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Abstract

Extreme climatic events, such as heat waves, cold snaps and drought spells, related
to global climate change, have become more frequent and intense in recent years.
Acclimation of plant physiological processes to changes in environmental conditions
is a key component of plant adaptation to climate change. We assessed the tempera-
ture response of leaf photosynthetic parameters in wheat grown under contrasting
water regimes and growth temperatures (T, ,,). Two independent experiments were
conducted under controlled conditions. In Experiment 1, two wheat genotypes were
subjected to well-watered or drought-stressed treatments; in Experiment 2, the two
water regimes combined with high, medium and low Tgrowth were imposed on one
genotype. Parameters of a biochemical C,-photosynthesis model were estimated at
six leaf temperatures for each factor combination. Photosynthesis acclimated more
to drought than to Tg
temperature (T, ;) and the values at T_, of light-saturated net photosynthesis, sto-

Drought affected photosynthesis by lowering its optimum

rowth*
matal conductance, mesophyll conductance, the maximum rate of electron transport
(J__ ) and the maximum rate of carboxylation by Rubisco (V. T . forV

cmax)‘ opt cmax
to 40°C under well-watered conditions but 24-34°C under drought. The decrease in

max was up

photosynthesis under drought varied among Tg but was similar between geno-

rowth
types. The temperature response of photosynthetic quantum yield under drought was
partly attributed to photorespiration but more to alternative electron transport. All
these changes in biochemical parameters could not be fully explained by the changed
leaf nitrogen content. Further model analysis showed that both diffusional and bio-
chemical parameters of photosynthesis and their thermal sensitivity acclimate little
to Tgrowth,
Tgrowth. The commonly used modelling approaches, which typically consider the re-

sponse of diffusional parameters, but ignore acclimation responses of biochemical

but acclimate considerably to drought and the combination of drought and

parameters to drought and Tg strongly overestimate leaf photosynthesis under

rowth’

variable temperature and drought.
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1 | INTRODUCTION

Extreme climatic events, such as heat waves and drought spells,
related to global climate change have become more frequent and
intense in recent years (IPCC, 2021; Lloret et al., 2012; Perkins-
Kirkpatrick & Lewis, 2020; Solomon et al., 2009). Numerous stud-
ies have documented that the impacts of these extreme events
are hard to quantify, leading to uncertainties in predicting future
gross primary productivity (GPP) and carbon budgets of (agro)
ecosystems as well as in assessment of future global food security
(Asseng et al., 2015; Lobell & Gourdji, 2012; Peng et al., 2020; Piao
et al.,, 2013; Yin & Struik, 2017). Photosynthesis is the major physio-
logical process that determines GPP of ecosystems and productivity
of crops. Scaling up photosynthesis from leaf to canopy and eventu-
ally to the GPP of (agro)ecosystems over the whole season requires
the quantitative information on how photosynthesis responds to
short-term fluctuations, and acclimates to prolonged changes, in en-
vironmental variables including extreme events.

The biochemical photosynthesis model of Farquhar, von
Caemmerer, and Berry (1980; ‘the FvCB model’ hereafter) is widely
used in quantifying leaf net photosynthesis (A) in response to short-
term environmental cues. This model has parameters characteriz-
ing various photosynthetic biochemical components, that is, the

maximum rate of electron transport (J or the maximum rate of

)
max
carboxylation by Rubisco (V. ). An extension by Sharkey (1985)
adds a third biochemical limitation, the rate of triose phosphate
utilization (Tp). This model requires the CO, partial pressure at the
carboxylation sites (C ) as input. Thus, conductance for the CO, dif-
fusion towards the substomatal cavity (stomatal conductance, g,)
and from the intercellular airspace in leaves to the sites of carbox-
ylation in chloroplasts (mesophyll conductance, g,,) can be coupled
with the FvCB model, allowing A to be predicted as a function of
the CO, level in the intercellular airspaces (C) or in the atmospheric
air (C,). Leaf photosynthesis is sensitive to short-term fluctuations
in leaf temperature (T,.,): typically, A increases with increasing T,
up to an optimum temperature (Topt), beyond which A declines with
leaf (Way & Yamori, 2014; Yamori et al., 2014).
This response can be well modelled via temperature responses of

v

cmax’

further increases in T,

photosynthesis parameters (J Tp, g, and g,), typically de-

max’
scribed using activation energy in the Arrhenius equation (Bernacchi
et al., 2009; Rogers et al., 2020).

When plants are exposed to prolonged changes in growth en-

vironment [e.g. changes in growth temperatures (Tg ) and water

rowth
regimes], the photosynthetic parameters and their underlying
structural, physiological and biochemical processes adjust to these
conditions, thereby leading to photosynthetic acclimation (Smith
& Dukes, 2013). How leaf photosynthesis adjusts to prolonged

changes in Tgrovvth and how such adjustments are manifested as

alterations in the response function of a photosynthetic parameter
have long been investigated across species (Dusenge et al., 2021;
Yamasaki et al., 2002; Yamori et al., 2005). Previous studies reported
that while little effect of Tgrowth onV,  andJ _ atstandard T,
(25°C; J 1005 and V,

to lower Tgrowth typically results in general downward shifts in TOpt
of light-saturated net photosynthesis (A_,,), J,.,, and V. (Kattge &
Knorr, 2007; Kumarathunge et al., 2019), as well as in the activation
E and of V (E (Dusenge et al., 2020; Yin

Jmax) cmax
et al., 2019). Likewise, acclimation to higher Tg

leaf

) was observed, photosynthetic acclimation

max2 max25

energies of J

max ( chax)

typically leads to

rowth

upward shifts in Topt of these parameters. Similar to those for photo-
synthetic acclimation to elevated CO, (Harley et al., 1992; Yin, 2013),

mechanisms underlying the acclimation to Tg , are possibly linked

rowt

to leaf N status, as evidence showed that high Tg decreased leaf

rowth
N, thereby declining photosynthesis capacity (Cai et al., 2020; Crous
et al., 2018; Yin et al., 2019). Besides, changes in pigment content
and thylakoid membrane may play roles in the acclimation to Tgrowth
(Dusenge et al., 2020; von Caemmerer et al., 2009).

Soil water availability also influences leaf photosynthesis.
Under drought stress, the decreased photosynthesis could be at-
tributed to lower CO, availability induced by stomatal closure (Wei
et al., 2020). Kumarathunge et al. (2020) reported that although g
was significantly lower under water shortage conditions, V..
was unaffected, in line with the report of Galmés et al. (2013) of
little changes in any of the Rubisco-related parameters under mild
to moderate drought. However, photosynthesis under severe water
stress can be inhibited by nonstomatal limitations. For instance,
drought may induce the occurrence of alternative electron transport
(Zivcak et al., 2013), which decreases the proportion of linear elec-
tron transport and thus photosynthesis (Yin et al., 2016). Drought
stress also impaired ATP synthesis and thus ATP-limited regenera-
tion of RuBP, which in turn decreased Rubisco activity leading to
photoinhibition (Flexas & Medrano, 2002). A recent study for wheat
showed that drought stress alone did not lead to a decline in Rubisco
activation state, whereas the combination of drought and high
temperature stress did (Perdomo et al., 2017). Salvucci and Crafts-
Brandner (2004) suggested a predominant Rubisco limitation with
increasing temperature since high temperature decreases Rubisco's
affinity to CO, relative to O,, leading to high photorespiration.

Only accounting for short-term temperature response may
not suffice as omitting photosynthetic acclimation to growth en-
vironments may overestimate carbon exchange and thus produc-
tivity (Smith et al., 2016). There have been many studies on the
acclimation responses of photosynthetic parameters to Tgrowth (e.g.
Dusenge et al., 2021; Yamasaki et al., 2002), and thermal acclima-
tion parameterizations were developed and have been incorporated
in Earth system models (Huang et al., 2019; Kattge & Knorr, 2007
Kumarathunge et al., 2019; Mercado et al., 2018; Smith et al., 2016);

85U80| 7 SUOLIIOD BAIea1D) 3|cedl|dde 8y} Aq peusenob e Sajole O ‘88N 4O Sa|nJ 10} Afeiq|T8UIUO AB]IA UO (SUORIPUD-PUR-SWLBHLIOD A8 |IM"Ale1d 1 [BUI|UO//SANL) SUORIPUOD PUe WS | 8U} 885 *[220z/2T /0] Uo Areiqi8ul|uo A3|iM ‘8oueld aueiyooD Aq 8879T GoB/TTTT 0T/10p/wi0o A3 |imAkeiqijuljuoy/sdny wiouy papeojumod ‘0 ‘98r2S9ET



FANG ET AL.

however, this was rarely done for photosynthetic acclimation to

other factors and their combination with T, ..,

the lack of experimental data. Indeed, recent studies have explored

probably due to

photosynthetic acclimation to more complex environmental com-
binations, for example, the combination of atmospheric CO, and
Torowth (Cai et al., 2018, 2020; Dusenge et al., 2020) and the com-
(Dai et al., 2021). Nevertheless, little

is known for how photosynthetic components acclimate to water

bination of ozone and TgmWth

stress and its combination with T, which is reflected in the as-

rowth?
sumptions made in many models tghat water stress only affects pho-
tosynthesis by suppressing g, but not biochemical parameters (e.g.
Yin & Struik, 2017). Kumarathunge et al. (2020) reported that the
temperature optima for photosynthesis became lower under water
limiting conditions in seedlings of a tree species (E. tereticornis sp.
Tereticornis); however, as the temperature response of biochemical
parameters was not reported in their study, they concluded that the
photosynthetic acclimation to water stress is mainly attributed to
stomatal limitation.

To our knowledge, to date, no single study provides data for full
set of leaf photosynthetic parameters and their sensitivity to T, in
response to a combination of contrasting water regimes and Tgrowth,
for a C; herbaceous species like wheat. In addition, the consequence
of omitting photosynthetic biochemical acclimation to water defi-
cit and Tgrowth in modelling studies remains to be investigated. The
objectives of this study are (i) to quantify the response of leaf pho-

tosynthetic parameters to Tg , and drought; and (ii) to examine to

rowt
what extent photosynthetic acclimation can affect the results of the
FvCB leaf photosynthesis model under severe water deficit at dif-
ferent Tgrowth. We hypothesize that (i) wheat has the ability to adjust
its leaf photosynthetic traits to its growing environment, resulting
in photosynthetic acclimation in response to drought and that the
i) omitting photosyn-

acclimation to drought depends on Tgrowth; (

thetic acclimation to drought and its interactions with Tg n incrop

rowt
growth and plant vegetation models may cause significant errors in
predicting leaf photosynthesis and crop yield under climate change
scenarios. We conducted experiments in controlled conditions to
test the above hypotheses within the context of future warmer and

drier climates.

2 | MATERIALS AND METHODS

To test the hypotheses above, we conducted two experiments
at Unifarm of Wageningen University, the Netherlands, in 2019
and 2020. In Experiment 1 (EXP2019), two winter wheat (Triticum
aestivum L.) genotypes, Thésée and Récital, were subjected to well-
watered (WW) and drought-stressed (DS) treatments, to determine
whether the effect of drought on leaf photosynthesis is genotype
dependent; in Experiment 2 (EXP2020), the two water regimes com-
bined with high, medium and low TgmWth were imposed on Thésée,
to examine whether leaf photosynthesis and its components can
be altered by contrasting water and T, ., regimes. The tempera-
ture responses of leaf photosynthesis and its components for each

oo, MOEMIE

factor combination were examined by estimating parameters of
the FvCB model at six T,

et al. (2009). Temperature response curves were described either by

basically following the procedure of Yin

a modified Arrhenius equation (Medlyn et al., 2002) or by a normal
distribution alike equation (June et al., 2004). We further quantified
the errors created by neglecting the acclimation of both biochemical
and CO,-diffusion parameters. All symbols of model parameters are
listed in the Table S1.

2.1 | Experimental set-up and treatments

Plant management practices, experimental set-up and treatments
have been detailed in our earlier study (Fang et al., 2022), therefore,
only a brief description is given here.

EXP2019 was implemented in a climate-controlled glasshouse.
The two genotypes were chosen because of their clear differences
in drought tolerance, and precocity, and yield components. Récital
was obtained from a cross between a CIMMYT spring wheat cultivar
and a French winter wheat breeding line and has higher drought tol-
erance than Thésée, which was obtained from a cross between a UK
feed wheat cultivar and a French bread wheat cultivar. Compared
with Récital, Thésée has a stronger cold requirement, a lower til-
lering capacity and larger grains. Plants were well-irrigated before
anthesis. At anthesis half of the plants of each genotype were sub-
jected to a DS treatment by withholding water until the fraction of
plant available water declined to ~0.2 (Figure Slc,d; measured by
weighing pots daily). At this moment leaf transpiration rate of DS
plants was on average ~20% of that of WW plants (Figure S2b); this
drought level was maintained by adding to each pot the amount of
water lost every day until the end of the measurements (Figure S1).
The remaining half of the plants were maintained at 90% soil water
holding capacity until the end of the experiment (treatment named
WW) as control.

EXP2020 was conducted in climate chambers. When the flag leaf
ligule was just visible, which corresponds to the stage of male mei-
osis (Barber et al., 2015), Tg

ing plants to three climate chambers with three different day/night

rowth treatment was applied by allocat-
air temperature settings: high (28/24°C, daily average temperature
26.7°C; treatment HT), medium (21/17°C, daily average tempera-
ture 19.7°C; treatment MT) and low (16/12°C, daily average tem-

perature 14.7°C; treatment LT) temperatures. The Tg , settings

rowtl
were similar to the temperature regimes under semi-controlled field
conditions as described in Martre et al. (2003). MT is considered as
the control growth temperature treatment since the Tgmwth was sim-
ilar to the outside field temperature (mean temperature 19.5°C) in
Martre et al. (2003) and was the same as the Torowth
perature treatment started. To minimize any confounding impact of

before the tem-

varying vapor pressure deficit (VPD), VPD was set identically across
chambers (0.87/0.68kPa for day/night); as a result, 77%, 65% and
52% relative humidity were applied for HT, MT and LT treatments re-
spectively. After anthesis, plants from each chamber were subjected
to the two water treatments as in EXP2019.
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In both experiments, measurements were labour-intensive and
to spread the workload over longer periods of time, four batches
of seeds were sown with 10- to 20-day intervals (since crop dura-
tion decreases as T4, is increased, and the length of intervals de-
pended on Tgrowth in EXP2020). Within each batch, we established
three to five pots of plants for each treatment and the position of
pots was rotated daily to avoid any confounding effect of microcli-

mate in the glasshouse or climate chambers.

2.2 | Gas exchange and chlorophyll fluorescence
measurements

Gas exchange (GE) and chlorophyll fluorescence (CF) were meas-
ured simultaneously on flag leaves by using a portable photo-
synthetic system (Li-Cor 6800; Li-Cor, Inc.) equipped with an
integrated fluorescence chamber head of 6 cm?. In both experi-
ments, measurements were taken between 10 and 17 days after
the onset of the drought treatment, that is, between 147 and
250°C days for LT and between 267 and 454°C days for HT (base
temperature 0°C) after anthesis, which broadly corresponds to
the start of effective grain filling period (Girousse et al., 2021).
Measurements were taken at six T, ranging from 15 to 40°C
with 5°C intervals, except for the LT treatments in EXP2020 for
which T,

deficit (VPD,) in the cuvette increased when T,

¢ ranged from 12 to 35°C. Leaf-to-air vapor pressure
leaf INCreased and

was controlled at each T, step, ranging from 0.9 kPa at 12°C to
3.0 kPa at 40°C (Figure S2a). To achieve the desired T,

were moved to a climate cabinet with similar air temperatures dur-

leap Plants
ing measurements.
At each T

curves respectively) were assessed under photorespiratory condi-

light and CO, response curves (A-I, . and A-C,

leaf’

tions (PR, 21% O,). For each A-I, _curve, I, (incident irradiance)
was sequentially set at 2000, 1500, 1000, 500, 200, 150, 120, 90,
60 and 40 pmol photons m™s™1 (300-360's per step), while keeping
CO, concentration in the measurement cuvette (C,) at 400 ppm.
For each A-C, curve, C, steps were 400, 200, 100, 50, 400, 400,
400, 650, 1000 and 1500 ppm (150-180s per step), while keep-

2

ing [. s™!. Prior to each measurement,

inc

at 1000 pmol photons m~
leaves were first placed in the cuvette with the setting conditions
until GE was stable, which took about 30 min. To properly estimate
photosynthetic parameters, we also assessed A-I, . curves under
non-photorespiratory conditions (NPR, 2% O, combined with
1000ppm C,). To guarantee that data used for calibration were
collected within the electron transport-limited range, only the
first half of A-I, . curves was measured: [, was sequentially set
at 200, 150, 120, 90, 60 and 40 pmol photons m™ 57! (300-360s
per step), while keeping C, at 1000 ppm. For the measurements
under NPR conditions, a gas cylinder containing a mixture of 2%
O, and 98% N, was used. Gas from the cylinder was supplied to
the Li-Cor 6800 where CO, was blended with the gas. For each
light or CO, step during GE measurements, the operating photo-
chemical efficiency of photosystem Il (®,) was determined at each

li,c or C, step as (1—F,/F/) (Genty et al., 1989), where F_ is the
steady-state fluorescence, and F/ is the maximum fluorescence
during the saturating light pulse determined by the multi-phase
flash method (Loriaux et al., 2013). The three types of curves de-
scribed above (i.e. the full set of measurements) were assessed on
the same flag leaf, and the full set of measurements at each T,
was conducted randomly during measurement period to minimize
any confounding effect of leaf senescence. However, we found it
difficult to conduct the full set of measurements on the same flag

leaf across all T,__, as the leaves would be damaged after frequent

leaf
measurements, especially for drought treatment. Therefore, we
used a new leaf when we observed visible damage.

After measurement, the portion of the flag leaves used for GE
and CF measurements was cut to determine its N concentration.
Rectangle area of the leaf portion was calculated as length mul-
tiplied by width which were measured by using a vernier calliper.
Then the leaf material was weighed after drying in an oven at 70°C
to a constant weight. The concentration of total N in leaf mate-
rial on a mass basis (N, mgg™!) was analysed using an EA1108
CHN-O Element Analyzer (Fisons Instruments) based on the
micro-Dumas combustion method. From these data, leaf N con-
tenton area basis (N,.... g m~2) and leaf mass per area (LMA, gm™2)
were calculated.

The GE and CF data of A-I, curves with I, _ranged from 200 to
40pmolm™ s7! under PR and NPR conditions of both experiments
have previously been used to estimate leaf day respiration (Fang

et al,, 2022).

2.3 | Estimation of photosynthetic parameters

Values of day respiration (R,) were taken from our previous estimates
for the same experiments (Fang et al., 2022). Photosynthetic param-
eters of the FvCB model were estimated by using the data of A-I;

and A-C, curves at each T,_,, following the procedure described by

leaf’
Yinetal.(2009). The full procedure and relevant equations have been
detailed in Supplementary Methods of Supporting Information. The
estimated parameters included: (i) PSll electron transport efficiency
under limiting light (@, | ), and the related parameter for the efficiency
of converting incident light into linear electron transport under limit-
ing light (i, ); (i) J . (iii) Vo (iV) T (V) g, As with previous stud-
ies (e.g. Flexas et al., 2007; Ma et al., 2021; Yin et al., 2009), g, was
found to be variable with light and C; levels, resembling g.. Here we
only report its values for I, = 2000 pmolm'2 stand C,=400ppm
(8:nmax)» together with values of g, at the same condition for showing
A, Giventhatg s asingle-point value, we also estimated g, by
the so-called NRH-A method (g, rp.a)» Where g, is assumed to be
constant (Yin & Struik, 2009), by fitting the non-rectangular hyper-
bolic equation for A to a set of data points of light and CO, response
curves that are expected to be within the electron transport-limited
range. Additionally, we calculated the quantum vyield of photosyn-
thetic CO, uptake on an absorbed light basis (@, ) under both PR
and NPR conditions, according to the procedure of Yin et al. (2014).
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2.4 | Temperature responses of
photosynthetic parameters

J and V

sat’ gm’ max cmax’
possible, were described by a modified Arrhenius equation (Medlyn

et al., 2002):

The temperature responses of A wherever

11 >]1+exp[:?(

Ex
x= X258Xp [F <m - Tleaf

where R is the universal gas constant (0.008314kJK™ mol™), X, is
the value of parameters estimated at T, = 25°C, E,, D, and S, are
the activation energy, deactivation energy and the entropy factor of
relevant parameters respectively. To estimate Topt and the value of rel-

evant parameter at Topt (X__.), the same data were fitted to the mod-

)
opt”?
ified Arrhenius equation written in the form containing Topt (Medlyn

etal,, 2002; Yin, 2021):

Ex( 1 1
D[ (7~ )]

"o -Ef1-el% (A - )]}

Note that (i) E, and D, are common to Equations (1) and (2), and the

X=X (2)

estimates of E, or D, from the two equations are identical (Yin, 2021),
and (i) T,

lea
We described the temperature response of @, | and k, | by using

¢ in both equations should be in K.

a normal distribution alike equation (June et al., 2004):

Tioae = Tone \ 2
X=Xoptexp[— <¥> ] 3)

where Q is the value of T, Topt at which @, or k,, falls to 1/e

eaf
(where e is Euler's number) of its value at Topt.

2.5 | Prediction of leaf photosynthetic rate
with and without parameter acclimation

We combined the FvCB model [Equations (S1), (S4), (S5), and (S15)]
with Equations (1) and (3) to predict A for the different temperature
and water regime treatments of both experiments with the estimated
photosynthetic parameters and their temperature response curve pa-
rameters. To test to what extent omitting photosynthetic acclimation
to drought and Tgrowth can affect model predictability, we compared
two sets of predictions of A. One was predictions only considering the
effect of drought stress or Tgrowth on CO, diffusional conductance [g,
and g, - a unitless parameter allowing for the variable g, ; see Equation
Tp and R))
were estimated from plants grown under optimal growth conditions
(i.e. treatments WW and MT). This parametrization of the FvCB model

(S14)]. Here the biochemical parameters (i, J a0 Vemax:

is in line with the common practice where only the diffusional limita-
tion is accounted for in modelling the effect of environment variables

ST v -

on A, namely assuming no biochemical acclimation (‘no acclimation’)
as in an existing crop model (Yin & Struik, 2017). In the second set of
predictions, we assumed a ‘full acclimation’ to growth environmental
variables of all photosynthesis biochemical parameters. Thus, in this
second set of prediction, we used treatment-specific values of both
CO, diffusional conductance and biochemical parameters.

We then assessed to what extent each photosynthetic compo-
nent can independently cause errors in predicting A under variable

water supply and Tg The set of ‘full acclimation’ was used as a

rowth*
reference to compare errors in A prediction by changing one param-
eter at a time from their values estimated under treatment-specific
conditions (i.e. values of the set of ‘full acclimation’) to their values
estimated under the control growth conditions. Because the shape
of temperature response curves is determined together by the shape
parameters [e.g. E,, D, and S, in Equation (1)], these parameters
were changed together, otherwise the curve would have become
biologically meaningless. Therefore, for each photosynthetic param-
eter, the temperature response curve parameters (if they have) were
divided into two parts: one is the value of relevant photosynthetic
parameters estimated at a reference T, [i.e. X, in Equation (1) and
Xopt in Equation (3)], and the other is the shape parameters of the
curve [i.e. E,, D, and S, in Equation (1), 2 and Topt in Equation (3)].
Here, values of the temperature response curve parameters of R,
were taken from Fang et al. (2022), and the temperature response
of R, was described by the simple Arrhenius equation [E, is the only

shape parameter; see equation (6) in Fang et al., 2022].

2.6 | Curve fitting and model analyses

Non-linear curve fitting procedures in the FvCB model, Equations (1)-
(3) were implemented using the GAUSS method in PROC NLIN of SAS
(SAS Institute, Inc.). The SAS codes can be obtained upon request
to the corresponding author. We fitted the GE and CF data by using
pooled data of individual replicates to obtained estimates of photosyn-
thetic parameters, which are most reliable for representing treatment-
specific parameters (which in fact are close to the mean of replicated
estimates but have better statistical predictions of all data points than
the mean). Therefore, the parameters of the modified Arrhenius equa-
tion [Equations (1) and (2)] and the normal distribution alike equation
[Equation (3)] and their standard error of the estimates were estimated
by using the parameter estimates estimated from the pooled data.
We assessed the goodness of the predictions of A with and with-
out acclimation of the photosynthesis biochemical parameters using

the relative root mean squared error (rRMSE) given by:

it (Yi—xi)z (4)

where nis the number of data points, and x is the mean of the measured
values, y; and x are the ith predicted and measured values respectively.
Model analyses for prediction of A with and without parameter accli-
mation were conducted using R version 4.1.2 (R Foundation).
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3 | RESULTS

The above-mentioned photosynthetic parameters were estimated

for each T, _., based on the GE and CF measurements on the well-

leaf’
watered and severe water-stressed plants grown under various

T

growth?’
scribed below.

thereby, their temperature responses were obtained, as de-

3.1 | Temperature response of light-saturated net
photosynthesis

In EXP2019, drought decreased A_,, at the optimum temperature
(Asat,opt) and at 25°C (Asat,ZS)’ as well as the optimum temperature for
A (Topt’Asat) for both genotypes (Figure 1a; Table S5). In EXP2020,
the response of A_ to T
treatments (Figure 1b; Table Sé). For WW plants, Topt,Asat increased

was altered by both the water and Tgrowth

leaf
with increasing Tg
Tgrowth
atall T,
ments. For the three Tgrowth treatments, ToptAsat was 3.5-7°C lower
for DS than for WW. Moreover, unlike for WW, for DS Asat,opt dif-
fered between Tgmwth, with its value being lowest for HT and highest

for MT (Figure 1b; Table Sé6).

rowthe While A_ o was not significantly affected by

treatments (Table S6). The drought treatment suppressed A,

and this drought effect differed among the Tg treat-

rowth

3.2 | Temperature response of CO, diffusional
conductance

Generally, for WW plants of EXP2019 and those grown at MT in
EXP2020, g, increased with T,
but increased again at 40°C (also high

leaf UP to @ maximum value at ~25°C

and decreased at higher T,

leaf’

VPD,, Figure 2a,b; Figure S2f), agreeing with results from previ-
ous report (Slot et al., 2016). For both genotypes, the optimum

temperature for g (Topt,gs) was 5°C lower for DS than for WW

(Figure 2a). For EXP2020, T.

s Toptags for

increased with increasing TgrOWth
both water treatments (Figure 2b). Drought stress suppressed g at
all T, (Figure 2a,b).

Drought stress declined g, .. at its optimum temperature
(gmmax'opt) and at 25°C(g,,,.., »5) for both genotypes and for all Torowth
(Tables S5 and Sé). In EXP2019, under DS conditions the optimum
temperature for g (Topt’gmmax) slightly decreased for both gen-
otypes; while in EXP2020, the shift of Topt,gmmax was obvious for
LT but not for HT and MT (Figure 2c,d). Similarly, drought stress
for T\.,>20°C (Figure 2e,f). The

drought treatment decreased the optimum temperature for S in(NRH-A)

decreased g, \rp-p) At aAll Tooumm,

(Topt,gm(NRH)), regardless of genotypes and Tg and this decrease

rowth’

differed among Tg Figure 2e,f).

rowth (

3.3 | Temperature response of electron transport
parameters and quantum yield

®,,, showed a limited response to T, which is in line with pre-
vious results (Bernacchi et al., 2003; Yin et al., 2014). In EXP2019,
®,,, was roughly consistent between genotypes but slightly lower
for DS compared with WW at all T (Figure 3a,c; Table S7). For
WW in EXP2020, ®,, was not significantly affected by Tg
while drought stress increased the optimum temperature for @,
, under PR conditions (Figure 3b,d; Table S8).

The calculated «, , also showed a bell-shape response to T,

rowth’
(Topt,(D2LL) forall Tgrowt
leaf
(Figure 3e,f). In EXP2019, for both genotypes, ,, appeared to re-
spond more to T, under DS than under WW (Figure 3e). Drought

stress decreased «,, at all T, accompanied with decreases in

leaf’
the optimum temperature for x| (T, o) and its value at T_, |
(kyy\ope Tables S7 and S8). In EXP2020, «,,, .. decreased with in-
creasing Tgrowth under both water regimesand T, ptc2LL Was higher for

o]
HT than for MT and LT (Figure 3f; Table S8).

EXP2019 EXP2020
40
Thésée Récital b HT MT LT
(a) ww| & A (b) ww|—0- -0~ -
o DS | -©- Ds [-&- -6~ -EF
» 30
! &
. &
o) é/‘
S 20
g
=N D---n 2z
E P .
< 10 R e 8o -
* e e B R
3 g0
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Tiear (°C) Tiear (°C)

FIGURE 1 Temperature response of light-saturated net CO, assimilation rate (A

(T,

lea

sat)- Response of measured A_, to leaf temperatures

«) for the winter wheat genotypes Thésée (circles) and Récital (triangles) grown in a glasshouse under well-watered (WW,; filled symbols

and solid lines) or drought-stressed (DS; open symbols and dashed lines) conditions in EXP2019 (a), and for Thésée grown in climate
chambers at high (HT, day/night temperature 28/24°C; rhombuses), medium (MT, day/night temperature 21/17°C; circles) or low (LT, day/
night temperature 16/12°C; rectangles) growth temperature under WW (filled symbols and solid lines) or DS (open symbols and dashed

lines) conditions in EXP2020 (b). A

sat

was measured at an incident irradiance of 2000 pmolm

s and a C, of 400ppm. Curves were drawn

according to the modified-Arrhenius equation, Equation (1), fitted to the data. Data are means+1 SE for n = 4-7 independent replicates.
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FIGURE 2 Temperature response of CO, diffusional conductance. Responses of stomatal conductance measured at an incident

irradiance of 2000pmolm™2 s and a C, of 400ppm [g; (a, b)], and mesophyll conductance estimated for the same conditions [
(c, d)] and by the NRH-A method [gm(NRH_A); (e, f)] to leaf temperature (T,

lea

gmmax;
«) for the winter wheat genotypes Thésée and Récital grown in a

glasshouse under well-watered (WW,; filled symbols and solid lines) or drought-stressed (DS; open symbols and dashed lines) conditions in
EXP2019 (a, c, e), and for Thésée grown in climate chambers at high (HT, day/night temperature 28/24°C; circles), medium (MT, day/night
temperature 21/17°C; triangles) or low (LT, day/night temperature 16/12°C; rectangles) growth temperature under WW (filled symbols
and solid lines) or DS (open symbols and dashed lines) conditions in EXP2020 (b, d, f). In (c-f) curves were drawn according to the modified-
Arrhenius equation, Equation (1), fitted to the data. In (a) and (b) data are means + 1 SE for n = 4-7 independent replicates, and in (e) and (f)

data are estimates+ 1 SE for n = 4-7 independent replicates.

The quantum yield of photosynthetic CO, uptake (@, ) de-
pended significantly on T, water regime, and photorespiratory
(Figure 4). Under PR con-

ditions, drought stress increased the sensitivity of ® o, to T,

leaf?
condition, but not on genotype or Tgmwth

leaf*
Under NPR conditions, @, , of WW plants was essentially inde-

pendentof T, (Figure 4c,d); however, for DS treatment, even under
although the
temperature sensitivity of @,  was weaker than for PR (Figure 4).

NPR conditions, @, decreased with increasing T,

3.4 | Temperature response of photosynthetic
capacity parameters

For both genotypes, under WW conditions J_ . increased with in-
but declined for T, > ~33°C (Figure 5a). J , decreased

creasing T, max

leaf

under DS conditions at all T,__; and its optimum temperature (Top’JmaX)
was 8°C lower for DS compared with WW (Figure 5a; Table S5).
Tothmax increased with increasing Tgrowth for both WW and DS, and
it was ~10°C lower for DS than for WW at each Tgrovvth (Figure 5b;
Table Sé).

In general, V

' max Tor WW plants increased exponentially with

drought stress slightly decreased V. while this decrease was

Tleaf; cmax
significant for T,
for V.. (Topt,chax) was lower for DS than for WW, but except for

the case of HT in EXP2020 (Figure 5c,d). The ratio of J_ _ to V,

cmax

leaf>25°C (Figure 5c,d). The optimum temperature

decreased with increasing T, irrespective of the water and T,y

treatment (Figure S3).

As in previous studies (Harley & Sharkey, 1991; Yang et al., 2016),
here the rate of triose phosphate utilization (Tp) increased as T
increased from 15 to 30°C. However, T, was not estimated for
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EXP2019 EXP2020 FIGURE 3 Temperature response of
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i; er 7 '--’ﬁ:;\.g conditions, and calculated conversion
£ 06 m \Akg i efficiency of limiting incident light into
5 linear electron transport of photosystem
04 ¢ i Il [y ; (e, f)] to leaf temperature (T )
for the winter wheat genotypes Thésée
02 ' ' ' ' ' ' ! ! ! ! ! ! and Récital grown in a glasshouse under
well-watered (WW,; filled symbols and
z | @ o ,
§ 10 | NPR conditions | NPR conditions solid lines) or drought-stressed (DS; open
% symbols and dashed lines) conditions in
= 08 b EXP2019 (a, c, €), and for Thésée grown
f) in climate chambers at high (HT, day/
g 06 L night temperature 28/24°C; circles),
e medium (MT, day/night temperature
s 04 | 21/17°C; triangles) or low (LT, day/night
temperature 16/12°C; rectangles) growth
02 . . . . . . , , , . . . temperature under WW (filled symbols
and solid lines) or DS (open symbols and
~ o5 | (e) L (F) dashed lines) conditions in EXP2020 (b,
2 d, f). Curves were drawn according to the
§ 04 3 modified-Arrhenius equation, Equation (1),
—2‘ A - A A fitted to the data. In (a-d) data are
5 03 1 g:,m I estimates+1 SE for n = 4-7 independent
\ié 02t A A ‘\2\‘\@\ L replicates.
5 01 | =8 i
0 . . . . . . . . . . . .
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Tiear>30°C (in EXP2019) or 35°C (in EXP2020) for WW and for
T\ear>20°C (in EXP2019) or 25°C (in EXP2020) for DS (Figure 5e,f), in-
dicating little limitation set by triose phosphate utilization. Therefore,

no temperature response curve was drawn for Tp in Figure 5ef.

3.5 | Effects of neglecting acclimation to
growth environments on the prediction of
photosynthetic rate

Since we found considerable acclimation of photosynthesis to
drought and Tg
FvCB model may be affected by different growth and measure-

rowthr W€ assessed to what extent the results of the
ment conditions. A was simulated using the model with and with-
out drought and Tgrowth acclimation of photosynthetic biochemical
v

parameters (k,,, J emax?

max? T, and Ry). The simulated results were
compared with measured A under specific growth conditions. As
stated earlier, for both sets of simulations, the acclimation of CO,
diffusional conductance was considered.

When no acclimation of biochemical parameters was considered,
the FvCB model overestimated A under drought stress by 37%-87%,
with rRMSE >1 (Figure 6a,c,e,i). The difference between measured

and simulated A increased as T, increased, especially for plants

grown at MT and LT (Figure 6e,i). In contrast, when the acclimation
of photosynthetic biochemical parameters was considered, the FvCB
model gave good results for all treatments (Figure 6b,d,f,j). For com-
parison, omitting CO, diffusional conductance acclimation under

In ad-

drought increased error values across genotypes and T, .

dition to CO, diffusional conductance, omitting drought acclimation

of electron transport parameters (J, . and «,, ) also led to consider-

max

able errors under all T,

arowth? but the error values varied among Tg

rowth
(Figure 7a). However, when neglecting the drought acclimation of

other biochemical parameters (V

emax Rg and Tp), the errors were in-

substantial as compared with neglecting the acclimation of CO, dif-
fusional and electron transport parameters (Figure 7a). On the other
hand, when neglecting Tgmwth acclimation, the model did not overesti-
mate A, while the difference between measured and simulated A was
larger in ‘no acclimation’ set than in ‘full acclimation’ set (Figure 6g,k).
and Ry under HT and to
J .2 @nd CO, diffusional conductance under LT (Figure 7b).

The larger variability was attributed to V.

cmax

4 | DISCUSSION

Plants have a strong ability to adjust their photosynthetic capacity
in response to both short- (seconds to minutes) and long-term (days
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FIGURE 4 Temperature response of quantum yield. Responses of quantum yield of photosynthetic CO, uptake (®q,, ) for
photorespiratory [PR, (a, b)] and non-photorespiratory [NPR, (c, d)] conditions to leaf temperature (T ) for the winter wheat genotypes
Thésée and Récital grown in a glasshouse under well-watered (WW; filled symbols and solid lines) or drought-stressed (DS; open symbols
and dashed lines) conditions in EXP2019 (a, c), and for Thésée grown in climate chambers at high (HT, day/night temperature 28/24°C;
circles), medium (MT, day/night temperature 21/17°C; triangles) or low (LT, day/night temperature 16/12°C; rectangles) growth temperature
under WW (filled symbols and solid lines) or DS (open symbols and dashed lines) conditions in EXP2020 (b, d). Lines are linear regressions

fitted to the data of each genotype and treatment.

to weeks) changes in environmental conditions (Moore et al., 2021;
Posch et al., 2019). In the present study, we investigated if tempera-
ture responses of photosynthesis components acclimate to seasonal
Tgrowth and long-term severe water deficit and to what extent the ac-
climation of photosynthetic parameters to environmental variables
can affect the predictability of the FvCB model. Main results about
the acclimation responses of various photosynthetic parameters are

discussed as follows.

4.1 | General photosynthetic acclimation responses
to growth temperature and drought

In general, A was not affected by Tg , under WW conditions,

sat,opt rowt

but its temperature response acclimated strongly to both drought

and Tgrowth'

which was consistent with findings of a recent study in Eucalyptus

We found drought stress lowered Topu\sat across Tgrowth,

trees (Kumarathunge et al., 2020), implying that C, grasses and C,

trees may respond similarly to water stress. Moreover, T and

pt,Asat

Topt OF Other photosynthetic components (e.g. g, k5, /oy @nd Vi)
were more sensitive to TgmWth under DS conditions (Figure S4), and
» under DS than under WW conditions,

implying that the adverse conditions forced plants to acclimate more

were closer to daytime TgroWt
in order to maximize CO, uptake for survival. Our previous study
showed that there is an interactive effect of drought and Tgrowth on
the sensitivity of R to T (Fang et al., 2022), and consequently the

Ry/(A . +Ry) ratio was altered by drought and T, suggesting that

rowth’

leaf carbon use efficiency, that is, [1-R /(A_,,+R})], was altered by
environmental changes (Figure S5).

Previous studies suggested that photosynthetic acclimation to
long-term changes in environmental variables (e.g. CO, elevation
and/or Tgrowth elevation) is mainly due to the changes in leaf nitrogen
status, as they found linear relationships between photosynthetic
parameters and leaf nitrogen content across various environmental
factors (Cai et al., 2020; Harley et al., 1992; Yin, 2013). However, we
found that photosynthetic parameters generally showed poor cor-

relations with N

area ACTOSS Tgrowth and water regimes despite weak

correlations within the drought treatment (Figure Séa-d). Part of the

reasons for the poor correlation is that our values of N____was only in

area
the narrow, high range of leaf N (i.e. from 1.5t0 2.5 gN m2, agreeing
with previously recorded ~2 gN m~2 for wheat with sufficient N sup-
ply; Caietal., 2020; Wanget al., 2022; Yin et al., 2019). Along with the
acclimation of the above physiological and biochemical processes,
we found that the leaf morphological trait LMA also acclimated to
environmental variables. Again, little correlation was observed be-

tween photosynthetic parameters and LMA (Figure S6e-h).

4.2 | Acclimation responses in CO, diffusional
conductance to growth temperature and drought

A previous study observed that the shape of the response of g, to

T\ea¢ is Not modified by Tg although g, is higher under high Tg

rowth’ rowth

than under low Torowth (Yamori et al., 2006). However, our results
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FIGURE 5 Temperature response of photosynthetic capacity parameters. Responses of the maximum rate of electron transport [J
(c, d)], and triose phosphate utilization [Tp; (e, f)] to leaf temperature (T

(a, b)], the maximum rate of carboxylation by rubisco [V .;
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max’

) for

leaf

the winter wheat genotypes Thésée and Récital grown in a glasshouse under well-watered (WW,; filled symbols and solid lines) or drought-
stressed (DS; open symbols and dashed lines) conditions in EXP2019 (a, c, €), and for Thésée grown in climate chambers at high (HT, day/
night temperature 28/24°C; circles), medium (MT, day/night temperature 21/17°C; triangles) or low (LT, day/night temperature 16/12°C;
rectangles) growth temperature under WW (filled symbols and solid lines) or DS (open symbols and dashed lines) conditions in EXP2020 (b,

d,f).J _andV___ atT

max cmax lea

of 35 and 40°C for DS plants grown at HT and MT were estimated by fitting across-replication average values due

to the large variation of data under combined drought and high T,__, conditions. In (a-d), data are estimates+ 1 SE for n = 4-7 independent
replicates, and curves were drawn according to the modified-Arrhenius equation, Equation (1), fitted to the data.

showed that Tgrowth altered not only the magnitude of g, values
but also the shape of the response of g  to T|_,.. For WW plants in
EXP2019 and those grown at MT in EXP2020, g, increased again

when T, . was >35°C, whereby leaf cooling increased. This is con-

leaf
sistent with recent studies suggesting that there could be a decou-
pling between A and g, resulting in a trade-off between carbon gain
and evaporative cooling at extremely high temperature when water
availability is unlimited (Moore et al., 2021; Slot et al., 2016).

The shape of the response of either g . or SiniNRH-2) tO T et
under WW conditions was similar to that previously reported
(Warren, 2008 and references therein). Drought stress altered the
shape of the response of g .. to T,

T

growth

for both genotypes for all

leaf

by decreasing T, and/or Smmaxopt* Moreover, T

pt,gmmax growth

altered T, - NrH-a) @D 81 (NRH-A)0pt UNDer both WW and DS con-
ditions, while this alteration was only obvious under DS conditions

for g, max- These alterations by water stress and Tgrowth suggest that
38, could acclimate to environmental variables and this acclimation
could be associated with changes in physical and anatomical proper-
ties (e.g. cell wall thickness, surface area of chloroplasts) and in pro-
teins and enzymes, for example, aquaporins and carbonic anhydrase
(Flexas & Diaz-Espejo, 2015; Ouyang et al., 2017; von Caemmerer &
Evans, 2015).

4.3 | Acclimation responses of electron
transport and quantum yield to growth
temperature and drought

Previous studies indicated that the thermal response curve of @,
is parabolic (Yin et al., 2014) and its shape is unaffected by Tg

rowth
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FIGURE 6 Comparisons between measured and simulated net CO, assimilation rate (A). Comparisons between measured A and simulated
A either considering only the acclimation of CO, diffusional parameters but omitting the acclimation of photosynthetic biochemical
parameters (a, c, e, i, g, k, no acclimation) or considering the acclimation of both CO, diffusional and photosynthetic biochemical parameters
(b, d, f,j, h, |, full acclimation), across treatments and measurement conditions. The text in each panel with an arrow, for example, WW — DS,
means using the parameters estimated under the well-watered (WW) treatment as inputs to predict A under the drought-stressed (DS)
treatment (other treatment abbreviations: LT, low growth temperature; MT, medium growth temperature; HT, high growth temperature). The
solid diagonal represents the 1:1 relationship. The percentage in each panel is the average of simulated relative to observed A. rRMSE is the
relative root mean squared error, as defined by Equation (4).

(Bernacchi et al., 2003). Here, our data showed that neither Tgrowth

dependency of @, . However,

Tlea
an earlier study showing an increased thermostability of PSIl to heat

> 35°C, leading to increases in Toptmz,_l_. This is in agreement with

nor the genotype affected T

leaf

drought stress slightly decreased @, at lower T, but not for stress in drought-stressed plants (Lu & Zhang, 1999).

leaf’
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(a) Drought acclimation (b) Ty acclimation

Full acclimation Full acclimation

Ty 200/ O, diffusional conductance T, 200%) €O, diffusional conductance
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FIGURE 7 Relative changes (%) in relative root mean squared error (rRMSE) of model prediction. Relative changes in rRMSE of model
prediction using different sets of parameter values relative to that of prediction assuming the ‘full acclimation’, for data involving responses
to drought (a) or involving responses to growth temperature (b). To what extent photosynthetic parameters can independently cause errors
in predicting net CO, assimilation was assessed by fixing these parameters, one at a time, from their values estimated under treatment-
specific conditions (i.e. values of the set of ‘full acclimation’) to their values estimated under optimal growth conditions (i.e. parameter values
assuming no acclimation to growth conditions). The higher relative change in percentage means a greater error in predictions when their
acclimations were neglected. Text in the figure legend with an arrow, for example, WW — DS, means using the parameters estimated under
the well-watered (WW) treatment as inputs to predict A under the drought-stressed (DS) treatment (other treatment abbreviations: LT, low
growth temperature; MT, medium growth temperature; HT, high growth temperature). Note that parameters of temperature response curve

were divided into two parts: One is the parameter value at a reference T
shape parameters of the temperature response curve [i.e. E,, D, and S, for Equation (1), 2 and T,

Yin et al. (2014) suggested that both ®, | and the slope factor
[s(’abs) and s, see Equation (S19)] should be accounted for to es-
timate @y - S@bs lUMps two parameters: the interphotosystem
energy partitioning (p,), and the alternative electron fraction in the
form of [1 — foceudo / (1 = feye) | S(ap5, i multiplied by an additional term
[(C.-T,)/(C.+2rI,)] see Equation (519). In line with the results of
Yin et al. (2014), our data showed that the response of @, to T\
was also parabolic, which was attributed to @, , while the differ-
ence in @, , response to T between different photorespiratory
conditions could be explained by the term [(C.-T,)/(C. + 2T,)]
(i.e. the amount of photorespiration). The higher relative loss due
to photorespiration [as indicated by (s(abs) - s(’abs)) / S@absy Figure S7]
in DS plants and the increased photorespiration with increased T,
could be responsible for the stronger T, sensitivity of @,  under
PR conditions across water regimes and Tgmwth.
under NPR conditions still differed between WW and DS plants,

suggesting that photorespiration was not the only reason for the

However, @, ,

different thermal sensitivity. Our previous study has demonstrated
that the gas mixture we used (2% O, combined with 1000ppm C,)
for estimating the calibration factor (i.e. s, here) did allow to reach
a nearly NPR state, even for extreme conditions (Fang et al., 2022).
Given that p, most likely does not vary much, the declines in @,
withincreasing T, in DS plants under NPR conditions indicated that
the second parameter [1 — f 40 / (1 — fiyc )] See Equation (S19), in-
creased significantly under drought, especially when combined with
high temperature. The increase in this parameter, representing the
overall fraction for alternative electron transport (Yin et al., 2016),
agrees with the result of Zivcak et al. (2013) that alternative electron
transport operates as a means of photoprotection under drought.

lea

¢ li.e. X, for Equation (1) and Xopt for Equation (3)]; the other is the

ot for Equation (3)].

4.4 | Acclimation responses in
photosynthetic capacity parameters to growth
temperature and drought

The effects of Tgrowth on photosynthetic capacity parameters (i.e.

Jax @and V) have been widely investigated but with inconsist-

ent results (Kattge & Knorr, 2007; Kumarathunge et al., 2019). As

compared with Tg drought stress exerted a greater impact on

rowth’
photosynthetic capacity. J,_,, was significantly suppressed under

DS conditions and the effect of droughton J__ increased as T in-

creased. Topt,Jmax

conditions, although the extent of the decrease in T,

was lower under DS conditions compared to WW

pt.Jmax under

drought depended on Tg Previous studies have indicated that

rowth
drought stress can lead to damage of the electron transport chain,
along with ATP shortage, thereby limiting the regeneration of RuBP,
thatis, J
age to the electron transport chain cannot explain the decreased

T

opt,Jmax
may be associated with the thermal acclimation of the thylakoid

Campos et al., 2014; Tezara et al., 1999). However, dam-

max (

observed here. Changes in T in response to Tg

pt,Jmax rowth

membrane (von Caemmerer et al., 2009). Thus, we speculate that
the acclimation of the thylakoid membrane may also occur when
plants are grown under drought stress, and it is conceivable that
this acclimation to drought would be different under contrasting
Tgrowth'

Our results showed that the decreasein V.

limited for T,,;<25°C for both genotypes and for all Tg

under drought was
This is
consistent with Galmés et al. (2013) who reported that the effects

rowth*

of drought on Rubisco-related parameters were not significant
or only minor across species and studies, and with Kumarathunge
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et al. (2020) who showed that chax,25 values were similar between

two different water regimes across various Tg Moreover, in

rowth*

vitro assays showed that Rubisco activity and Rubisco carboxylase
maximum turnover rate decrease only for measurement tempera-
ture >50°C (Galmés et al., 2015; Salvucci & Crafts-Brandner, 2004).

Therefore, although a decrease in V has sometimes been ob-

cmax

served at extremely high T . . (Leuning, 2002; Medlyn et al., 2002),

the temperature response of V. was originally modelled by the

cmax

simple non-peaked Arrhenius equation (Farquhar et al., 1980). This
is supported by our data under well-watered conditions, where

cha”opt was mostly not observed up to our highest T, of 40°C.
However, surprisingly, T was decreased by drought, owing

opt,Vecmax

to the substantial decrease in V.

for T,,>~30°C. The decrease
in g under drought suggested that low C_ under drought stress

might cause the decrease in T Evidence showed that low C_

pt.Vemax®
could induce the deactivation of Rubisco sites (Galmés et al., 2011).
Hikosaka et al. (2006) and Yamori et al. (2014) also indicated that
changes in activity and thermal lability of Rubisco and Rubisco ac-
tivase might also be involved in drought acclimation. Therefore, our

observed decline of V__

at high T .. under drought might reflect
drought induced changes not only in the activity but also in acti-
vation state of Rubisco. The full mechanisms behind the complex
interactive effect of drought stress and Tgrowth on the response of

V. nax t0 T (Figure 5d) remain to be elucidated.

4.5 | The necessity of considering
acclimation of photosynthetic components
when projecting photosynthesis under various
growth conditions

Projecting future GPP in the context of climate change is strongly af-
fected by uncertainties in not only the short-term but also the long-
term responses of photosynthetic parameters to environmental

variables. Although photosynthetic acclimation to T, has been

rowth
empirically modelled (Huang et al., 2019; Mercado et §|., 2018; Smith
et al., 2016), uncertainties remain, as this acclimation could be inter-
actively affected by other environmental variables, for instance, the
interaction between Tgrowth and drought as shown in our study.
Earlier photosynthesis models only assumed that water stress di-
rectly affects photosynthesis through g, (e.g. Yin & van Laar, 2005).
Using Equations (514) and (S15) would indirectly account for the
drought effect on the other diffusional parameter g, which has
been incorporated into recent crop models (e.g. Yin & Struik, 2017).
But overall, these models still do not account for drought acclima-
tion of biochemical parameters. However, our study revealed that
although the CO, diffusional parameters matter substantially for
1% T and

model prediction, biochemical parameters (,,, J maxe
Rd) also acclimate to various environments, and consequently our re-

max’
sults clearly showed that neglecting this acclimation leads to critical
errors in predicting A (Figures 6 and 7). Moreover, simulation analy-
both
for values estimated at a reference T, and the shape parameters,

sis showed that omitting drought acclimation of x, , and J__,

S iy

resulted in significant errors in predicting leaf photosynthetic rate;
while the influence of omitting the acclimation of V___, Tp or R, was
limited (Figure 7). These results are in line with the reports of Gu
et al. (2014), Yin et al. (2022) and Harbinson and Yin (2022), who
showed electron transport parameters, rather than Rubisco-related

parameters (i.e. V___ ), contribute most to the variation of plant pro-

cmax

ductivity. Nevertheless, V

emax: Tp @nd Ry still had influence on the

prediction of photosynthetic capacity (Figure 7). Our results suggest
that the acclimation of these biochemical parameters to environ-
mental variables should not be neglected as well, in particular under
drought conditions and at high T__..

Kattge and Knorr (2007) proposed simple algorithms to repre-
sent and parameterize the temperature acclimation of biochemical
parameters of photosynthesis across 36 C, species, thereby allowing
the acclimation to be implemented directly in models. The algorithms
were later extended by Kumarathunge et al. (2019) with broader
ranges of species and geographical gradients. However, none of
these previous studies addressed acclimation parameterization of
photosynthetic components under water stress. Although we pro-
vided a clear case to demonstrate the necessity to consider drought
acclimation of biochemical parameters in predicting photosynthesis,
more experimental work and theoretical analysis on how biochem-
ical parameters acclimate to water stress under various Tgrowth and
levels of water deficit, for different species and geographical loca-

tions is urgently needed.

4.6 | Concluding remarks

Typical practices in ecophysiological and modelling studies on the
impact of climate change variables on (agro)ecosystems assume: (i)
photosynthetic acclimation to environmental factors (e.g. elevated
CO, and/or elevated Tgmwth) is associated with altered leaf N con-
tent (e.g. Cai et al., 2020; Dusenge et al., 2020; Yin, 2013), and (ii)
the impact of water stress on photosynthesis is via the decrease in
diffusional parameters (e.g. Centritto et al., 2009; Kumarathunge
et al., 2020; Yin & Struik, 2017). Therefore, many current models
do not consider the drought acclimation of biochemical parameters.
However, we found that both diffusional and biochemical param-
eters and their thermal sensitivity considerably acclimate to drought

and the combination of drought and Tg Consequently, neglect-

rowth*
ing this acclimation would lead to critical errors in predicting leaf
photosynthetic capacity, particularly under extreme conditions such
as drought stress and heat shocks (i.e. when T,_, is high). We have
also shown that these acclimation responses to drought and Tgrowth
cannot be explained by the altered leaf N content. Several alterna-
tive mechanisms have been discussed. Further research is needed
to reveal mechanisms underlying these acclimation responses. In
addition, the ‘deacclimation’ of photosynthesis related processes
after rewatering should also be analysed. Finally, the priming ef-
fect of mild water deficit that may help plants cope with later and
more severe drought (e.g. Wang et al., 2015) should also be con-

sidered. All these would provide empirical data that help develop
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mechanistic algorithms for the photosynthetic acclimation to a set of
environmental combinations across species, thereby minimizing un-
certainties in global modelling framework for projecting the impact

of climate change on (agro)ecosystems.
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