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Acclimation of photosynthesis in a boreal grass (Phalaris arundinacea L.)
under different temperature, CO,, and soil water regimes
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Abstract

The aim of this work was to study the acclimation of photosynthesis in a boreal grass (Phalaris arundinacea L.) grown
in controlled environment chambers under elevated temperature (ambient + 3.5°C) and CO, (700 pmol mol ") with
varying soil water regimes. More specifically, we studied, during two development stages (early: heading; late:
florescence completed), how the temperature response of light-saturated net photosynthetic rate (Pg,), maximum rate of
ribulose-1,5-bisphosphate carboxylase/oxygenase activity (V.m.x) and potential rate of electron transport (Jiyay)
acclimatized to the changed environment. During the early growing period, we found a greater temperature-induced
enhancement of Pg, at higher measurement temperatures, which disappeared during the late stage. Under elevated
growth temperature, Ve and Jp.x at lower measurement temperatures (5—15°C) were lower than those under ambient
growth temperature during the early period. When the measurements were done at 20-30°C, the situation was the
opposite. During the late growing period, Vemax and Jp. under elevated growth temperature were consistently lower
across measurement temperatures. CO, enrichment significantly increased Py, with higher intercellular CO, compared to
ambient CO, treatment, however, elevated CO, slightly decreased Vm.x and Jn.x across measurement temperatures,
probably due to down-regulation acclimation. For two growing periods, soil water availability affected the variation in
photosynthesis and biochemical parameters much more than climatic treatment did. Over two growing periods, Vep.x and
Jmax Were on average 36.4 and 30.6%, respectively, lower with low water availability compared to high water availability
across measurement temperatures. During the late growing period, elevated growth temperature further reduced the
photosynthesis under low water availability. V.,.x and Ji,.x declined along with the decrease in nitrogen content of leaves
as growing period progressed, regardless of climatic treatment and water regime. We suggest that, for grass species,
seasonal acclimation of the photosynthetic parameters under varying environmental conditions needed to be identified to
fairly estimate the whole-life photosynthesis.
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deficit.
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Abbreviations: C, — CO, concentration; C, — chloroplast CO, concentration; C; — intercellular CO, concentration; CON — ambient
environment in chamber; EC — elevated CO, concentration in chamber; ET — elevated temperature in chamber; ETC — chamber with
combination of temperature and CO, elevation; g, — mesophyll conductance; gy, — light-saturated stomatal conductance;
AH, — enthalpy of activation; AH, — enthalpy of deactivation; J — rate of electron transport; J,,,,x — maximum rate of electron transport;
K., K, — Rubisco Michaelis constants for CO,, O,; N;— nitrogen content based on leaf area; O — O, concentration; P. — Rubisco-
limited rate of photosynthesis; P; — RuBP-regeneration-limited rate of photosynthesis; Py — net photosynthetic rate; Pg, — light-
saturated net photosynthetic rate; PPFD — photosynthetic photon flux densities; R — molar gas constant; RCG — reed canary grass;
R4 — mitochondrial respiration in light; AS— entropy of tlle desaturation equilibrium; 7, — optimal temperature; Ve, — maximum rate
of carboxylation by Rubisco; o — quantum efficiency; I' — CO, compensation point (absence of dark respiration); 6 — curvature of the
light-response curve.

Acknowledgments: This work was funded through the Finland Distinguished Professor Programme (FiDiPro) of the Academy of
Finland (No. 127299-A5060-06) and the Finnish Network Graduate School in Forest Sciences of the Academy of Finland (No.
49996). Thanks are due to Matti Turpeinen of Vapo Ltd. for providing relevant logistical information on the field sites. The controlled
environment chamber system was funded by European Regional Development Fund (ERDF) granted by the State Provincial Office of
Eastern Finland. Matti Lemettinen, Alpo Hassinen, Risto Ikonen and Eine Thanus at the Mekrijérvi Research Station, are thanked for
their technical assistance. Dr. David Gritten is greatly thanked for revising the language of this paper.

141



Z.-M. GE et al.

Introduction

Numerous studies have been conducted to understand the
acclimated photosynthetic response of Cs plants to rising
growth temperature and CO, (Bernacchi et al. 2001,
2002; Long et al. 2004, Pérez et al. 2007) and water
stress (Flexas 2004a,b; Hu et al. 2010). In this regard, the
maximum rate of ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) activity (Voma) and the potential
rate of electron transport (Ji,.x) are two core parameters
indicating the Rubisco-limited photosynthesis and the
RuBP-regeneration-limited photosynthesis, respectively
(Sharkey et al. 2007).

Based on the literature, the short-term temperature
responses of Vinax and Jn.x under high growth tempera-
ture are likely to increase or decrease depending on
species, phenology and the growing conditions (Ber-
nacchi et al. 2001, Medlyn et al. 2002a,b; Urban et al.
2007). The acclimated response to CO, enrichment is also
evident but equally variable, i.e., it may decrease (Long et
al. 2004, Zhang et al. 2009) or increase (Alonso et al.
2008, 2009) the photosynthetic parameters. Conse-
quently, the widely used biochemical photosynthesis
model in terms of Vim. and J,., which has been
developed by Farquhar et al. (1980) and Farquhar and
von Caemmerer (1982), provides a means to study the
photosynthetic response of C; plants and possible accli-
mation of photosynthesis to climate change in the long
run (Medlyn et al. 2002a,b).

The response of photosynthetic capacity to environ-

Materials and methods

Experimental design: In 2009, 48 microcosms consist-
ing of organic soil monoliths (0.8 m x 0.6 m x 0.4 m,
sufficient volume for root growth) with RCG plants were
cored from the Linnansuo peatland (62°30°N, 30°30” E,
belonging to Vapo Bioenergy Ltd.) in eastern Finland.
RCG plants were cultivated from April 2009 until
September 2010 in the controlled environment green-
house system at the Mekrijarvi Research Station
(62°47°N, 30°58’E, belonging to the University of
Eastern Finland). The plants were fertilized with 5.4 g(N)
m?2 12 g(P) m? and 4.2 g(K) m? during each year
applying the management practices used by Vapo
Bioenergy Ltd.

The greenhouse system consists of 16 chambers
working independently with four replicates for each
climatic treatment: (/) ambient temperature and CO,
concentration (CON); (2) elevated temperature and
ambient CO, concentration (ET); (3) elevated CO,
concentration and ambient temperature (EC); and (4) ele-
vated temperature and CO, concentration (ETC). During
the period of RCG cultivation (2009-2010), the CON
chambers were set to follow the outside free air tem-
perature and CO, concentration (around 370 wmol mol ")
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mental conditions during different growing periods may
represent the variations of photosynthetic acclimation
(Pérez et al. 2007, Gouasmi et al. 2009, Ge et al. 2011).
This information is needed to better understand how the
key photosynthetic parameters acclimate to the varying
growth conditions in order to predict the continuous
carbon uptake over the growing season. This is especially
the case for the boreal herbaceous plants with short life
cycles, such as reed canary grass (Phalaris arundinacea
L., here after RCG), which is a common perennial C;
grass in North Europe. Recently in Finland and Sweden,
the cultivation area of this plant as a bioenergy crop has
rapidly increased (Sahramaa and Jauhiainen 2003, Zhou
et al. 2011). However, little is known about its physio-
logical and growth responses to varying climatic treat-
ments and availability of soil water (Ge ef al. 2011, 2012;
Zhou et al. 2011).

In this context, an experiment was conducted to study
the acclimation of photosynthesis of RCG plants, grown
in controlled environment chambers over two growing
seasons (2009-2010), to elevated growth temperature and
CO, with different soil water availability. Specifically,
we had the following study aims: (/) to identify the accli-
mation of the temperature dependency of carboxylation
efficiency and electron transport capacity, under given
climatic treatments and water regimes, and (2) to validate
the predicted photosynthesis against a set of measure-
ments during two development stages.

(climatic datum see Zhou et al. 2011). In the elevated-
temperature chambers (ET and ETC), the target
temperature was set at +3.5°C above that in the CON
chambers. The target CO, concentration in the elevated
CO, chambers (EC and ETC) was set at 700 pmol mol "
All of the chambers received the ambient irradiance
throughout the trial, while the air relative humidity inside
was set more than 50% with an adjustable humidifier.
The technical details and performance of the chambers
have been described in detail by Zhou et al. (2012).

Each chamber contained three RCG containers treated
with three soil water regimes (soil moisture content),
ranging from high (HW, 100% volumetric soil water
content), to normal (NW, ~50%, roughly same as field
measurement) and low (LW, ~30%). Soil moisture was
monitored with soil moisture sensors (Theta Probe ML 1,
Delta-T Devices, Cambridge, UK) to keep the soil
moisture at the target level through irrigation.

Measurement layout of leaf gas exchange: The gas-
exchange measurements were conducted with a 2 cm x
3 cm standard leaf cuvette in a portable steady-state
photosynthesis system (Li-6400, Li-cor Inc., Nebraska,
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USA) during two plant development stages in 2010: the
first period in 10™-25* June (GP-I, heading) and the
second one 1°-15" August (GP-II, florescence com-
pleted: branches of inflorescence closed along the rachis,
seed ripening). Measurements were performed on the
intact, second fully expanded leaves from 08:00 to 11:00 h
on sunny and cloud-free days. The leaf area was mea-
sured using a leaf area meter (Li-3/00, Li-cor Inc.,
Nebraska, USA). Four plants in each container in each
chamber were measured for replicates.

Py, and g, The measurements of temperature response
of light-saturated net photosynthetic rate (Pg,) and light-
saturated stomatal conductance (g) were done at 5°C
intervals from 5 to 30°C for leaf temperature, under
1,500 pmol m ™2 s~' photosynthetic photon flux densities
(PPFD). The air flow in the leaf chamber was set
at 400 ml min', the vapour pressure deficit was kept
at 1.0+ 0.1 kPa, and relative humidity of the air in the
leaf chamber was set above 60%. The CO, source for the
measurements was a computer-controlled CO, mixing
system supplied with the Li-6400. The CO, concentration
was kept at 370 £ 1 pmol mol™' in the CON and ET
chambers and 700 + 2 pumol mol' in the EC and ETC
chambers.

Vemax and Jy.x: From 5 to 30°C for leaf temperature, the
response of net photosynthetic rate (Py) to intercellular
CO, concentration (C;) and PPFD were measured
at intervals of 5°C. The Py-C; and Pn-PPFD response
curves were used to estimate V., mitochondrial
respiration in light (Ry), and quantum efficiency (a) and
rate of electron transport (J), respectively (Eqs. 24
in Appendix). And then, J,,,,x were calculated as the value
of J at light-saturated (Eq. 5 in Appendix). The variability
of mesophyll conductance (g,,) was also obtained through
Py-C; curves, using the curve-fitting calculator developed
by Sharkey et al. (2007). The Py-C; curves were carried
out under saturating light intensity [1,500 pmol(photon)
m 2 s']. The CO, concentration in the leaf chamber was
lowered in a stepwise manner from 370 to 20 pmol mol ™'
(including 67 points) and then returned to 370 pmol
mol™' to re-establish the initial steady state value of
photosynthesis. Thereafter C, was increased steadily from
370 to 1,400 umol mol™' (including 5-6 points). Gas-
exchange measurements were determined as soon as the
inlet air CO, concentration was stable (Long and Ber-
nacchi 2003). The Py-PPFD curves were carried out
under 1,400 pmol mol™'(CO,) concentration by reducing,
in a stepwise manner, the value of PPFD from 1,500
to 20 pmol m > s (including 10-11 points). Sufficient
time was allowed for photosynthesis to stabilize to the

Results

Temperature dependence of Py, and g, During both
growing periods (GP-1 and GP-II), Py, and g, displayed

new PPFD before logging the measurements (typically
requiring 10 min or less). The leaves were allowed to
equilibrate for 20 min before logging the data in the
Pxn-C; and Py-PPFD curves.

Leaf nitrogen content: After gas-exchange measure-
ment, the measured leaves were dried in a forced-air oven
(70°C, 72 h) to determine the dry mass. The dried leaves
were then ground and sieved for analyzing the content of
leaf nitrogen (Np) using an Elemental Vario Micro Cube
CHNS analyzer (Elementar Analysensysteme GmbH,
Germany). The values of Ny were expressed on a leaf-
area basis.

Farquhar’s model and photosynthetic parameters: As
demonstrated in the biochemical model of Farquhar et al.
(1980) and Farquhar and von Caemmerer (1982), the
Pn-C; and Py-PPED curves describe three phases: (/)
when C; is at a lower/moderate level, Py is determined by
the efficiency of Rubisco enzyme system; (2) with the
increase in C;, Py is limited by RuBP-regeneration; and
(3) a further increase in C; may result in a plateau or
a decrease in Py if triose-phosphate utilization (TPU)
becomes limiting (Long and Bernacchi 2003). Most
often, TPU-limitation is not apparent at any C; and so
only two phases may be seen (Long and Bernacchi 2003,
Sharkey et al. 2007). Accordingly, in this study, the
emphasis was on the Rubisco-limited and the RuBP-
regeneration-limited photosynthesis in terms of the
parameter estimation of Vn.x and Ju.x (Egs. 2-5 in
Appendix).

Statistical analysis and validation of photosynthesis
model: Statistical analyses were carried out using the
SPSS 16.0 (Chicago, IL, USA) software package. Regard-
ing the values of the physiological parameters, the effects
of various treatments were tested (temperature, CO, and
soil water availability) including their interactions using
the three-way ANOVA. Differences between treatments
were assessed to be statistically significant at p<0.05.
Furthermore, the mean differences of physiological
parameters among the four climate chamber treatments
(CON, ET, EC, and ETC) and three soil water regimes at
two growing periods (GP-I and GP-II) were tested using
Tukey’s HSD test.

In the validation work of the photosynthesis model,
we compared the predicted Py, against a set of measure-
ments of Pg, not used in the parameter estimation. In this
work, the estimated V.x and Ji,.x were entered into Egs.
1-6 to calculate Py, at different leaf temperatures
(5-30°C) during two growing periods, for plants grown
under different climatic treatments and water regimes.

a curvilinear response to the measurement temperatures
regardless of growth environment (climatic treatments
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Fig. 1. Means (+ SE, n=4) of the light-saturated net photosynthetic rates (Pg,) and the light-saturated stomatal conductance (gg,) in the
CON, ET, EC and ETC chambers with different water regimes (HW, NW, and LW) at different measurement temperatures (5-30°C)
during GP-I (solid line) and GP-1I (dashed line), based on four replicates in each climate treatment.

and water regimes) (Fig. 1). Py, and gy were signifi- lower during GP-II compared to GP-I (Fig. 2, Table 1),

cantly (p<0.05) lower during GP-II compared to GP-I, regardless of climatic treatment and water regime. The
across the measurement temperatures (Fig. 1, Table 1), effects of measurement periods and water regimes on
regardless of climatic treatment and water regime. The Vemax and Jiax were significant (p<0.05) (Table 2).

differences between measurement periods, CO, levels, During GP-I, Vepax and Jy. at 5-15°C, were on

and water regimes were significant (p<0.05) for Py, and average 10.7% and 5.6% lower under elevated growth
Zsae (Table 2), this was also the case for the effect of temperature compared to ambient growth temperature,
growth temperature and the interactions between CO, respectively (Table 1), regardless of water regime. When

level x water regime for gg,. the measurements were done at 20-30°C, the situation
During GP-I, Py, and g, at the lower measurement was the opposite with higher V,.x and Ji,.x by 5.6% and
temperatures of 5-15°C, were, on average, 11.2 and 15.8%, respectively. During GP-II, V. and Jy.x, under
12.0% lower under elevated growth temperature (ET and elevated growth temperature, were lower by on average
ETC) compared to ambient growth temperature (CON 14.7% and 8.9%, respectively (Table 1), compared to
and EC), respectively regardless of water regime. When ambient growth temperature, across the measurement
the measurements were done at 20-30°C, the situation temperatures regardless of water regime.
was the opposite, i.e., P, and g, were, on average, 11.8 The normalized (to 1 at 25°C) temperature responses
and 6% higher under elevated growth temperature, of Vemax and Jy.x are shown in Fig. 3. Elevated growth

respectively (Table 1). During GP-II, Py, and g, under temperature shifted the optimum temperature of the
elevated growth temperature, were on average 12.4 and parameters to higher temperatures, regardless of water
21.8% lower compared to ambient growth temperature, regime. During GP-I, the optimum temperature for Vepax
respectively, across the measurement temperatures was 24.5-27.6°C and 20.0-23.2°C, and for Jy., 22.3—
(Table 1), regardless of water regime. Over two growing 25.6°C and 18.2-21.0°C under elevated growth tempera-
stages, CO, enrichment (EC and ETC) significantly ture and ambient growth temperature, respectively
(»<0.05) increased Py, and decreased gy, compared to (Fig. 2). During GP-II, the optimum temperature for both

ambient CO, (CON and ET) across the measurement tem- parameters was not significantly changed under elevated
peratures (Fig. 1, Table 1), regardless of water regime. growth temperature (Fig. 2).
Py, and g, were, on average, 31.0 and 37.8% lower Over GP-I and GP-II, elevated CO, slightly reduced

(»<0.05) in LW compared to HW and NW, respectively Vemax and Jiax, on average, by 9.3% and 5.0% compared
(Fig. 1, Table 1), regardless of growing period and to ambient CO,, respectively, across the measurement
climatic treatment. During GP-II, P, and g, showed the temperatures regardless of water regime (Fig. 2, Table 1).
lowest values across the measurement temperatures in The effect of CO, enrichment on the optimum tempera-
LW under elevated growth temperature compared to ture for Ve and Jy. was not significant (Fig. 3),
ambient growth temperature (Fig. 1). regardless of growth temperature and water regime.

Over GP-I and GP-II, V¢ and Jy.x Were, on average,
Temperature dependence of V., and Jy,.: Regardless 36.4% and 30.6% lower (p<0.05) in LW compared to
of growth condition and growing period, Ve and Jyax HW and NW, respectively, regardless of climatic treat-
peaked around the measurement temperature of 25°C, and ment (Fig. 2, Table 1). LW shifted the optimum tempera-
then declined with the increases in measurement tempera- ture of parameters to lower temperatures (Fig. 3), regard-
ture (Fig. 2). Vimax and Jpax were significantly (p<0.05) less of climatic treatment. During both measurement
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Fig. 2. Means (+ SE, n=4) of the maximum rate of ribulose-1,5-bisphosphate carboxylase/oxygenase activity (V. ,.x) and the potential
rate of electron transport (Ji,,«) in the CON, ET, EC, and ETC chambers with different water regimes (HW, NW, and LW) at different
measurement temperatures (5-30°C) during GP-I (solid line) and GP-II (dashed line), based on four replicates in each climate
treatment.

Table 2. ANOVA (F probability) of light-saturated net photosynthetic rate (Ps,), light-saturated stomatal conductance (gg,), maximum
rate of carboxylation (V) and maximum rate of photosynthetic electron transport (Jn.x), with the variances of growing periods
(GP), growth temperature (T), growth CO, (CO,) and water regimes (W). * — p<0.05 (significant); ns — nonsignificant.

Variances Py, [pmol m? sﬁl] Zsar [mol m? sfl] Vemax [mol m? sfl] Jinax [pmol m? sﬁl] Jmax! Vemax
F p F p F p F p Fop
GP 174.9 : 2685 " 769 1642 ° 44 ns
T 3.1 ns 239 ° 2.5 ns 0.0 ns 58 ns
CO, 100.8 790 ° 3.1 ns 6.0 ns 1.4 ns
W 133.8 : 149.3 ° 791 7 100.8 ° 717
T x CO, 0.0 ns 2.1 ns 0.1 ns 03 ns 0.1 ns
TxW 1.0 ns 1.0 ns 0.1 ns 03 ns 0.2 ns
CO, x W 2.3 ns 75 7 0.1 ns 0.0 ns 0.2 ns
TxCO,x W 0.2 ns 0.0 ns 0.1 ns 0.1 ns 0.1 ns
1.2
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periods, Ny was significantly (p<0.05) lower in LW
compared to HW and NW (Fig. 4). From GP-I to GP-II,
Ny, decreased, on average, by 38, 40, and 56% for HW,
NW, and LW, respectively, over the climatic treatments,
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and Vinax and Jp.x at 25°C declined along with the
decreases in N (Fig. 4).

Validation on photosynthesis model: The predicted Py,
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based on the photosynthesis model and the estimated
Vemax and Jy.x was compared against a set of measure-
ments of Pg,; not used in the parameter estimation. The
input environmental variables were PPFD (1,500 pmol
m s ") and leaf temperature (5-30°C) for each climatic

Discussion and conclusions

Effects of climatic treatments: The phenological phase
and developmental stage of RCG plants are triggered by
thermal time (Sahramaa and Jauhiainen 2003). In the
study site of boreal zone, the atmospheric temperature
was still comparatively cool during earlier summer.
Elevated growth temperature could create a moderate
environment for early development and growth of plants
(Ge et al. 2012). During the early growing period,
temperature-induced acceleration in plant development
resulted in a higher photosynthetic rate under warmer
temperature. However, the continuous warming induced
earlier plant senescence, leading to decreases in chloro-
phyll content and photosynthetic capacity during the late
growing stages (Ge et al. 2011, Zhou et al. 2011).

In this study, we found a similar variation of the
photosynthetic parameters (Vepax and Jy.) for two
growing periods. During the early growing period,
warmer growth temperature increased Vimax and Jpax
when measured at higher measurement temperatures.
This reflected that the activation state of Rubisco in
response to higher measurement temperature under
warmer environment might be better than that under
ambient growth temperature. This also resulted in
a higher optimum temperature for photosynthesis under
elevated growth temperature. At lower measurement tem-
peratures, Py, and V.., were slightly lower under
elevated growth temperature compared to ambient growth
temperature. It was because that the plants grown under
warm environment tended to have less amounts
of Rubisco and other enzymes for photosynthetic carbon
metabolism than those grown under lower temperatures
(Yamori et al. 2006, Urban et al. 2007). Thus, in such
plants under high growth temperature, the photosynthesis
performance at lower measurement temperatures was
usually reduced (von Caemmerer and Quick 2000).

Later in the growing season, a continuous high tem-
perature decreased the activation state (enthalpy of
activation, AH,) of Rubisco in plants (Table 3), resulting
in a lower V. with less sensitivity to the measurement
conditions compared to ambient growth temperature, also
due to earlier plant senescence. This was in agreement
with the reports by Crafts-Brandner and Salvucci (2000)
and Salvucci and Crafts-Brandner (2004). The response
of Jiax to elevated growth temperature was, in this work,
similar to that for V... Both the photosynthetically
active radiation absorbed by the leaves and the activity of
the RuBP regeneration system may largely limit the rate
of RuBP regeneration and determine the temperature
dependence of J,.,. (Hikosaka 2005, Hikosaka et al.

treatment and water regime during GP-I and GP-II. As
shown in Fig. 5, the modeled Py, generally coincided
well with the measured Pg,. Nevertheless, some discre-
pancies between the modeled and measured photo-
synthesis were still found, especially in ET.

2006). However, it is still unclear which components
determine the temperature dependence of Jy.x by gas-
exchange measurements alone.

Under a long-term elevation of CO,, downward accli-
mation is usually observed in photosynthetic parameters,
with several hypotheses being proposed to explain this
phenomenon (Long et al. 2004, Ainsworth and Rogers
2007). On average, a 10% reduction of Vpax and Jpax
in grasses and crops (Ainsworth and Rogers 2007, Zhang
et al. 2009) has been reported along with a decrease in
leaf nitrogen and Rubisco concentration (Nowak et al.
2004, Rogers et al. 2006, Pérez et al. 2007). One of the
explanations is based on the re-allocation of nitrogen in
the leaves (Wullschleger et al. 2002a,b). The shift of
nitrogen from Rubisco towards RuBP regeneration would
enable plants to reduce Rubisco content at high CO, level
and to optimize their investment in photosynthetic machi-
nery (Drake et al. 1997). Our results on the degree of
decreases in Vg, and Jo,, inferred that Rubisco activity
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Fig. 4. Changes of the mean (+ SE, n=4) leaf nitrogen con-
centration (N, reversed coordinate), and the mean (+ SE, n=4)
maximum rate of ribulose-1,5-bisphosphate carboxylase/oxy-
genase activity (Vemax) and the mean (+ SE, n=4) potential rate
of electron transport (Jiye) at 25°C from GP-1 to GP-II, under
different water regimes averaged by the climate treatments.
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was reduced under elevated CO, more than the capacity
for RuBP regeneration.

During the early growing period, it was found that
elevated growth temperature increased the photosynthesis
in ETC compared to EC. In spring time, a warmer growth
temperature may accelerate the carboxylation of Rubisco
due to earlier development (Alonso et al. 2008, 2009).
However, a continuous high temperature will inhibit the
activity of Rubisco (Schrader et al. 2006). As our pre-
vious study, the temperature-induced earlier senescence
offset the effect of “CO, fertilization” during the late
stage of growing season (Ge ef al. 2012).

Effects of water regimes: As measured in this work, low
soil water availability reduced the stomatal conductance,
thus limiting the CO, diffusion to intercellular space with
the reduction in carbon uptake and biomass growth, as
presented by Zhou et al. (2011). In this work, water stress
shifted the optimum temperature for photosynthesis to
lower temperatures, probably as a result of biochemical
impairments such as decreasing photosynthetic enzyme
activity and regeneration (Flexas et al. 2004a,b; 2006a,b).
Moreover, the optimum temperature for photosynthesis
and activity of biochemical enzyme is dependent on yield
of photosystem center. As reported in our previous study
(Ge et al. 2011), the effective photochemical efficiency
and electron transport rate in photosystem center exhibi-
ted negative responses to water shortage, indicating
a reduced efficiency of excitation energy or a damage in
the center.

For two growing periods, soil water availability
affected the variation in photosynthesis and biochemical
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parameters much more than climatic treatment did.
Compared to well-watered conditions, LW significantly
decreased Vemax and Jmac across measurement tempera-
tures and growing periods, providing further evidence
that not only diffusive conductance but also intrinsic
photosynthetic capacity was limited, which had been
frequently found in other studies (Flexas et al. 2004a,
2006a,b; Hu et al. 2010). The limitation of the photo-
synthetic response to water stress could be attributed to
a decrease in Rubisco activity (Flexas et al. 2004a,
2006a,b; Zhou et al. 2007, Hu et al. 2010). As estimated
in this work, AH, was significantly reduced in LW com-
pared to HW and NW (Table 3). Also, the nonactivation
of other enzymes in the Calvin cycle or a decrease in
ATP and RuBP synthesis could be behind this result
(Lawlor 2002, Parry et al. 2002). The limitation of J,y,
indicating a down-regulation of electron transport and
activity of soluble enzymes of the stroma, is among the
earliest responses of plants to water stress (Flexas et al.
2004b, Zhou et al. 2007, Hu et al. 2010). Nevertheless,
it is uncertain which process is the most sensitive to
drought.

Our results indicated that the photosynthetic para-
meters acclimated to the seasonal degradation of leaf
nitrogen content, representing a descent trajectory,
regardless of climatic treatment and water regime. This is
because the photosynthetic capacity is closely linked to
nitrogen through the nitrogen-rich enzyme of Rubisco.
The leaf nitrogen content of RCG plants in LW was much
lower than that in HW and NW during both growing
stages, leading to a “flat” decline trend of photosynthetic
parameters through the growing season. However, this
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combined reduction in the biochemical parameters and
leaf nitrogen content might reflect a cooperated adjusting
mechanism regarding the self-protection of enzyme and
nitrogen allocation under drought conditions (Hu et al.
2010).

Interactive effects of water availability and climatic
treatment: Our results showed a further adverse effect of
soil drought on photosynthesis with lower V. and Jiyax,
especially under high temperature, suggesting that water
stress aggravated the effects of high temperature, and
their combination had a more detrimental effect than
either drought or high temperature alone. This was in
agreement with the results of Aranjuelo ef al. (2005) and
Xu and Zhou (2006), who demonstrated that a continuous
high temperature can affect more drastically the activity
of biochemical enzyme and integrity of photosystem cen-
ter because cumulative effects can intensify the negative
response to drought. Our previous results also reflected
that water stress exacerbated the adverse effects of high
temperature on photosystem function (Ge ef al. 2011).
The mitigation effect of elevated CO, on photosyn-
thesis of RCG plants under low soil water availability due
to decreased stomatal conductance, and the consequent
reduced water loss, can be detected (Zhou et al. 2011).
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Appendix

In the photosynthesis model, the rate of net photosynthesis is limited by the slowest of the two following processes: the
Rubisco-limited rate of photosynthesis (P.) and the RuBP-regeneration-limited rate of photosynthesis (P;), considering
the regulation by g, and C, (CO, concentration in the chloroplast) as follows:

Py =min(P,P) (1)
C,=C -PRg, (2)

With the Py-C; curves, the C, can be estimated using the g, (Bernacchi et al. 2002).
The Rubisco-limited photosynthesis is given by:

PV | —ol | R, 3)
C.+K (1+0/K,)

where Vn.x is the maximum rate of carboxylation, " is the CO, compensation point in the absence of dark respiration,
K. and K, are the Michaelis constants for CO, and O,, respectively, and O is the oxygen concentration. " is a function
of the CO,/O, specificity (K, V./K.V,) and O, and V, taken as 0.21V, (Farquhar et al. 1980). The temperature
dependencies of K, and K|, used in this study were the same as those used by Bernacchi ef al. (2001, 2002).

Similar to Eq. 3, the RuBP-limited photosynthesis rate is:

pog| &L | g )
U4 +sT

where J is the rate of electron transport. J is related to the irradiance, by:

| _OPPFD+J, \/(a PPFD+J,, ) —4 6 a PPED J,,

7o )

where 0 (0.88) is the curvature of the PPFD response curve of J and a is the quantum efficiency.
The parameters of Vi and Jo.x estimated from the Pn-C. and Pn-PPFD curves respond to measurement
temperature gradient. The equations used here can be found in Sharkey et al. (2007):

exp (c _AH, J

cmax > max AS ]} —AHd
1+eXp T

1

where AH, is the enthalpy of activation for CO, and PPFD-saturated assimilation, AHj, is the enthalpy of deactivation,
AS is the entropy of the desaturation equilibrium of CO, and PPFD-saturated assimilation, R is the molar gas constant, 7}
is leaf temperature, and c is a scaling constant.

The optimal temperature (7, for photosynthesis was calculated as (Medlyn et al. 2002a):

- AH,
" AS - RIn[AH, /(AH, - AH,)]
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