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Effects of elevated CO, and temperature on photosynthesis

and Rubisco in rice and soybean
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ABSTRACT

Rice (Oryza sativa L. cv. IR-72) and soybean (Glycine max
L. Merr. cv. Bragg), which have been reported to differ in
acclimation to elevated CO,, were grown for a season in
sunlight at ambient and twice-ambient [CO,], and under
daytime temperature regimes ranging from 28 to 40 °C.
The objectives of the study were to test whether CO,
enrichment cculd compensate for adverse effects of high
growth temperatures on photosynthesis, and whether these
two C; species differed in this regard. Leaf photosynthetic
assimilation rates (A) of both species, when measured at the
growth [CO,], were increased by CO, enrichment, but
decreased by supraoptimal temperatures. However, CO,
enrichment more than compensated for the temperature-
induced decline in A. For soybean, this CO, enhancement
of A increased in a linear manner by 32-95% with increas-
ing growth temperatures from 28 to 40 °C, whereas with
rice the degree of enhancement was relatively constant at
about 60%, from 32 to 38 °C. Both elevated CO, and tem-
perature exerted coarse control on the Rubisco protein
content, but the two species differed in the degree of
responsiveness. CO, enrichment and high growth temper-
atures reduced the Rubisco content of rice by 22 and 23%,
respectively, but only by 8 and 17 % for soybean. The max-
imum degree of Rubisco down-regulation appeared to be
limited, as in rice the substantial individual effects of these
two variables, when combined, were less than additive.
Fine control of Rubisco activation was also influenced by
both elevated [CO,] and temperature. In rice, total activity
and activation were reduced, but in soybean only activa-
tion was lowered. The apparent catalytic turnover rate
(K a¢) of rice Rubisco was unaffected by these variables, but
in soybean elevated [CO,] and temperature increased the
apparent K., by 8 and 22%, respectively. Post-sunset
declines in Rubisco activities were accelerated by elevated
[CO,] in rice, but by high temperature in soybean, suggest-
ing that [CO,] and growth temperature influenced the
metabolism of 2-carboxyarabinitol-1-phosphate, and that
the effects might be species-specific. The greater capacity
of soybean for CO, enhancement of A at supraoptimal tem-
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peratures was probably not due to changes in stomatal con-
ductance, but may be partially attributed to less down-reg-
ulation of Rubisco by elevated [CO,] in soybean than in
rice. However, unidentified species differences in the tem-
perature optimum for photosynthesis also appeared to be
important. The responses of photosynthesis and Rubisco in
rice and soybean suggest that among C; plants species-spe-
cific differences wiil be encountered as a result of future
increases in global [CO,] and air temperatures.

Key-words: Oryza sativa, Glycine max; global climate
change; Rubisco regulation.

INTRODUCTION

The global atmospheric CO, concentration, presently
about 360 umol mol™', is increasing and is expected to
double by the end of the next century (King et al. 1992).
Atmospheric general circulation models predict that the
increase in CO, and other ‘greenhouse’ gases may cause
global air temperatures to rise, possibly by as much as
3-6 °C (Wilson et al. 1987; Hansen et al. 1988).

The present atmospheric [CO,] is an important limiting
factor for the photosynthesis, growth and productivity of
many crop species. In a leaf, the photosynthetic rate is a
direct result of the activity of ribulose bisphosphate car-
boxylase-oxygenase (Rubisco), which in turn is influenced
by various environmental factors, including CO,, tempera-
ture, and light. The current atmospheric [CO,] is insuffi-
cient to saturate Rubisco in C; plants. Consequently, in
short-term measurements an increase in the availability of
this substrate results in a rise in leaf photosynthetic rates,
partly because high [CO,] inhibits the oxygenase reaction
of Rubisco and the subsequent loss of CO, through pho-
torespiration (Bowes 1993). However, for some species,
longer exposure to elevated [CO,] results in acclimation of
photosynthesis with down-regulation of the amount of
Rubisco protein (Rowland-Bamford et al. 1991), although
other species show minimal down-regulation (Campbell et
al. 1988; Sage et al. 1989; Socias et al. 1993). This coarse
control of the amount of Rubisco protein probably serves
to optimize CO, acquisition with utilization of the fixed
carbon (Woodrow 1994).

In addition to coarse control of Rubisco protein, there
are fine controls which respond more rapidly to changes in
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environmental conditions. In this regard, two major mech-
anisms are known to regulate Rubisco activity. One
involves the reversible carbamylation of a lysine residue in
the active site to activate the enzyme, while the other oper-
ates by the reversible binding of 2-carboxyarabinitol-1-
phosphate (CA1P), the Rubisco dark inhibitor, to the car-
bamylated site (Vu ef al. 1983; Seemann et al. 1990; Portis
1992; Sage & Reid 1994). The carbamylation of Rubisco is
dependent upon Rubisco activase, which catalytically
removes RuBP, CA1P and other inhibitory phosphorylated
compounds from the catalytic sites (Salvucci 1989;
Seemann ef al. 1990; Servaites 1990; Portis 1992).
Rubisco activation responds to relatively rapid changes in
irradiance and CO, or O,, while the regulation by CA1P
seems to occur only in response to irradiance, predomi-
nantly low light and most obviously darkness (Salvucci
1989; Sage & Reid 1994). There are a number of reports
which show that long-term growth at elevated [CO,] can
cause a reduction in Rubisco activation, but it is unclear
whether rising [CO,] also influences the fine control of
Rubisco exercised by CA1P (Bowes 1993).

In addition to CO,, the photosynthetic rates of C; plants
are affected by temperature, and this effect is also primar-
ily exerted through Rubisco (Long 1991). An increase in
temperature reduces the activation state of the enzyme
(Kobza & Edwards 1987, Holaday et al. 1992), and
decreases both the specificity for CO, and the solubility of
CO,, relative to O, (Jordan & Ogren 1984: Brooks &
Farquhar 1985; Long 1991). The latter two effects result in
greater losses of CO, to photorespiration as the tempera-
ture rises. Consequently, a doubling of atmospheric [CO,],
and the concomitant inhibition of the Rubisco oxygenase
reaction, should moderate the adverse effects of high tem-
perature on C; photosynthesis, and result in even greater
enhancement of net photosynthesis by elevated [CO,] as
growth temperatures increase (Long 1991). However, the
data in this regard are equivocal (Farrar & Williams 1991),
and there is little information as to whether temperature
itself impacts the coarse control of Rubisco protein, or fine
control of activity via CA1P. Furthermore, the degree to
which elevated CO, or temperature causes down-regula-
tion of Rubisco should influence the amount of enhance-
ment by elevated [CO,].

In this study, two C; crop species, rice, which shows
marked acclimation to elevated [CO,] (Rowland-
Bamford er al. 1991), and soybean, which appears less
affected (Campbell ef al. 1988), were grown for a season
in ambient- or enriched-CO, atmospheres with various
temperature regimes. One objective was to test the
hypothesis that the enhancement effect of elevated [CO,]
on leaf photosynthetic rates increases with temperature,
and to determine if it could compensate for adverse
effects of high temperatures, even after long-term accli-
mation to the growth regimes. A further objective was to
ascertain whether temperature and CO, exhibit interac-
tive effects in exerting coarse and/or fine control over
Rubisco activity, and whether there were species differ-
ences in this regard.

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 68-76

MATERIALS AND METHODS
Plant material and growth conditions

Rice (Oryza sativa L. cv. IR-72) and soybean (Glycine max
L. Merr. cv. Bragg) were grown for a season in eight sunlit,
controlled-environment growth chambers (also known as
Soil-Plant-Atmosphere-Research, or SPAR, units) located
outdoors in Gainesville, Florida. The above-ground cham-
bers, 2 m X 1 m in cross-section and 1-5 m high, were cov-
ered with clear polyester Mylar so that plants received
direct, natural solar irradiance. The chamber tops were
attached to aluminum vats (2 m X [ m in area and 0-6 m
deep), which provided water-tight, rooting environments for
rice growth. Each vat was filled with soil to a depth of 0-5 m
and, prior to planting, the soil in each chamber was fertilized
with P and K at a rate of 9-0 g m™. Rice was planted on 20
July 1992, and 8 d later the vats were flooded with water
which was maintained at 5 cm above the soil surface with
the aid of a float-actuated water valve. Nitrogen was applied
as urea at a rate of 12:6, 6-3 and 63 g m~ at 7,31 and 63 d
after planting. The rice plants were grown throughout their
life cycle at two daytime CO, concentrations: 330 and
660 tmol mol~'. The dry bulb air temperatures followed a
sinusoidal diurnal pattern and were controlled at day/night
maximum/minimum values of 32/23, 35/26 and 38/29 °C
for each CO, treatment, and dewpoint temperatures were
maintained constantly at 18, 21 or 24 °C, respectively, for
the three air temperatures (Baker et al. 1994).

Soybean seeds were first inoculated with Rhizobium and
were then planted on 19 August 1993 at a row spacing of
33 cm, resulting in a total of 40 plants m™ at mid-growth
season. Plastic drainage pipes 4 cm in diameter were laid at
the bottom of each chamber, and were covered with gravel
to the pipe thickness and then by a 2 cm coarse-sand layer.
A fine-sand soil profile was then constructed above the
sand layer. These soil bins (2 m X 1 m in area and 0-6 m
deep) therefore provided a large soil volume for soybean
plant roots in the growth chambers. After the first 10 d,
plants were watered continuously by sub-irrigation. The
soybean plants were grown throughout their life cycle at
two daytime CO, concentrations of 350 and 700 umol
mol™'. The dry bulb day/night maximum/minimum air
temperatures were controlled at 28/18, 32/22, 36/26 and
40/30 °C for each CO, treatment, and day/night dewpoint
temperatures were maintained at 12/10, 16/12, 20/14 and
24/16 °C, respectively, for the four air temperature treat-
ments. Both the dry bulb air and dewpoint temperatures
followed a sinusoidal control set point that varied continu-
ously between maximum (daytime) and minimum (night-
time) values. Jones et al. (1984), Baker et al. (1994) and
Pickering et al. (1994) describe the detailed chamber char-
acteristics, specific methods for controlling chamber envi-
ronmental set points, and the quality of these environmen-
tal controls, with daily print-outs of diurnal trends of the
control variables, including desired set-point CO,/air tem-
peratures and measured CO,/air temperatures, to ensure
the identical performance of the chambers throughout the
plant growth season.
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Photosynthesis measurements

Photosynthesis of single, attached, fully expanded sun
leaves was measured with a LI-COR LI-6200 Portable
Photosynthesis System in a closed mode, at 90 d after
planting for rice and 60 d after planting for soybean. Leaf
photosynthetic measurements were performed at midday,
between 1000 and 1300 eastern day time (EDT), when the
solar photosynthetic photon irradiance was saturating at
1200=1600 gmol m™ s7'. The LI-COR LI 6000-13
0-25 dm> cuvette was used for rice, and the LI-COR LI
6000-12 1 dm? cuvette for soybean. The duration of each
measurement was typically 3045 s. Photosynthetic rates
were expressed on a leaf area basis.

Leaf sampling

Diel samplings of leaves for each CO, and growth temper-
ature treatment were performed, 60 d after planting for rice
and 53 d for soybean, starting 1 h before sunrise and end-
ing at least 1 h after sunset. A total of three samplings were
taken during the day for each treatment. At each sampling
time, 10 uppermost fully expanded leaves were detached
from 10 different plants for each treatment, immediately
immersed in liquid N,, pooled together, ground to a fine
powder in liquid N, with a mortar and pestle, and then
stored in liquid N, until analyses for Rubisco activity,
Rubisco protein content and RuBP.

Extraction and assay of Rubisco

A portion of the frozen leaf powder, about 150 mg, was
transferred to a pre-chilled Ten Broeck homogenizer and
ground at 2 °C in 3-5 cm® of extraction medium which con-
sisted of 50 mol m~ Bicine-NaOH, 10 mol m~ MgCl,, 5
mol m— DTT, 10 mol m~ D-isoascorbate, 0-1 mol m
EDTA-Na,, and 2% (w/v) PVP-40 at pH 8-0. The presence
of 0-1% (v/v) Triton X-100 did not increase the extractable
activity, and this was not included. Similarly, activity was
not increased by treatment of crude extracts with 200 mol
m " Na,SO, for 30 min at 2 °C followed by desalting on G-
25 Sephadex columns. The homogenate was micro-cen-
trifuged at 12 000 g for 45 s at 2 °C, and an aliquot of the
supernatant was immediately assayed for Rubisco activity.
This procedure from extraction to assay took =4 min, and
the initial activity was measured to reflect the in vivo activ-
ity of Rubisco. Assay reactions were performed at 30 °C in
a total volume of 0-5cm’. The reaction mixture consisted
of 50 mol m™ Tris-HCl, 5 mol m~ DTT, 10 mol m™
MgCl,, 0-1 mol m > EDTA, 0-5 mol m~ RuBP and 20 mol
m~ NaH'*CO; (2:0 GBq mmol ") at pH 8-0. The initial
Rubisco activity was measured by injecting 0-1 cm’ of the
supernatant into the assay mixture and terminating the
reaction after 45 s with 0-1 cm® of 6 kmol m~ HC.

For measurement of the total activity that reflects the
maximum activatable activity of Rubisco, a second aliquot
(0-1cm?) of the supernatant was incubated in the reaction
mixture described above, except that RuBP was omitted.

After a 5 min activation period, the reaction was initiated by
the addition of RuBP. The reaction was stopped after 45 s
by the addition of 0-1 cm? of 6 kmol m ™ HCL. In the control
assays, RuBP was omitted to ensure no other carboxylase
was active in the crude extract. After assay, the mixtures
were dried at 60 °C and the acid-stable "*C radioactivity
was determined by liquid scintillation spectrometry.

Activation of Rubisco was computed as the ratio of the
initial to the corresponding total activity of daylight-sam-
pled leaves.

Quantification of Rubisco protein

Rubisco contents in leaf tissues were determined by a modi-
fication of the radioimmuno-precipitation procedures previ-
ously reported (Collatz er al. 1979; Vu & Yelenosky 1988).
About 100 mg of liquid N,-frozen leaf powder was ground
in 2-5 cm® of 50 mol m > Bicine-NaOH buffer containing 5
mol m~ DTT, 0-1 mol m~> EDTA, 10 mol m~> MgCl,, 10
mol m~> NaHCO; and 2% (w/v) PVP-40 at pH 8-0. The
homogenate was microcentrifuged at 12 000 g for I min at
2°C. A 25 mm’ aliquot of the supernatant was then added to
50 mm® of buffer (100 mol m Bicine, 20 mol m > MgCl,, 1
mol m~> EDTA at pH 7-8) containing 4 nmol [2-'*C] CABP
and 50 mm® of antiserum to purified tobacco Rubisco raised
from rabbits. These concentrations of supernatant and anti-
serum were established through titration experiments to
ensure complete precipitation of the rice and soybean
Rubisco protein. After incubation for 2 h at 37 °C, the pre-
cipitate was collected on a Millipore cellulose acetate/nitrate
filter (0-45 um pore size) and washed with 5 cm® of a 0-85%
(w/v) NaCl solution containing 10 mol m ~ MgCl,, and the
bound '*C was determined by liquid scintillation counting.
The apparent catalytic turnover rates (K,) of fully acti-
vated Rubisco from rice and soybean leaves harvested during
the middle part of the day were computed based on the mid-
day total Rubisco activities, the Rubisco protein contents,
and a molecular weight of 550 000 for the Rubisco protein.

Extraction and determination of RuBP

RuBP was extracted from the liquid N,-frozen leaf powder
with 0-5 kmol m > HCI. After centrifugation at 12 000 g for
5 min at 2 °C, the supernatant was adjusted to pH 8-3 with
2 kmol m~ Tris-Base and 4 kmol m—~ KOH. RuBP was
then assayed using purified tobacco Rubisco as described
by Vu et al. (1983).

Each value of leaf photosynthetic rates represents the
mean and standard error from measurements of six to eight
plants. Data on Rubisco and RuBP are presented as the
mean and standard error of three replicates.

RESULTS

Leaf photosynthetic CO, assimilation rates of both rice and
soybean plants, when measured at the [CO,] used for
growth, were substantially enhanced by elevated CO,,
even after 2-3 months of growth at high [CO,] (Fig. 1).

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 68-76
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Figure 1. Midday leaf photosynthetic rates of rice and soybean
grown under two CO, levels and various temperature regimes. The
temperatures shown are the daytime air temperatures. Midday solar
photosynthetic photon irradiance during measurements, from 1000
to 1300 EDT, was 12001600 umol m s

Values for rice ranged from 16-0 to 21-2 and from 26-6 to
32-6 umol m > leaf area s~' at ambient and elevated CO,,
respectively. The corresponding rates for soybean ranged
from 17-1 to 27-5 and from 33-2 to 40-9 umol CO, m " leaf
area s . Thus, the photosynthetic rate was enhanced by
elevated [CO,] at all growth temperatures used. Under
both [CO,] regimes, net photosynthetic rates were highest
at 35 and 32 °C for rice and soybean, respectively, but
declined with higher or lower growth temperatures.

For rice, the percentage enhancement in photosynthetic
rate due to a doubling in [CO,] was not markedly altered
over the range of growth temperatures used (Fig. 2).
Soybean, in contrast, showed a linear increase in the CO,
enhancement of photosynthesis with increasing growth
temperature, such that the degree of enhancement rose
from 32% at 28 °C to 95% at 40 °C (Fig. 2).

Determination of the ratio of intercellular CO, concentra-
tion (C;) and atmospheric CO, concentration (C,) as a func-
tion of growth conditions indicated that it was not changed by
increasing temperature or [CO,], and only a small difference
was found between the two species. For rice the mean Ci/C,
ratios as functions of temperature and [CO,] were 0-93 +0-01
and 0-94 + 0-02, respectively. Comparable values for soy-
bean were 0-87 + 0-02 and 0-83 + 0-03, respectively.

Diel activities of Rubisco from rice plants grown at the
three temperature and two [CO,] regimes are shown in
Table 1. Both increasing growth temperature and [CO,]
reduced the initial and total Rubisco activities assayed at
30 °C of leaves sampled in the light (1000 EDT). Thus, at
ambient [CO,], an increase in growth temperature from 32
to 38 °C reduced the total Rubisco activity by 21:5%, while
at 32 °C a doubling of [CO,] reduced it by 17-7%.
However, these down-regulatory effects of temperature
and [CO,] were not additive, as at the highest growth tem-
perature and [CO,] total Rubisco activity was down-regu-
lated only by 27-5%, not by a cumulative 39-2% (i.e.
21:5% + 17-7%). Because initial activity was down-regu-

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20. 68-76

lated more than total activity, Rubisco activation in day-
light-sampled leaves was also reduced by both growth
treatments, with values declining from 90-5% at 32 °C and
330 umol CO, mol ™" to only 68-4% at 38 °C and 660 umol
CO, mol™" (Table 1). In this case the combined effects of
temperature and [CO,] did appear to be additive.

In terms of light/dark regulation, the initial and total
Rubisco activities of rice in all growth treatments were
substantially lower before sunrise, and increased 3- to 5-
fold as daylight increased (Table 1). Pre-dawn activities
did not differ greatly among the temperature regimes, but
were as much as 27% lower in elevated [CO,]. After sun-
set, the initial activity of the elevated [CO,] plants declined
more rapidly than that of plants at ambient [CO,], irrespec-
tive of the temperature treatment. Total activity also
declined after sunset, but at a rate considerably slower than
the initial activity, and this phenomenon was more evident
with the ambient [CO,] treatment.

The corresponding diel Rubisco activities for soybean are
shown in Table 2. Unlike rice, total activities for soybean
leaves sampled in the light (1130 EDT) were hardly affected
by elevated [CO,] (1-1-6-6% less), and not at all by high
temperature. However, both elevated temperature and [CO]
growth regimes resulted in lower initial Rubisco activities.
Consequently, Rubisco activation in the light was reduced
by increasing growth temperature and [CO,] (Table 2), but
the combined effect of these two variables was not additive.

For both rice and soybean, extractable activity was
treated with Na,SO, to determine whether total activity
could be increased (Parry er al. 1994). This treatment did
not enhance activity in either species (data not shown),
which indicated that total and maximal activities were
equivalent for these plants.

The light/dark regulation of soybean Rubisco was also
affected by the growth regime. Initial and total activities
were low before sunrise and increased 1-2- to 5-5-fold by
1130 EDT, but pre-dawn values for both activities were
reduced by growth at elevated temperature or [CO,]. At the
lowest growth temperature, pre-dawn total activities were
on average 75% of the corresponding midday value,
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Figure 2. Per cent elevated-CO, enhancement in leaf
photosynthetic rates of rice and soybean over the range of growth
temperatures.
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Growth conditions Rubisco activity*

Table 1. Initial and total activities and
activation of Rubisco extracted from leaves

of rice plants grown under two CO, levels
and three temperature (day/night) regimes.
(%) Solar photon irradiances at 0600, 1000 and

2000 EDT leaf samplings were 0, 950 and
Oumol m™s™', respectively

Time
Temperature [CO,) of day Initial Total Activation
°C) (umol mol™) (EDT) (umol g ' leaf FW h™")
32/22 330 0600 251 (7) 383 (4) 18-0
1000 1266 (19) 1399 (29) 90-5
2000 473 (12) 1117 (43) 33-8
660 0600 231 (9) 339 (5) 20-0
1000 917 (49) 1151 (12) 79-7
2000 348 (4) 740 (24) 30-2
35/26 330 0600 245 (5) 381 (4) 16-8
1000 1271 (28) 1462 (32) 869
2000 497 (9) 1180 (14) 34.0
660 0600 194 (6) 279 (7) 17-4
1000 054 (43) 1117 (55) 85-4
2000 293 (5) 586 (4) 26-2
38/29 330 0600 245 (8) 373 (6) 223
1000 868 (30) 1098 (27) 79-0
2000 369 (10) 1024 (4) 336
660 0600 205 (4) 322 (8) 20-2
1000 693 (10) 1014 (14) 68-4
2000 279 (5) 600 (4) 276

*Values are the mean and standard error (parentheses) of three determinations.

whereas this value was only 26%, for plants grown at the
highest temperature. Similarly, after sunset, total Rubisco
activities remained substantially greater for plants at the
lower growth temperatures. Elevated [CO,] also caused
lower pre-dawn and post-sunset initial and total Rubisco
activities, though the reductions were much less than for
the high temperature regimes. In addition to activity,
leaves sampled in the dark, either before dawn or after sun-
set, exhibited lower Rubisco activation when taken from
plants at elevated [CO,], and the lowest activation values
occurred with plants grown at the highest temperature
(Table 2).

Treatments of the crude extracts from dark-sampled rice
and soybean leaves with saturated (NH,),SO, solution to
yield a 30-60% fractionation precipitate entirely removed
the inhibitory effect of the dark (data not shown).

Table 3 shows the Rubisco protein content of rice and
soybean leaves under the differing temperature and [CO,]
treatments. For rice, CO, enrichment reduced the Rubisco
content by 20-7% at 32 °C, which is equivalent to the reduc-
tion found for total Rubisco activity (Table 1), whereas for
soybean at the same growth temperature the reduction was
only 8:4%. Increasing temperatures also reduced the
Rubisco protein content (Table 3). In the case of rice at
ambient [CO,], an increase in growth temperature from 32
to 38 °C resulted in a 22-6% reduction in Rubisco protein,
while for soybean increasing the temperature from 32 to
40 °C produced a 17-4% reduction. Thus, for soybean, the
temperature regime had more effect on Rubisco protein
content than [CO,], whereas for rice, both environmental
factors exerted coarse control effects on Rubisco.

Rice and soybean differed in the response of the Rubisco
apparent catalytic turnover rate (K_,,) to the growth condi-
tions (Table 3). In rice, the apparent K, of fully activated
Rubisco in the light was unaffected by either the temperature
or [CO,] used for growth, wheareas in soybean the apparent
K., of fully activated Rubisco increased by about 21-5%
with increasing growth temperature. There was also a small
(5-8%) increase in apparent K, in response to elevated
[CO,]. This up-regulation effect of temperature and [CO,]
was additive. The increase in apparent K_,, was not a func-
tion of assay temperature, as this was held constant at 30 °C.

Table 4 depicts the diel RuBP contents in rice and soy-
bean leaves under the various growth treatments. For rice,
the leaf RuBP content before dawn was in the range of
34 nmol g ' leaf fresh weight but rose over 100-fold by
mid-morning. Except at the highest temperature, the mid-
morning RuBP values were lower in the CO,-enriched
plants. After sunset, RuBP showed a substantial decline,
but the content in the ambient-CO, plants was consistently
about 2-fold higher than that in the enriched plants, irre-
spective of temperature. For soybean leaves, the pre-dawn
values were lower than in rice, but they also increased, by
100- to 200-fold, as the day progressed. Unlike rice, no
obvious trends were discernible as a function of the growth
conditions, and they dropped into the range of the pre-
dawn values after sunset. Based on the values for Rubisco
protein content (Table 3), a molecular weight of 550 000
for the Rubisco protein, and eight binding sites for RuBP,
the midday RuBP pools resulted in an average of 2 mol
RuBP mol™! binding site of Rubisco for rice, compared to 1
mol RuBP mol ™' binding site of Rubisco for soybean.

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 68-76
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Growth conditions Rubisco activity*

Table 2. Initial and total activities and
activation of Rubisco extracted from leaves

Time . o of soybean plants grown under two CO,
Temperature [CO,] y of day Initial 1 Total Activation  Jevels and four temperature (day /night)h
(°C) (umol mol ™) (EDT) (umol g™ leaf FW h™") (%) regimes. Solar photon irradiances at 0600
1130 and 2000 EDT leaf samplings were ()
28/12 350 0630 749 (2) 1284 (11) 48-0 1600 -2 -1 . '
do 1 g
1130 1477 (24) 1561 (14) 946 ancupmolm s °, respectively
2000 813 (30) 1386 (13) 52-1
700 0630 568 (9) 1039 (15) 375
1130 1231 (19) 1516 (9) 81-1
2000 720 (25) 1104 (11) 47-5
32/23 350 0630 575 (8) 1062 (17) 36-3
1130 1537 (12) 1583 (29) 97-2
2000 772 (12) 1333 (11) 48-8
700 0630 458 (2) 794 (16) 292
1130 1307 (37) 1566 (18) 834
2000 596 (15) 1079 (46) 38-1
36/26 350 0630 311 (2) 539 (6) 19-5
1130 1362 (12) 1593 (15) 85-5
2000 538 (15) 955 (25) 33-8
700 0630 262 (6) 467 (3) 16-8
1130 1218 (13) 1556 (23) 78-3
2000 354 (9) 709 (7) 22-8
40/30 350 0630 225 (3) 418 (5) 14-1
1130 1188 (17) 1596 (21) 74-4
2000 361 (6) 866 (21) 226
700 0630 193 (7) 382 (5) 13-0
1130 1063 (3) 1490 (8) 71-4
2000 308 (4) 666 (8) 20-7

*Values are the mean and standard error (parentheses) of three determinations.

DISCUSSION

A comparison of net photosynthetic rates for the optimum
and highest growth temperature regimes showed that at
ambient [CO,] the high temperature treatments reduced the
rice and soybean leaf rates by 25 and 38%, respectively.
Despite this potentially deleterious temperature effect, for
both species the CO,-enriched plants in the high tempera-
ture regimes outperformed their ambient-CO, counterparts
growing at optimum temperatures. Thus the elevated
[CO,] more than compensated for the adverse effects of
high temperatures on net photosynthesis. However, the
CO, enhancement response of rice, as a function of tem-
perature, differed somewhat from that of soybean. Inrice, a
doubling of the growth [CO,] resulted in 55-65% enhance-
ment of net photosynthesis over the 6 °C range used,
Wwhereas in soybean the degree of enhancement rose lin-
early, to a value of 95%, with increasing temperature from
28 t0 40 °C. The fact that the C,/C, ratios were not altered
by elevated temperature or [CO,] suggests that it is
unlikely that the differences between soybean and rice in
the degree of enhancement by CO, enrichment with
increasing temperature can be attributed to any differential
effects of temperature on stomatal conductance.
Predictions based on Rubisco kinetics indicate that, for
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short-term measurements of light-saturated photosynthetic
rates, the degree of enhancement by elevated CO, should
increase at higher leaf temperatures. This general scenario
was observed for soybean. However, calculations for an ide-
alized C; plant indicate a rise in temperature from 28 to 40 °C
should increase the degree of enhancement from about 66 to
190% when the [CO,] is raised from 350 to 650 umol mol ™
(Long 1991; Fig. 2). This is substantially greater than the
32-95% enhancement found with soybean when the [CO,]|
was raised to 700 umol mol™' over the same temperature
range. The difference may be partially attributed to the fact
that in the present study the temperature optimum of 32 °C
for soybean under ambient CO, was 7 °C greater than that of
the model C; plant. The shift to a higher optimum reduced
the adverse temperature effects, and concomitantly the
potential for CO, enhancement, even at 40 °C.

A somewhat similar explanation can be posited for rice,
which over the 32-38 °C temperature range showed on
average only about 60% CO, enhancement, as compared
with a calculated 80-160% (Long 1991). A 3 °C change
either side of the 35 °C optimum for rice appears to be too
small to produce a major difference in photosynthetic
enhancement when the temperature optimum under ambi-
ent [CO,] is high and relatively broad. These data suggest
that among C; species differences in the temperature opti-
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Table 3. Contents and apparent catalytic

Growth conditions turnover rates (K_,,) of Rubisco in leaves of

. Apparent Kcalﬂil rice and soybean grown under two CO,
’l;emperature B Rublsgo cor?tent* (mol_ CO-’-_I]nOl levels and various temperature (day/night)
Plant (°C) [CO,] (umol mol ) (mg g leaf FW) Rubisco s ) regimes
Rice
32/23 330 16-4 (0-8) 13-0 (0-4)
660 13-0(0-7) 13-6 (0-2)
35/26 330 15-7(1-1) 142 (0-4)
660 12-3(0-9) 13-9 (1-0)
38/29 330 12-7 (0-9) 13-2 (0-5)
660 11-5(0-5) 13-5(0-3)
Soybean
28/18 350 15-3 (0-8) 15:5(0-2)
700 13-8 (0-2) 16-8 (0-1)
32/22 350 15:5(0-2) 15-6 (0-4)
700 14-2 (0-3) 16-8 (0-3)
36/26 350 14-5 (0-3) 16-8 (0-2)
700 13-1 (0-6) 18-1(0-4)
40/30 350 12-8 (0-7) 19-1 (0-4)
700 11-3(1-0) 20-1 (0-2)

*Values are the mean and standard error (parentheses) of three determinations.

Table 4. Contents of RuBP in leaves of rice

Growth conditions RuBP content* and soybean grown under two CO, levels
and various temperature (day/night) regimes.
Temperature [CO,] Pre-dawn Daytime Solar photon irradiances at pre-dawn,
Plant ~ (°C) (umol mol ) (nmol g leaf FW) Post-sunset  daytime and post-sunset for rice leaf
samplings were 0 (0600 EDT), 950 (1000
Rice EDT) and 0 (2000 EDT) umol m % s, and
for soybean leaf samplings were 0 (0630
32/23 330 4-1(0-7) 499-1 (12-9) 25-5 (0-7) :
660 31 (0-3) 3943 (1.8) 12:8 (0-8) EDT), 13()04(\1 130 EDT) and 0 (2000 EDT)
umol m = s, respectively
35/26 330 3-5(0-1) 525-9 (47) 22-1(0-2)
660 2-8(0:6) 363-3(2:2) 126 (0-5)
38/29 330 4-1(0-3) 412-1(5-7) 31-0 (4-2)
660 3-8 (0-9) 418-2 (34) 157 (3-2)
Soybean
28/18 350 0-3(0-1) 158-3 (3-4) 17 (0-3)
700 0-7 (0-2) 185-1(1-2) 29 (0-1)
32/22 350 0-6 (0-1) 216-4(7-8) 1-7 (0-1)
700 0-3(0-1) 207-7 (2:3) -2 (0-1)
36/26 350 1-4 (0-3) 164-0 (1-2) 1-5(0-3)
700 02 (0-1) 2129 (4-1) 1-1(0-2)
40/30 350 06 (0-1) 2513 (1-3) 1-6 (0-4)
700 04 (0-1) 175-0 (3-9) 1-2(0-1)

*Values are the mean and standard error (parentheses) of three determinations.

mum for photosynthesis and growth could strongly influ-
ence the degree to which CO, enrichment enhances the
photosynthetic rate at any given temperature. This may
explain some of the literature reports of species variation in
CO, enrichment response as a function of temperature
(reviewed by Farrar & Williams 1991).

Down-regulation of Rubisco was probably also a factor in
the lower than expected CO, enhancement at high tempera-
tures. Decreases in Rubisco activity by varying amounts, as
a result of long-term growth in elevated CO,, have been
reported for a number of C; species (Vu et al. 1983; Spencer
& Bowes 1986; Campbell er al. 1988; Sage er al. 1989;
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Yelle et al. 1989; Besford et al. 1990; Rowland-Bamford
et al. 1991; Socias et al. 1993; Tissue er al. 1993). Both
coarse control, by a lowering of protein content, and fine
control, through decreased enzyme activation, play a
role in the down-regulation of Rubisco mediated by ele-
vated [CO,]. Recent evidence suggests that the mecha-
nism whereby elevated [CO,] exerts its effect is alter-
ation of the expression of genes encoding Rubisco at the
transcriptional and/or post-transcriptional level, and that
changes in pool sizes of glucose or sucrose provide the
signal (Van Oosten & Besford 1994; Webber et al.
1994). However, only a weak correlation between
increased carbohydrate pool sizes and decreased tran-
scriptional activity was found in a field study of CO,-
enriched wheat (Nie et al. 1995). Supraoptimal tempera-
tures also appear to reduce Rubisco activity, though the
data are more meagre and the mechanisms less certain
(Vierling & Key 1985; Holaday er al. 1992).

In this study, both elevated temperature and [CO,]
exerted coarse control over the Rubisco proteins of rice
and soybean, but the two species differed in their degree
of responsiveness. At optimum temperatures, doubling
the growth [CO,] reduced the Rubisco protein content by
22% for rice, but only by 8% for soybean. Previous stud-
ies have indicated that the Rubisco protein content of
rice leaves is much more susceptible to down-regulation
by elevated CO, than that of soybean (Campbell er al.
1988:; Rowland-Bamford et al. 1991). Elevated growth
temperatures (daytime) above 32 °C also reduced the
Rubisco protein content; for each 1 °C rise, the Rubisco
content declined by 3-8 and 2-2%. respectively, in rice
and soybean leaves at ambient [CO,]. Thus, again, soy-
bean leaf Rubisco content was less susceptible to down-
regulation than that of rice. The data for treatments
where elevated temperature and [CO,] could interact
suggest that the maximum degree of down-regulation
was subject to limitation. In the case of rice, both ele-
vated temperature and [CO,] had substantial individual
effects, but their combined effect was less than additive.
In contrast, the combined effect was additive in soybean,
where individually both factors produced a relatively
small response.

For rice, the percentage declines in Rubisco protein
content due to elevated temperatures and [CO,] were
equivalent to the percentage declines in total Rubisco
activities from daytime-sampled leaves. This correlation
did not hold for soybean. Elevated temperatures caused
no measurable decrease in daytime total Rubisco activ-
ity, and at the lower temperature regimes CO, enrich-
ment caused only a 1-3% decline. This unexpected
result, that soybean Rubisco protein, but not total activ-
ity, was down-regulated, indicated that the apparent K,
was up-regulated by 30% over the range of growth tem-
peratures and [CO,] used. As observed here for rice,
Sage et al. (1989) found no change in the Rubisco K. .
values of five C, species grown at elevated [CO,]. The
present study shows that growth temperature seems to be
a more important factor in this phenomenon than [CO,].

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 68-76

It is unclear whether the up-regulation of soybean appar-
ent K, has physiological significance in maintaining the
photosynthetic rate, because it was accompanied by a
decline in the initial activity, and thus activation, of
Rubisco. In fact, rice and soybean showed similar declines
in Rubisco activation, which were caused by both temper-
ature and [CO,], with elevated temperature having the
major effect. Consequently, in addition to coarse control,
both growth parameters appeared able to exert fine control
over Rubisco activity, through activation of the enzyme.

Decreased total Rubisco activity in dark-sampled
leaves indicates that rice and soybean belong to the
group of plants that have enzyme activity regulated by
CAI1P. For several plant species, CA1P is synthesized
relatively slowly over several hours at low irradiance or
in the dark (Salvucci 1989; Seemann er al. 1990).
Elevated growth [CO,] and temperature appeared to
have some influence on the metabolism and regulatory
role of CA1P, and its effect might be species-specific. In
rice, fine control of Rubisco activity, apparently medi-
ated by CA1P, was affected by elevated [CO,] but only
marginally by high growth temperatures. In soybean,
however, the reverse appeared to be the case in that ele-
vated temperature rather than [CO,] caused the greater
response. This is similar to the greater effects of elevated
temperature than [CO,] on the protein, activation and
apparent K, of Rubisco in soybean.

The data in this study demonstrate that, during growth,
temperature and [CO,] may have interactive effects on
leaf photosynthesis. Elevated [CO,]| can compensate for
adversely high growth temperatures in both rice and soy-
bean in terms of net photosynthetic rates. However, at
any given temperature the degree of leaf photosynthesis
enhancement by a doubling of [CO,] appears to be influ-
enced by the temperature optimum for the species, the
extent to which Rubisco is down-regulated, and by as yet
unidentified species-specific differences. Both elevated
temperature and [CO,] exert coarse and fine control over
Rubisco activity, with rice being more susceptible to
down-regulation of this enzyme than soybean.

ACKNOWLEDGMENTS

We acknowledge the support provided by the US
Environmental Protection Agency through Interagency
Agreement No. DW12934099 (to L.H.A.), the US
Department of Energy, Carbon Dioxide Research Division
through Interagency Agreement No. DE-AI05-88ER69014
and DE-AI02-93ER61720 (to L.H.A.), and the US
Department of Agriculture National Research Initiatives
Competitive Grants, Soybean Response to Global Climate
Change Program Grant no. 91-37100-6594 (to K.J.B.) and
Photosynthesis and Respiration Program Grant no.
03-37306-9386 (to G.B.). This work is a contribution of
the Agricultural Research Service, US Department of
Agriculture and the Institute of Food and Agricultural
Sciences, University of Florida (Florida Agricultural
Experiment Station Journal Series No. R-05139).


Ehsanzadeh
Highlight

Ehsanzadeh
Highlight

Ehsanzadeh
Highlight

Ehsanzadeh
Highlight


76 J.C.V.Vuetal.

REFERENCES

Baker J.T., Albrecht S.L., Pan D., Allen L.H., Jr, Pickering N.B. &
Boote K.J. (1994) Carbon dioxide and temperature effects on
rice (Oryza sativa L., cv. IR-72). Soil and Crop Science Society
of Florida Proceedings 50, 90-97.

Berry J. & Bjorkman O. (1980) Photosynthetic response and adap-
tation to temperature in higher plants. Annual Review of Plant
Physiology 31, 491-543.

Besford R.T., Ludwig L.J. & Withers A.C. (1990) The greenhouse
effect: acclimation of tomato plants growing in high CO,, photo-
synthesis and ribulose-1, 5-bisphosphate carboxylase protein.
Journal of Experimental Botany 41, 925-931.

Bowes G. (1993) Facing the inevitable: Plants and increasing atmo-
spheric CO, Annual Review of Plant Physiology and Plant
Molecular Biology 44, 309-332.

Brooks A. & Farquhar G.D. (1985) Effect of temperature on the
CO,/0, specificity of ribulose-1, 5-bisphosphate carboxylase/
oxygenase and the rate of respiration in the light Planta 165,
397-406.

Campbell W.J., Allen L.H., Jr. & Bowes G. (1988) Effects of CO,
concentration on rubisco activity, amount, and photosynthesis in
soybean leaves. Plant Physiology 88, 1310-1316.

Collatz G.J., Badger M., Smith C. & Berry J.A. (1979) A radioim-
mune assay for RuP, carboxylase protein. Carnegie Institution of
Washington Yearbook 78, 171-175.

Conroy J. & Hocking P. (1993) Nitrogen nutrition of C; plants at
elevated atmospheric CO, concentrations.  Physiologia
Plantarum 89, 570-576.

Farrar J.F. & Williams M.L. (1991) The effects of increased atmo-
spheric carbon dioxide and temperature on carbon partitioning,
source-sink relations and respiration. Plant, Cell and
Environment 14, 819-830.

Hansen J., Fung 1., Lacis A. Lebedeff S., Rind D., Ruedy R.,
Russell G. & Stone P. (1988) Global climate changes as forecast
by the GISS 3-D model. Journal of Geophysical Research 98,
9341-9364.

Holaday A.S., Martindale W., Alred R., Brooks A.L. & Leegood
R.C. (1992) Changes in activities of enzymes of carbon
metabolism in leaves during exposure of plants to low tempera-
ture. Plant Physiology 98, 1105-1114.

Jones P., Jones J.W., Allen L.H., Jr. & Mishoe J.W. (1984)
Dynamic computer control of closed environmental plant growth
chambers. Design and verification Transactions of the American
Society of Agricultural Engineers 27, 879—888.

Jordan D.B. & Ogren W.L. (1984) The CO,/O, specificity of ribu-
lose 1, 5-bisphosphate carboxylase/oxygenase. Planta 161,
308-313.

King A.W., Emanual W.R. & Post W.M. (1992) Projecting future
concentrations of atmospheric CO, with global carbon cycle
models: the importance of simulating historical change.
Environmental Management 16, 91-108.

Kobza J. & Edwards G.E. (1987) Influences of leaf temperature on
photosynthetic carbon metabolism in wheat. Plant Physiology
83, 69-74.

Leegood R.C., Lea P.J., Adcock M.D. & Hausler R.E. (1995) The
regulation and control of photorespiration. Journal of
Experimental Botany 46, 1397-1414.

Long S.P. (1991) Modification of the response of photosynthetic
productivity to rising temperature by atmospheric CO, concen-
trations: Has its importance been underestimated? Plant, Cell
and Environment 14, 729-739.

Nie G., Hendrix D.L., Webber A.N., Kimball B.A. & Long S.P.
(1995) Increased accumulation of carbohydrates and decreased
photosynthetic gene transcript levels in wheat grown at an ele-
vated CO, concentration in the field. Plant Physiology 108,
975-983.

Parry M., Andralojc J., Madgwick P., Alred R., Quick P. & Keys A.
(1994) Regulation of rubisco activity. Plant Physiology 105, S998.

Pickering N.B., Allen L.H., Jr., Albrecht S.L., Jones P., Jones J.W.,
& Baker J.T. (1994) Environmental plant chambers: Control and
measurement using CR-10T dataloggers In Computers in
Agriculture, Proceedings of the 5th International Conference,
Orlando, Florida, 5-9 February (eds D. G. Watson, F. S.
Zazueta & T. V. Harrison), pp. 29-35, American Society of
Agricultural Engineers, St. Joseph, Michigan.

Portis A.R., Jr (1992) Regulation of ribulose 1, 5-bisphosphate car-
boxylase/oxygenase activity. Annual Review of Plant Physiology
and Plant Molecular Biology 43, 415-437.

Rowland-Bamford A.J., Baker J.T., Allen L.H., Jr & Bowes G.
(1991) Acclimation of rice to changing atmospheric carbon diox-
ide concentration. Plant, Cell and Environment 14, 577-583.

Sage R.F. & Reid C.D. (1994) Photosynthetic response mecha-
nisms to environmental change in C; plants. In Plant
Environment Interactions (ed. R. E. Wilkinson), pp. 413- 499.
Marcel Dekker, Inc. New York.

Sage R.F., Sharkey T.D. & Seemann J.R. (1989) Acclimation of
photosynthesis to elevated CO, in five C; species. Plant
Physiology 89, 590-596.

Salvucci MLE. (1989) Regulation of Rubisco activity in vivo.
Physiologia Plantarum 77, 164—-171.

Seemann J.R., Kobza J. & Moore B.D. (1990) Metabolism of 2-car-
boxyarabinitol 1-phosphate and regulation of ribulose-1, 5-bispho-
sphate carboxylase activity. Photosynthesis Research 23, 119-130.

Servaites J.C. (1990) Inhibition of ribulose 1, 5-bisphosphate car-
boxylase/oxygenase by 2-carboxyarabinitol-1-phosphate. Plant
Physiology 92, 867-870.

Socias F.X., Medrano H. & Sharkey T.D. (1993) Feedback limita-
tion of photosynthesis of Phaseolus vulgaris L. grown in ele-
vated CO,. Plant, Cell and Environment 16, 81-86.

Spencer W. & Bowes G. (1986) Photosynthesis and growth of water
hyacinth under CO, enrichment. Plant Physiology 82, 528-533.
Tissue D.T., Thomas R.B. & Strain B.R. (1993) Long-term effects of
elevated CO, and nutrients on photosynthesis and rubisco in
loblolly pine seedlings. Plant, Cell and Environment 16, 859—865.

Van Oosten J.J. & Besford R.T. (1994) Sugar feeding mimics effect
of acclimation of high CO,. Rapid down regulation of RuBisCO
small subunit transcripts but not of the large subunit transcripts.
Journal of Plant Physiology 143, 306-312.

Vierling E. & Key J.L. (1985) Ribulose 1, 5-bisphosphate carboxy-
lase synthesis during heat shock. Plant Physiology 78, 155-162.

VuC.V., Allen L.H., Jr. & Bowes G. (1983) Effects of light and ele-
vated atmospheric CO, on the ribulose bisphosphate carboxylase
activity and ribulose bisphosphate level of soybean leaves. Plant
Physiology 73, 729-734.

Vu J.C.V. & Yelenosky G. (1988) Water deficit and associated
changes in some photosynthetic parameters in leaves of ‘Valencia’
orange (Citrus sinensis [L. |Osbeck) Plant Physiology 88, 375-378.

Webber A.N., Nie G.Y. & Long S.P. (1994) Acclimation of photo-
synthetic proteins to rising atmospheric CO,. Photosynthesis
Research 39, 413-425.

Wilson C.A. & Mitchell J.F.B. (1987) A doubled CO, climate sen-
sitivity experiment with a global climate model, including a sim-
ple ocean. Journal of Geophysical Research 92, 13315-13343.

Woodrow LE. (1994) Optimal acclimation of the C; photosynthetic
system under enhanced CO,. Photosynthesis Research 39, 401-412.

Yelle S., Beeson R.C., Jr, Trudel M.J. & Gosselin A. (1989)
Acclimation of two tomato species to high atmospheric CO,. II.
Ribulose-1, 5-bisphosphate carboxylase/oxygenase and phos-
phoenol-pyruvate carboxylase. Plant Physiology 90, 1473-1477.

Received 11 April 1996; received in revised form 4 July 1996;
accepted for publication 6 July 1996

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 68—76



This document is a scanned copy of a printed document. No warranty is given about
the accuracy of the copy. Users should refer to the original published version of the
material.





