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Abstract

Photosynthetic induction, which is the response of the CO 5 assimilation rate to a stepwise increase in light intensity, potentially
affects plant carbon gain and crop productivity in field environments. Although natural variations in photosynthetic induction
are determined by CO 2 supply and its fixation, detailed factors, especially CO 2 supply, are unclear. This study investigated
photosynthesis at steady and non-steady states in three rice ( Oryza sativa L.) genotypes: ARC 11094, Takanari, and Koshihikari.
Stomatal traits and water relations in the plants were evaluated to characterise CO 2 supply. Photosynthetic induction was
higher in ARC 11094 and Takanari than in Koshihikari owing to an efficient CO 2 supply. The CO 2 supply in Takanari
is attributed to its high stomatal density, long guard cell length, and extensive root mass, whereas that in ARC 11094 is
attributed to its high stomatal conductance per stoma and stomatal opening in leaves with insufficient water (i.e. anisohydric
stomatal behaviour). Our results suggest that there are various mechanisms for realising an efficient CO 2 supply during the
induction response. These characteristics can be useful for improving photosynthetic induction and, thus, crop productivity in

field environments in future breeding programs.

Introduction

Due to the global population explosion with the increase in food demand, there is a need for improved crop
productivity. Photosynthesis is one of the most critical traits for increasing crop productivity (Long et al .,
2006; Zhu et al ., 2010). In natural environments, light intensity in the plant canopy fluctuates by seconds
or minutes because of cloud movements, self-shading, etc. (Pearcy & Way, 2012). Fluctuating light intensity
affects carbon assimilation efficiency and thus plant biomass production (Slattery et al ., 2018). Specifically,
the CO4 assimilation rate (A ) increases gradually with the sudden increase in the light intensity, and it takes
a substantial amount of time to reach a steady-state (Yamori, 2016). This process is called photosynthetic
induction (Pearcy, 1990) and is estimated to cost 21% of potential daily carbon assimilation (Taylor & Long,
2017; Tanaka et al ., 2019). Therefore, photosynthetic induction is considered an essential trait for enhancing
crop productivity.

During the induction response, mainly two processes, namely, biochemical and stomatal processes, limit pho-
tosynthesis. In biochemical processes, Calvin—Benson cycle enzymes and photosynthetic electron transport
rates at the thylakoid membrane play crucial roles in COsfixation in the mesophyll cells (Yamori et al .,
2012, 2016; Kaiser et al ., 2016). In stomatal processes, stomatal conductance (gs ) regulates COy supply
from the atmosphere to the carboxylation sites, thereby affecting Aduring the induction response (Kaiser et
al ., 2016; Kimuraet al ., 2020; Yamori et al ., 2020).

There are significant natural variations in photosynthetic induction in some crops, such as rice (Acevedo-



Siaca et al ., 2020, 2021; Taniyoshi et al ., 2020), soybean (Soleh et al ., 2017), wheat (Salter et al ., 2019),
and barley (Salter et al ., 2020). Soleh et al . (2016), Taylor and Long (2017), and Salteret al . (2019)
revealed that the maximum rate of ribulose 1,5-bisphosphate (RuBP) carboxylation (Vg ) imposes a
significant limitation on A during the induction response. Adachi et al . (2019) described a pool of Calvin—
Benson cycle metabolites and showed that photosynthetic electron transport rate responses are essential for
photosynthetic induction. The importance ofgs under fluctuating light has also been described previously
(Qu et al ., 2016; Adachi et al ., 2019), but little is known about the factors underlying the natural variation
in CO4 supply.

In general, stomatal opening is attributed to stomatal morphology (Faralli et al ., 2019; Zhang et al ., 2019;
Harrisonet al ., 2020; Lawson & Matthews, 2020; Xiong et al ., 2022), abscisic acid sensitivity (Kaiser et
al ., 2016) or blue light sensitivity (Papanatsiou et al ., 2019; Matthews et al ., 2020). Water relations
in plants also affect leaf photosynthesis (Hirasawa et al ., 1992). Stomatal aperture is observed to close
with hydroactive stomatal response when the water potential of the leaf declines (Glinka, 1971; DeMichele
& Sharpe, 1973; Buckley, 2019). The plants exhibiting such water-conserving behaviour are categorized as
isohydric plants (Tardieu & Simonneau, 1998), and Taylaran et al . (2011) reported that the root water
uptake ability contributes togs through the leaf water status under steady-state conditions in rice. On
the other hand, anisohydric plants allow for leaf water potential to decrease, maintaining higherg, under
drought conditions (Moshelion et al ., 2015). However, the relationship between the difference of isohydric
and anisohydric strategies and photosynthetic induction remains unclear.

In this study, we used the rice genotypes ARC 11094 and Takanari, which exhibit rapid photosynthetic
induction, and Koshihikari, which demonstrates slow photosynthetic induction. Koshihikari is one of the most
popular rice cultivars in Japan. Takanari is a high-yielding cultivar in Japan and exhibits high photosynthetic
activity in steady and non-steady states (Kanemura et al ., 2007; Takai et al ., 2013; Adachi et al ., 2019;
Taniyoshi et al ., 2020). ARC 11094 is one of the genotypes belonging to the world rice core collection
archived at the Genebank of the National Institute of Agrobiological Sciences (Kojima et al ., 2005), and
showed the most rapid photosynthetic induction among 59 rice genotypes (Taniyoshiet al ., 2020). ARC
11094 showed high g5 at the initial phase during photosynthetic induction, and the dynamics was distinct
from those of other rice genotypes (Taniyoshi et al ., 2020). Considering the relationship between stomatal
dynamics and water status (Kaiser et al ., 2017; Sakoda et al ., 2021), it was hypothesized that with water use,
the stomatal characteristics of ARC 11094 were different from those of Takanari and Koshihikari but similar
to those of anisohydric plants. In this study, we evaluated photosynthetic induction, stomatal morphology,
and water relations in plants as factors related to the COs supply. In addition, the maximum rates of RuBP
carboxylation, electron transport, and biochemical characteristics of the leaves were measured as factors
related to CO, fixation. We also examined diurnal changes in the gas exchange rate in a field-mimicked
environment. We aimed to uncover the detailed mechanisms underlying rapid photosynthetic induction and
the relationship between water use strategy and photosynthetic induction in rice (O. sativa L.) through these
analyses.

Materials and Methods
Plant cultivation

The seeds of ARC 11094 (ssp. indica), Takanari (ssp. indica) and Koshihikari (ssp. temperate japonica)
were sown in nursery boxes filled with artificial soil on 19 April 2019, 21 April 2020 and 27 April 2021. The
seedlings were transplanted to 2 L plastic pots filled with paddy soil (alluvial loam) at 28, 24, and 23 days
after sowing in 2019, 2020, and 2021, respectively. Plants were grown at an experimental field site at the
Graduate School of Agriculture, Kyoto University, Japan (35°2 ‘N, 135°47’ E, 65 m altitude). Slow-release
fertilisers (ECOLONGA413-100, JCAM AGRI. CO., Tokyo, Japan; volume and composition: 0.25 g N, 0.19 g
P505 and 0.23 g K20) were applied to each pot as basal fertilizer. Subsequently, more slow-release fertilisers
(ECOLONG413-40, JCAM AGRI. CO., Tokyo, Japan; volume and composition: 0.16 g N, 0.13 g P2Os5
and 0.15 g K50) were applied to each pot one week before measurements. The water level of the pots was
maintained at approximately 3 cm above the soil surface. These plants were measured at approximately three



months after sowing. To investigate the photosynthetic characteristics under changing osmotic potential, the
three genotypes were cultivated in a greenhouse with the LED light source in an experimental field site at
the Graduate School of Agriculture, Kyoto University, Japan (35°2 ‘N, 135°47" E, 65 m altitude). Plants
were cultivated in 2 L plastic pots with paddy soil (alluvial loam) and were measured at 47-49 days after
sowing. The basal fertiliser (0.16 g N, 0.13 g P2O5 and 0.15 g K20O) and the additional fertiliser 0.05 g N
were applied to each pot. The environment in the greenhouse was set at a photoperiod of 13 h, a PPFD of
800 pmol photons m2s!, and an air temperature of 20/28°C day/night.

Gas exchange rate measurements

Gas exchange rates at steady and non-steady states in the uppermost fully expanded leaves were measured
using LI-6800 (LI-COR Inc., Lincoln, NE). The photosynthetic photon flux density (PPFD), air temperature,
reference CO5 concentration (CO2R), and relative humidity (RH) in the leaf chamber were set to 1500 pmol
photons m™? st (90% of red light and 10% of blue light), 30°C, 400 pmol mol! and 55-65%, respectively,
for the gas exchange measurement at steady state.A , g5 , intercellular COyconcentration (C; ), normalised
A to aC; of 250 pmol mol™*(A™ ), transpiration rate (T ), and water use efficiency (WUE ) were recorded.
A”and WUE were calculated as follows:

A= 4 x250()WUE = 4 WUE = % (2)

The response of A to C; under steady-state conditions was obtained under the aforementioned conditions
except for CO2R, which was increased to 100, 200, 300, 400, 600, and 800 umol mol*. The A -Ci curves
were analysed using the equations of Farquhar et al . (1980) with the “Plantecophys” package in R (bilinear
fitting method; Duursma, 2015) to estimate the maximum rates of RuBP carboxylation ( Vomas ) and electron
transport (Jyar ). The parameters were normalised to 25°C during the fitting process based on Bernacchi
et al . (2001).

Dark-adapted leaves of the plants under overnight dark treatment were used for gas exchange measurements
in a non-steady state. The PPFD was changed from 0 pmol photons m s"'to 50 umol photons m™ s’ for 10
min and then 1500 umol photons m™2s™ for 90 min (Fig. Sla). The ratio of red-blue LED light sources was
kept at 90:10. The photosynthetic parameters were recorded every 10 s. A dynamic A -(Ci curve analysis
was conducted based on previous studies (Soleh et al ., 2016; Taylor & Long, 2017). At first, the leaves were
adapted to the steady state at PPFD of 1500 ymol photons m™ s!, air temperature of 30°C, CO2R of 400
umol mol™!, and RH of 55-65%. Subsequently, the cycle of 50 umol photons m2 s* for 30 min and 1500 umol
photons m™ s7! for 10 min was repeated at CO,R values of 100, 200, 300, 400, 600, and 800 umol mol*. As
described above, we obtained the dynamics of Vpae andJi,g, from the A -Ci curves fitted to the data for
every 10 s interval.

Diurnal changes in gas exchange rates in a field-mimicked environment were measured using a LI-6400 (LI-
COR Inc., Lincoln, NE). Overnight dark-adapted leaves were clamped within the leaf chamber, and the
PPFD and air temperature used in Ohkubo et al . (2020) (Fig. S1b) was replicated for 12 h. Photosynthetic
parameters at a CO2R of 400 umol mol! were recorded every 10 s.

Nitrogen, Rubisco and Chlorophyll content

The uppermost-expanded leaves were sampled at 7-8 a.m. to evaluate nitrogen, RuBP carboxy-
lase/oxygenase (Rubisco), and chlorophyll contents. Quantification was performed as described by Sakoda et
al . (2020a). To quantify leaf nitrogen, the leaves were dried at 80°C for more than 72 h, weighed, and coarsely
ground. The nitrogen content was determined by Kjeldahl digestion followed by an indophenol assay. To quan-
tify Rubisco and chlorophyll, a leaf tissue of 1.5 cm? was collected, which was frozen immediately with liquid
nitrogen and then stored at -80degC until further use. The leaf tissue was homogenised using a cold mor-
tar and pestle in an extraction buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-KOH, 5 mM MgCly, 1 mM Nagethylenediaminetraacetic acid (EDTA), 0.1% (w/v) polyvinyl pyrro-
lidine (PVPP), 0.05% (v/v) Triton X-100, 5% glycerol, 4 mM amino-n-caproic acid, 0.8 mM benzamidine-
HC], and 5 mM dithiothreitol (DTT) at pH 7.4 with a small amount of quartz sand. A 200 pL aliquot was



separated for chlorophyll quantification. The homogenate was then centrifuged at 14,500 g for 5 min at
4°C. The supernatant was then used for Rubisco quantification. The Rubisco content was quantified spec-
trophotometrically by formamide extraction of the bands corresponding to the large and small subunits of
Rubisco separated by SDS-PAGE (Makino et al ., 1986) using bovine serum albumin as the standard protein.
The chlorophyll content extracted using 80% acetone was quantified spectrophotometrically as described by
Porra et al . (1989).

Stomatal traits

Replicas of the adaxial and abaxial leaf surfaces used for gas exchange measurements were prepared using
Suzuki’s Universal Method of Printing. These replicas were observed at 100-fold magnification using an
optical microscope (CX31 and DP21; Olympus, Tokyo, Japan). Three microscopic images were obtained
for each replica. The stomatal density and guard cell length for each leaf was the sum and average of both
surfaces, respectively. Additionally, specific stomatal conductance was calculated by dividing g by stomatal
density to evaluate the contribution of a single stoma to g, , following Ohsumi et al . (2007).

Water relations in plant

The leaf water potential (LWP ) under steady state was measured by the pressure chamber method using
Model670 (PMS Instrument Co., Albany, OR). The leaves were adapted to high light intensity (1500 pmol
photons m? s!) for sufficient time before measurement. Whole-plant hydraulic conductance (Kpinat ) was
calculated using the following equation, based on Hirasawa (1991):

_ Tsteady . Tsteady
Kplant = — Tygp" Kplant = —Tyyp- (3)

where Tgteqqdy indicates T measured under the steady state.

The exudation rate per plant (E ), root and shoot dry weights, and root/shoot ratio were measured to
evaluate root activity. We cut the shoots of plants placed in the dark or after 10 min of irradiation with a
PPFD of 50 umol photons m™2 s lusing a razor blade at 15 cm above the soil surface. Exudates were collected
in pre-weighed cotton covered with plastic bags to prevent water loss by evaporation. After collection for 30
min, the volume was calculated based on the difference in the weight of cotton. The exudate for measuring
osmotic potential was also collected using a micropipette. The roots and shoots of the plants were washed
with water carefully, and parts of the roots were separated to evaluate the root area. Separated root samples
were scanned using a GT-S640 (SEIKO EPSON CO., Nagano, Japan) at a resolution of 800 dpi, and the
projected root area was estimated using ImageJ software (National Institutes of Health, Bethesda, MD). All
the samples were dried at 80°C for more than 72 h and then weighed. We calculated the normalised F to root
or shoot dry weight (E/Root and E/Shoot , respectively) to remove the effects of differences in individual
growth. The osmotic potential of the exudate (Ygprep oar ) Was measured using a freezing point osmometer
(OM802, Vogel, Giessen, Germany), as described by Adachi et al . (2017). The root hydraulic conductance
(Lp (0s)) and conductivity (Lp, (os )) were calculated using the following equations:
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Root projected area ~ Whole root projected area
where W,o o¢ is the osmotic potential of the surface water in the pots. We used a value of 0.4 for o and
a value of -0.012 MPa for Wgo oc following Miyamotoet al . (2001) and Adachi et al . (2017). The whole
root projected area was estimated by whole root dry weight and the ratio of root-projected area to root dry
weight in a separated root sample.
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Photosynthetic response to changing osmotic potential

To characterise the photosynthetic response to leaf water deficit, we observed dynamics of g, under varying
osmotic potential. Leaves were cut below the collar, then immediately cut again when immersed in the water
to avoid the cavitation, and arranged with water using 15 mL tubes. The leaves were clamped within the
leaf chamber of LI-6800, which was set at a PPFD of 1500 umol photons m™ s7!, an air temperature of 30°C,
a CO2R concentration of 400 umol mol?, and a RH of 55-65%. After stabilization of photosynthesis, 1%
(w/v) PEG-4000 was added until the final concentration of the PEG-4000 to 0.1% (w/v) is achieved and the
solution was stirred gently. Photosynthetic parameters were recorded every 10 s when the osmotic potential
changed.

Statistical analysis

The values of all parameters were averaged for the specific genotype or treatment, and the standard error
was calculated. The Tukey—Kramer multiple comparison test was used to compare the means. All analyses
were performed using Microsoft Excel (Microsoft, Redmond, WA) and the R software (R Foundation for
Statistical Computing, Vienna, Austria).

Results
Gas exchange rate at steady and non-steady state

First, the photosynthetic parameters under steady state (Asieady , 9s,steady Ci,steady 7A*Steady Tsteady
WUEteqdy ) were measured. Agieqaqy values for ARC 11094, Takanari, and Koshihikari were 26.1, 29.2,
22.5 umol CO,m™ st respectively (Table 1). ARC 11094 and Takanari showed greater s, steady than
Koshihikari, but C; steqqy of Takanari was similar to that of Koshihikari (Table 1). Therefore, theA *steady of
Takanari tended to be greater than that of ARC 11094 and Koshihikari (Table 1). The Tsteqqy of ARC 11094
and Takanari was higher than that of Koshihikari, and ARC 11094 showed lower WUEtcqq, than those of
Takanari and Koshihikari because of the lower A*stmdy(Table 1).

Next, we investigated the response of the photosynthetic parameters to fluctuating light conditions. After
step increases in light intensity, A of ARC 11094 and Takanari increased more rapidly than that of Koshihikari,
where the time to reach 80% of the maximum A during induction response (Tsp 4 ) in ARC 11094, Takanari,
and Koshihikari were 13.9, 16.2 and 37.0 minutes, respectively (Fig. la,g; Table S1). However, the values
of A in the dark (R; ) and just before high light irradiation (A;pitiai ), and the maximum values during
induction (Ames ), and the time to reach 50% of the maximum A during induction response (T5p,4 ) were
not significantly different among all the genotypes (Table S1). A” in the dark and before high light irradiation
(A" gark A initiar ), the maximum values of g, and A” during induction response (9s,maz A as ), and the
time to reach 50% of gs mas andA *,,lax(T507gs and T59 4+ ) also showed no significant differences. The g, in
dark (gs,derk ), and the time to reach 80% ofgs, ez andA " maa( Ts0,gs and Tgp 4+ ) were higher or shorter in
ARC 11094 and Takanari than Koshihikari (Fig. 1b,d;h,i; Table S1). In ARC 11094 and Takanari,gs prior
to high light irradiation (gs,initiar ) tended to be higher than that in Koshihikari (P = 0.057; Table S1). The
values ofg, , A” , and T in ARC 11094 and Takanari increased more rapidly and were higher than those in
Koshihikari (Fig. 1b,d,e). C; was also higher in ARC 11094 and Takanari than in Koshihikari (Fig. 1c). In
contrast, the WUE of Koshihikari was higher than that of ARC 11094 and Takanari during the induction
response (Fig. 1f). Similar results were obtained in plants grown in a greenhouse with the LED light source
(Fig. S2).

Diurnal changes of gas exchange rate under field mimicked environment

PPFD in the rice canopy fluctuated drastically and affected all photosynthetic parameters (Fig. 2, S1b). ARC
11094 had greater A ,g, , A™ , and Tvalues than Koshihikari throughout the day (Fig. 2a,b,d,e). Takanari
had higher A , g; and T than Koshihikari during most of the day, but slightly lower than Koshihikari in the
late afternoon (Fig. 2a,b,e). C; of Takanari tended to be higher, and the WUE of ARC 11094 and Takanari
tended to be lower than that of Koshihikari in the morning (Fig. 2c¢,f).



Dynamic A-Cj; curve analysis

As CO3R increased, A became higher, and the slope of the A -C; curves increased with time in all genotypes
(Fig. 3). In ARC 11094 and Takanari, the Aresponses were more rapid under each CO3R, and the slope of
the A -C; curves was steeper than in Koshihikari (Fig. 3). Vepmaee andJp,g, increased during the induction
response for all genotypes (Fig. 4). The Vimas of all genotypes was not different in the initial induction
phase. Still, ARC 11094 and Takanari showed slightly higher values than Koshihikari 4 min after a step
increase in light intensity (Fig. 4a).Jma; of ARC 11094 and Takanari was also high, and that of Koshihikari
was low during the induction response (Fig. 4b). Considering the steady state values as 100%, relative Viomax
and Jyq, in Takanari were similar to or lower than that of Koshihikari (Fig. S3). ARC 11094 showed higher
relative Viomar andJy,q, than Takanari and Koshihikari (Fig. S3).

Biochemical traits related to leaf photosynthesis

Nitrogen, Rubisco, and chlorophyll contents were investigated as traits related to CO5 fixation. The nitrogen
content per leaf area of ARC 11094 was significantly lower than that of Takanari and Koshihikari (Fig. S4a).
There were no significant differences among the genotypes in the nitrogen content per leaf dry weight, Rubisco
content per leaf area and per leaf dry weight, and chlorophyll content per leaf area (Fig. S4b,c,d,e). However,
the chlorophyll content per leaf dry weight was higher in ARC 11094 than in Takanari and Koshihikari (Fig.
S4f).

Stomatal traits and water relations

ARC 11094 and Koshihikari had similar stomatal densities, and Takanari had higher values than the other
two genotypes (Fig. 5a). On the other hand, the guard cell length of Takanari was the lowest, followed
in order by Koshihikari and ARC 11094 (Fig. 5b). To estimate the contribution of a single stoma to g
, we calculated specific g5 . Specificgs values of ARC 11094 were higher in Takanari and Koshihikari, and
Takanari showed similar values to Koshihikari after 40 min of irradiation (Fig. 5c¢).

The LWP and Kpjqn: under saturating light tended to be lower in ARC 11094 than in Takanari and Koshi-
hikari (Table 1). Exudation rate per plant (£ ) and normalised E to root and shoot dry weight (E/Root
and E/Shoot ) were measured under dark or low light for 10 min as an indicator of water transport from
root to shoot. There was no apparent difference between the two light treatments in any genotype (Fig.
6a,b,c). The E of Takanari was significantly higher than that of ARC 11094 and Koshihikari (Fig. 6a).
The E/Root of ARC 11094 was lower than that of Takanari and Koshihikari, and Takanari and Koshihikari
showed similar E/Root(Fig. 6b). However, E/Shoot of ARC 11094 was higher than that of Koshihikari under
dark conditions (Fig. 6c¢). Although the root dry weights of ARC 11094 and Takanari were significantly
higher than those of Koshihikari (p < 0.05), the shoot dry weight of ARC 11094 was lower than those of
Takanari and Koshihikari, resulting in a remarkably higher root/shoot ratio in ARC 11094 (Fig. 6d,e,f). We
also evaluated the root hydraulic conductance (Lp (0s )) based on E and the osmotic potential of exudate
(Yepey oar ). We then calculated the root hydraulic conductivity (Lp, (os )) by dividingLp (0s ) by the
whole root projected area. Significant varietal differences were observed only inLp (0s ) under the dark and
whole-root projected areas (Fig. S5).

A, gs, C;andT of all genotypes showed a significant decrease approximately 5 min after changing the
osmotic potential (Fig. 7a,b,c,e). However, the parameters of ARC 11094 recovered slightly and maintained
higher values compared to the other two genotypes 10 min after the initial treatment (Fig. 7a,b,c,e). On
the other hand, WUE of all genotypes increased approximately 5 min after changing the osmotic potential
(Fig. 7f). However, the increase of WUE in ARC 11094 was less than those in Takanari and Koshihikari
(Fig. 7f). A"did not show apparent differences among genotypes (Fig. 7d).

Discussion

ARC 11094 and Takanari genotypes showed a more rapid photosynthetic induction than Koshihikari did.
This result is attributable to the apparent mesophyll cell activity and COs diffusion from the atmosphere into
the leaves, as shown by the dynamics of A", Vimas »Jmaz 5 and gs (Fig. 1, 4, S2; Table S1). However, there



were no apparent differences in the relative values of Ve andJy,q. between the Takanari and Koshihikari
plants during the induction response (Fig. S3). Efficient COsfixation in ARC 11094 (Fig. 1, 4, S2, S3;
Table S1) may be related to the nitrogen distribution or chlorophyll content per leaf dry weight (Fig. S4a,f);
however, a detailed study is required to determine the specific factor. ARC 11094 and Takanari showed
higherA” values and maintained a higherC; than Koshihikari during the induction response (Fig. 1, S2;
Table S1). Taken together, both COsfixation and supply are essential for rapid photosynthetic induction,
but CO5 supply may be more dominant than COs fixation to limit non-steady-state photosynthesis in ARC
11094, Takanari, and Koshihikari. These results are consistent with those of De Souza et al . (2020), Eyland
et al . (2021) and Zhang et al . (2022).

Previous reports have shown that stomatal conductance immediately before high light irradiation is essential
for subsequent photosynthetic induction (Soleh et al ., 2017; Wachendorf & Kiippers, 2017a,b; Taniyoshi et al
., 2020). In the present study, ARC 11094 and Takanari showed significantly greater gs garxthan Koshihikari.
The varietal order was consistent ings ;niuq, although it was not statistically significant (p = 0.057) (Fig.
1b; Table S1). Therefore, the greaterg, during the induction response is attributable to greater gs gqmx and
sensitivity to low light in ARC 11094 and Takanari. The slow anion channel-associated 1(SLAC1 ) or open
stomata 1 (OST1 ) contributes to stomatal closure in response to abscisic acid and high CO2 (Xue et al .,
2011), and these deficient mutants show higher g 4o than wild-type plants in Arabidopsis (Kimura et al .,
2020). Therefore, abscisic acid or high COq sensitivity may be related to the highgs 4ot in ARC 11094 and
Takanari. In addition, the stomatal response induced by blue light occurs and is saturated under low light
intensity (<5-10 ymol photons m™? s!; Shimazaki et al ., 2007; Matthews et al ., 2020). Thus, stomatal
opening in response to low light in ARC 11094 and Takanari may be related to the blue light response of
the stomata.

The stomatal morphology was distinct among the three genotypes (Fig. 5a,b). Takanari had a higher stom-
atal density and smaller stomatal size than ARC 11094 and Koshihikari (Fig. 5a,b). These characteristics
have been reported to be advantageous for the response of stomatal conductance to fluctuating light (Faralli
et al ., 2019; Zhanget al ., 2019; Lawson & Matthews, 2020; Sakoda et al ., 2020b; Xiong et al ., 2022). The
stomatal morphology of ARC 11094 was similar to that of Koshihikari (Fig. 5a,b). Therefore, the contribu-
tion of a single stoma to stomatal conductance, such as stomatal aperture or pore depth, was significant in
ARC 11094 compared to Takanari and Koshihikari (Fig. 5¢). Altogether, high stomatal conductance during
the induction response is related to stomatal morphology in Takanari and single stomatal behaviour in ARC
11094.

Root water uptake ability can affect leaf photosynthesis through leaf water potential and stomatal conduc-
tance (Hirasawa, 1991; Taylaranet al ., 2011). The E of Takanari was superior to those of ARC 11094 and
Koshihikari under dark and low light conditions, which was attributable to the greater root mass (Fig. 6).
These results are consistent with those of Taylaran et al . (2011) and imply that root water uptake ability
contributes to the rapid response of stomatal conductance to a step increase in light intensity in Takanari.
In ARC 11094, the root mass was similar to that in Takanari, resulting in the highest root/shoot ratio (Fig.
6d,e). However,K,4n: under high light intensity andE/Root under dark or low light conditions were lower
in ARC 11094 than that in Takanari and Koshihikari (Table 1; Fig. 6b). ARC 11094 could not utilise the
large root mass efficiently, as similar results can be seen in Lp (0s ) orLp, (0s ) (Fig. Sbb,d). Therefore, the
water supply from roots to leaves was insufficient against largegs , and the LWP under saturating light was
low in ARC 11094 (Table 1).

Why can ARC 11094 realise the great g; under the non-steady state even though the root water uptake
ability is low? In general, leaf water deficit induces hydroactive stomatal closure (Glinka, 1971; DeMichele &
Sharpe, 1973; Buckley, 2019). Koshihikari showed temporary setback of g; during photosynthetic induction,
which would be attributable to hydroactive stomatal closure (Fig. 1b, S2b). However, Takanari did not
demonstrate such a setback because of the large water uptake ability (Fig. 1b, 6, S2b, S5). This stomatal
behavior of Koshihikari and Taknarari resemble the characteristics in isohydric plants (Tardieu & Simonneau,
1998; Moshelion et al ., 2015). In contrast to Koshihikari and Takanari, ARC 11094 maintained higher g,



after changing the osmotic potential (Fig. 7b). This result indicates stomata of ARC 11094 is unsusceptible
to low leaf water potential, and has similar characteristics to those of anisohydric plants. Altogether, ARC
11094 may realise the rapid response of g5 to fluctuating light because of the anisohydirc stomatal behaviour,
which is consistent with the lower WUE under field-mimicked environments (Fig. 2). These characteristics
may contribute to the rapid photosynthetic induction and significant carbon gain under fluctuating light
conditions; however, the total dry weight was lowest in ARC 11094 (Fig. 2a, 6e,f). The low biomass
production in ARC 11094 is probably due to the adverse effects of drought stress induced by the unique
water management system that reduced the benefits of rapid photosynthetic induction. Similar phenomena
have been observed in previous studies using slac! deficit rice or STOMAGEN -overexpressing Arabidopsis
(Tanaka et al ., 2013; Sakoda et al ., 2020b; Yamori et al ., 2020). However, anisohydric plants are
reported to exhibit high biomass production under ample water supply inPopulus genus (Attia et al .,
2015). These results suggest that optimising the water balance at the whole-plant level, depending on the
environments or objectives, is important for enhancing biomass production by utilising the photosynthetic
induction response. Isohydric and anisohydric stomatal behaviors are thought to be related to abscisic acid
biosynthesis or aquaporin expression (Galle et al ., 2013; Moshelion et al ., 2015; Shelden et al ., 2017);
however, the detailed mechanism remains unclear. If the genetic factors and molecular mechanisms for
the rapid photosynthetic induction of ARC 11094 are elucidated, a suitable approach to improve stomatal
characteristics can be devised.

The present study characterised the underlying factors on natural variation of photosynthetic induction
response using three rice genotypes. ARC 11094 and Takanari showed higher COgsupply during the induction
response than Koshihikari. The COg supply in Takanari is related to stomatal density, size, and root
mass. The COy supply of ARC 11094 is related to stomatal aperture or pore depth. Additionally, ARC
11094 showed the anisohydric stomatal behaviour and maintained stomatal opening under water-insufficient
conditions in leaves. As shown in the present study, there are various strategies for rapid photosynthetic
induction, and ARC 11094 has the unique mechanism for stomatal response to fluctuating light environments
in terms of water relations. Stomatal manipulation has been attempted to improve the COgsupply during
the induction response (Papanatsiou et al ., 2019; Kimura et al ., 2020; Sakoda et al ., 2020b; Yamori et al
., 2020). However, the regulation of stomatal traits and water balance at the whole-plant level should focus
on long-term adaptation to abiotic stress and biomass production in field environments. Understanding
and combining these characteristics could lead to further rapid photosynthetic induction and improve crop
productivity in field environments.
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Table 1 Photosynthetic parameters and water relations in plants under steady-state. COo assimilation
rate (Agteqdy ), Stomatal conductance (gs steady ), intercellular COgconcentration (Cj steady ), Normalized
COg assimilation rate to a C; of 250 pmol mol'l(A*stwdy ), transpiration rate (Tsteqqy ) and water use
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efficiency (WUEjsteqqy ) were measured with LI-6800 at a PPFD of 1500 pmol photons m2 s, a reference
COg3 concentration of 400 pmol mol™, an air temperature of 30°C and a relative humidity of 55-65%. Leaf
water potential (LWP ) was evaluated immediately after the photosynthetic measurement with the pressure
chamber method. Whole plant hydraulic conductance (Kpjqn: ) was calculated using the values of Tszeqq, and
LWP . Values are mean +- SE (n = 4). Lower-case letters represent significant differences among genotypes
at P < 0.05 (Tukey—Kramer multiple comparison test).

Parameters ARC 11094 Takanari Koshihikari
Asteady (umol COy m™? s71) 26.1 + 1.3 ab 29.2 4+ 1.8 a 2254+ 1.9 b
s, steady (mol HoO m s‘l) 0.51 £ 0.03 a 047 +£0.04 a 033+003 b
Ci,steady (umol CO4 mol‘l) 287 +£ 3 a 263 + 4 b 258 4+ 2 b
A*stmdy (umol CO4 m2 S'l) 228 £1.3 27.8 £ 1.8 21.8 £ 1.8
T'steady (mmol HoO m2 st 7.1 £0.2 a 6.7+ 0.4 a 53+04 b
WUEjteqdy (pmol CO2 mmol! HyO) 3.7 £ 0.1 b 4440.1 a 4340.1 a
LWP (MPa) -0.60 £ 0.12 -0.40 + 0.06 -0.33 + 0.04
Kpiant (mmol HyO m?2 st MPa‘l) 13.2 £ 2.5 17.6 + 3.6 177+ 1.5
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Figure 1 Responses of photosynthetic parameters to changes in light intensity. CO2 assimilation rate (A
:a ), stomatal conductance (g5 :b ), intercellular COz concentration (C; : ¢ ), normalized COzassimilation
rate to a C; of 250 umol mol! (A” : d ), transpiration rate (7 : e ) and water use efficiency (WUE : f )
in ARC 11094 (pink), Takanari (green) and Koshihikari (gray) are shown. These photosynthetic parameters
were recorded simultaneously every 10 seconds with LI-6800 at a reference CO2 concentration of 400 ymol
mol™!, an air temperature of 30°C and a relative humidity of 55-65%. Time to reach 80% of the maximum
values during induction after low light irradiation was calculated in A4 , g; andA”™ (Ts0,4 ,Ts0,9s and Tgp a+
:g , h and i ). Values are mean + SE (n = 4-5). Lower-case letters represent significant differences among
genotypes at P < 0.05 (Tukey-Kramer multiple comparison test).
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Figure 2 Diurnal changes of photosynthetic parameters under field-mimicked environment. COg assimi-
lation rate (A : a ), stomatal conductance (gs :b ), intercellular CO2 concentration (C; : ¢ ), normalized
COqassimilation rate to a C; of 250 umol mol™* (4™ : d ), transpiration rate (7 : e ) and water use efficiency
(WUE : f ) in ARC 11094 (pink), Takanari (green) and Koshihikari (gray) are shown. These photosynthetic
parameters were recorded simultaneously every 10 seconds for 12 hours with LI-6400, replicating the PPFD
and air temperature observed in rice canopy in the leaf chamber at a reference COs concentration of 400
umol mol!. Values are mean + SE (n = 3).
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Figure 3 Non-steady state photosynthesis under different CO5 concentration. Induction response of COq
assimilation rate at reference COgconcentration of 100, 200, 300, 400, 600 and 800 ymol mol™* (a, b and ¢ ),
and dynamics of A -C; curve (d ,e and f ) in ARC 11094 (pink), Takanari (green) and Koshihikari (gray) are
shown. Photosynthetic parameters after high light irradiation were recorded every 10 seconds with LI-6800
at an air temperature of 30°C and a relative humidity of 55-65%.A -C; curve analysis under steady state
was conducted independently. Values are mean + SE (n = 4-5).
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Figure 4 Dynamics of limiting factors in photosynthetic induction. Induction response of the maximum
rate of carboxylation (Vimaes @ @ ) and electron transport (Jp,q, : b ) in ARC 11094 (pink), Takanari (green)
and Koshihikari (gray) are shown. These values were calculated using the date in Figure 4 and normalized
to 25°C. Dashed colored lines indicate the values under steady state. Values are mean + SE (n = 4-5).
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Figure 5 Stomatal morphology and response of specific stomatal conductance to changes in light intensity.
Stomatal density (a ) and guard cell length (b ), and dynamics of specific stomatal conductance under non-
steady state (c ) in ARC 11094 (pink), Takanari (green) and Koshihikari (gray) are shown. Morphological
traits of stomata were evaluated with SUMP method. Specific stomatal conductance was calculated by
dividing stomatal conductance, which was obtained from Figure 1, by stomatal density. Values are mean
+ SE (n = 4-5). Lower-case letters represent significant differences among genotypes at P < 0.05 (Tukey-
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Kramer multiple comparison test).
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Figure 6 Water uptake of the whole root system. Exudation rate per plant (£ : a ), normalized E to the
root or shoot dry weight (E/Root : b , E/Shoot :c ), root/shoot ratio (d ) and root or shoot dry weight (e
,f)in ARC 11094 (pink), Takanari (green) and Koshihikari (gray) are shown. Left and right in a , band ¢
are the values at dark or 10 minutes after light transition from dark to low light intensity (50 umol photons
m? s1), respectively. Exudates were collected for 30 minutes after cutting, and then exudation rates were
calculated. E/Root and E/Shoot were calculated by dividing E by root or shoot dry weight, respectively.
Values are mean + SE (a, b and ¢ :n =4, d ,e and f : n = 8). Letters represent significant differences
among genotypes at P < 0.05 (Tukey-Kramer multiple comparison test).
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Figure 7 Responses of photosynthetic parameters to changing osmotic potential. CO2 assimilation rate (A
:a ), stomatal conductance (g5 :b ), intercellular CO5 concentration (C; : ¢ ), normalized COsassimilation
rate to a C; of 250 umol mol™! (A™ : d ), transpiration rate (T : e ) and water use efficiency (WUE : f )
in ARC 11094 (pink), Takanari (green) and Koshihikari (gray) are shown. These photosynthetic parameters
were recorded simultaneously every 10 seconds with LI-6800 at a PPFD of 1500 pmol photons m™ s, a
reference CO5 concentration of 400 umol mol™!, an air temperature of 30°C and a relative humidity of 55-65%.
Osmotic potential was changed by adding 1% (w/v) PEG-4000 into the water to set the final concentration

of the PEG-4000 to 0.1% (w/v) and stirred gently. Values are mean + SE (n = 6).
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