS gene members in Ara-
bidopsis also generally show the same diurnal expression
pattern (Fig. 6) as was previously reported for total rbcS
mRNAs (Pilgrim and McClung, 1993). However, the ex-
pression of 1B mRNA occurred out of phase relative to
expression of the other three genes. This result was not
detected in the diurnal analysis of total rbcS mRNAs (Fig.
5) (Pilgrim and McClung, 1993) because 1B mRNA nor-
mally constitutes only about 10% of the total leaf rbcS
mRNAs.

In this study we have also shown that individual rbcS
genes in Arabidopsis are expressed differently during
long-term growth at high CO, or after a short-term transfer
to high CO,. During growth at high CO,, the 1A gene was
the least repressed, whereas the other three genes were
repressed by a similarly increased magnitude (Fig. 3).
Transfer to high CO, did not significantly affect the diurnal
expression pattern of the individual genes, but did affect
the magnitude of the expression levels of some of the genes
(Fig. 6). After transfer to high CO,, the 3B gene mRNA was
the most reduced, the 1A mRNA was moderately affected,
and the 1B and 2B mRNAs were minimally affected. Be-
cause the 1A and 3B genes contribute the largest portion of
the rbcS mRNA pool, their reduced expression at high CO,
resulted in a 40% reduction in the maximum level of total
rbeS mRNA by d 6, and ultimately resulted in a 20%
reduction in Rubisco content by d 9 (Figs. 4 and 5).

Several investigators (e.g. Krapp et al., 1993; Sheen, 1994;
Van Oosten et al., 1994) have proposed that the increased
metabolism of accumulated soluble sugars at high CO,
may trigger a repression of photosynthetic gene transcrip-
tion. This repression is thought to be mediated by hexose
metabolism via cytosolic hexokinase (Jang and Sheen, 1994;
Jang et al., 1997), but we have limited knowledge of the
suggested biochemical role of hexokinase as a sugar sensor.
For example, the presumed signal of hexokinase, hexoses,
are found to be almost exclusively located in the vacuole of
leaf mesophyll cells during the daytime in several species
grown at ambient or high CO, (Heineke et al., 1994; Moore
et al., 1997). Although our data and those of others indicate
a correlation between increased leaf hexose levels and de-
creased rbcS mRNA in plants exposed to high CO,, one
possibility is that hexokinase-mediated gene repression
may occur in leaves at night rather than during the day.
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In Arabidopsis we found that the normal nighttime re-
covery of rbcS transcript levels was greatly reduced after
transfer of the plant to high CO, (Fig. 5). We also found
that leaf hexose levels were unusually high during the
early hours of darkness (Fig. 7). In most species, including
Arabidopsis, leaf carbohydrates accumulate during the day
and are mobilized at night (Trethewey and ap Rees, 1994;
Geiger et al., 1995). We hypothesize that elevated nighttime
cytosolic hexose concentrations resulting from high CO,
are sensed by hexokinase, and trigger a repression re-
sponse that results in decreased rbcS transcript levels. The
fact that transgenic tobacco overexpressing a yeast inver-
tase gene had reduced photosynthetic rates and no diurnal
turnover of leaf carbohydrates is consistent with this hy-
pothesis (von Schaewen et al., 1990).

An alternative possibility for hexose sensing in the ab-
sence of any detectable cytosolic hexoses at any time dur-
ing the day could involve futile cycling of Suc between the
cytosol and vacuole and/or between the cytosol and apo-
plast (Foyer, 1987; Huber, 1989; Stitt et al., 1990). Exposure
to elevated CO, may result in increased carbon flux to Suc.
Under sink-limited conditions this may result in increased
hexose accumulation from vacuolar or apoplastic hydroly-
sis by acid invertase (e.g. Goldschmidt and Huber, 1992).
These hexoses may then be transported to the cytosol,
phosphorylated by hexokinase, and reassimilated into Suc.
Such carbohydrate cycling could occur rapidly but with no
substantial increase in cytosolic hexoses or other cellular
metabolites, which is analogous to Suc cycling through Suc
synthase (Geigenberger and Stitt, 1991). With Suc cycling
under high CO,, hexokinase then would have to function
as a flux sensor. One effect of such metabolism is that
species with lower leaf acid invertase activity may be less
susceptible to down-regulation of photosynthesis when
grown at high CO.,.

In summary, our results support the hypothesis that
increased leaf carbohydrates in response to elevated CO,
may signal the down-regulation of photosynthesis through
modulation of photosynthetic genes such as rbcS, and that
hexokinase-mediated repression of gene expression may
occur at night. However, results presented in this report
also suggest that sugar-induced repression of photosyn-
thetic gene transcription alone cannot totally explain the
decrease of Rubisco protein at elevated CO,_Rather, high-
CO,-mediated changes in Rubisco expression are very
complex and may involve multiple controls at the levels of
transcription, mRNA stability, translation, and/or protein
turnover. Therefore, it is important to determine specific
transcription, translation, and protein turnover rates to
better understand the mechanisms controlling photosyn-
thetic responses to elevated CO.,.
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