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Summary

Crop productivity is needed to be increased with growing world population. Leaf
photosynthesis is a fundamental process in plant biomass production and regarded as an
important trait for enhancement of crop productivity. The majority of previous researches have
focused on light-saturating CO- assimilation rate (4s.) for improvement of leaf photosynthesis.
Plants grown under the field environment are subjected to changing environmental factors.
These variable environmental factors influence leaf photosynthesis, and thus plants cannot
always perform their maximum photosynthetic activity. Especially, the light intensity in the
crop canopy fluctuates drastically due to cloud movement, self-shading or wind, which has a
great effect to leaf photosynthesis. When light intensity increases stepwise from low to high,
CO; assimilation rate (4) rises gradually and it takes a significant time to approach a new steady
state. This process is termed as photosynthetic induction and the lag leads to loss of potential
carbon gain. Therefore, improvements in both of 4, and photosynthetic induction would
contribute to enhancement of carbon gain and ultimately crop productivity under the field
environment. Exploiting the natural genetic variation among untapped genetic resources can
contribute to developing effective breeding programs for photosynthetic induction. Based on
the above, I aimed to clarify the natural genetic variation, room of improvement, and related
ecophysiological factors in photosynthetic induction in rice.

At first, I demonstrated the natural genetic variation in photosynthetic induction in
World Rice Core Collection (WRC) and two reference cultivars; Koshihikari and Takanari.
WRC is a powerful tool to investigate the potential variation of genetic traits in rice. Koshihikari
is a popular rice cultivar and Takanari is a high-yielding rice cultivar in Japan. To quantify the
speed of photosynthetic induction, I calculated the cumulative CO; fixation during the first 10

minutes of the photosynthetic induction (CCF9). An indica genotype, ARC 11094, showed the



highest value of CCFy, which was approximately 4.0 and 1.2 fold greater than those of
Koshihikari and Takanari, respectively. This suggests that there is a large natural genetic
variation and substantial room of improvement in photosynthetic induction in rice. The
genotypes with a rapid photosynthetic induction showed efficient CO, diffusion from the
atmosphere into the carboxylation site and CO: fixation in the carboxylation site during
photosynthetic induction. In addition, the underlying mechanisms were thought to be different
between photosynthetic induction and Ay, because there is no significant correlation between
CCF19 and As4. Besides, temperate japonica showed low CCF o, which implies that temperate
Jjaponica would have a slower photosynthetic induction compared with indica or tropical
Jjaponica.

Next, I analyzed the underlying physiological factors on the rapid photosynthetic
induction in ARC 11094, comparing with Koshihikari and Takanari. I confirmed the
reproducibility of the rapid photosynthetic induction, and efficient CO; diffusion and CO»
fixation in ARC 11094 and Takanari. The dynamics of the maximum carboxylation rate (Vcmax),
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) contents and chlorophyll contents
were evaluated as related traits to CO; fixation, but there was no apparent difference in these
traits between three rice genotypes. Stomatal morphology, root activity and stomatal behaviour
under water stress were evaluated as related traits to CO: diffusion. Consequently, the efficient
CO. diffusion in Takanari was attributable to its high stomatal density, small guard cell length
and great root activity due to extensive root mass. The efficient CO; diffusion in ARC 11094
was attributable to its high stomatal conductance per stoma and stomatal opening in leaves with
insufficient water (i.e., anisohydric stomatal behaviour).

Subsequently, I measured photosynthetic induction in Rice Core Collection of

Japanese Landraces (JRC), and investigated the difference between rice subspecies; indica,
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temperate japonica and tropical japonica, from the results in WRC and JRC. Ay was not
different between rice subspecies, whereas CCFj9 was significantly lower in temperate
Jjaponica than in indica and tropical japonica. The slow photosynthetic induction in temperate
Jjaponica resulted in less carbon gain, but its water loss was also less, compared with indica or
tropical japonica. The rice genotypes in temperate japonica may put importance to reduce
water loss rather than to increase carbon gain under fluctuating light conditions. The speed of
photosynthetic induction may be related to the ecological significance or genetic bottleneck for
the plant adaptation to growth environments.

Additionally, I evaluated photosynthetic induction in 166 temperate japonica rice
cultivars developed in Japan, and its relationship with release year of the cultivars.
Photosynthetic induction have not been accelerated, or rather deaccelerated gradually during
the rice modern breeding in Japan since 1800s. Besides, Koshihikari would have inherited the
slow photosynthetic induction from its ancestors; Shinriki, Aikoku, Ginbouzu or Kyoto-asahi,
which were widely cultivated in Japan during its Meiji to Taisho Era and used as parents of
popular cultivars. These imply that the factors related to the slow photosynthetic induction have
been inherited from Shinriki, Aikoku, Ginbouzu or Kyoto-asahi to Koshihikari and its relatives,
and spread throughout Japan so far.

Through the present study, I elucidated the large natural genetic variation and
substantial room of improvement in photosynthetic induction in rice. Subsequently, I
determined the characteristics underlying on the rapid photosynthetic induction and that these
were different depending on each rice genotype. In addition, skewed distribution of slow
photosynthetic induction in femperate japonica implies that the ecological significance are
related to the speed of photosynthetic induction. In near future, the causal quantitative trait loci

(QTL) or gene will be revealed. Further and comprehensive understanding of leaf
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photosynthesis in response to fluctuating light conditions through these analysis will be
required to optimize the photosynthetic dynamics under field environments for enhancement of

crop productivity.
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Chapter 1

General Introduction

1.1 Attempts for improvement of rice productivity

The world population is 7.9 billion in 2021 and estimated to reach 9.7 billion in 2050
(United Nations, 2022). In order to feed increasing population, crop production is needed to be
enhanced. Rice is a staple cereal in the most part of Asia and Africa, and the rice production in
Asia and Africa is approximately 94% (7.1 x 108 t year!) of world rice production in 2020
(FAO, 2022). Rice yield increased 0.67% per year from 2010 (4.3 t ha!) to 2020 (4.6 t ha!)
(FAO, 2022) although population growth rate in Asia or Africa from 2020 to 2050 is estimated
to be 1.0% per year (United Nations, 2018). Therefore, further increase in rice production,
notably rice yield per unit area, has to be achieved within the near future.

One of the limiting factors in crop productivity is the yield potential, which is termed
as ‘the yield of a cultivar when grown in environments to which it is adapted, with nutrients
and water non-limiting, and with pests, diseases, weeds, lodging and other stresses effectively
controlled’ (Evans & Fischer, 1999). Yield potential is determined by 1) the total incident solar
radiation across the growing season, 2) the efficiency with which that radiation is intercepted
by the crop (light interception efficiency), 3) the efficiency with which the intercepted radiation
is converted into biomass (conversion efficiency or radiation use efficiency) and 4) the
efficiency with biomass is partitioned into the harvested product (partitioning efficiency or
harvest index) (Monteith, 1977; Long et al., 2006; Zhu et al., 2010). The management of the
total incident solar radiation is very difficult because it largely depends on the climate and/or

topography. The enhancement of rice productivity has mainly been resulted from the

1



improvement of plant structure related to light interception efficiency and/or harvest index. A
steep increase in the yields of wheat or rice during the 1960s, i.e. Green Revolution, was led by
the genetic mutation to the gibberellin response modulators (Peng et al., 1999; Sasaki et al.,
2002). These mutants show dwarf plant structure and higher harvest index, which enables the
plant to resist lodging and thus allows higher fertilizer application (Yoshida, 1972; Hedden,
2003; Peng & Khushg, 2003). After the Green Revolution, hybrid rice has been developed.
Hybrid rice cultivars have characteristics of a rapid growth rate, great biomass and very large
sink (Laza et al., 2001; Peng & Khushg, 2003; Yang et al., 2007; Yuan, 2017). Following dwarf
or hybrid rice cultivars, the rice cultivars with erect panicle became focused as a new ideotype
in Northeast China. Erect panicle rice shows efficient light interception throughout canopy,
large grain number per panicle, great grain filling and high harvest index (Wang et al., 2009; Li
et al., 2010; Tang et al., 2017; Hirooka et al., 2018). The light interception efficiency and
partitioning efficiency have been approached the upper limit through these attempts and there
seems to be few room for further improvement. On the other hand, the conversion efficiency
from solar energy into biomass have been far from the theoretical maximum efficiency and
remained a challenge. Leaf photosynthesis is the one of the key targets for improvement of the

conversion efficiency and crop productivity (Long et al., 2006; Zhu et al., 2010).

1.2 Photosynthetic dynamics under field environments

Photosynthetic capacity (the CO> assimilation rate under optimized condition, e.g.
light intensity, ambient CO> concentration or relative humidity) has large natural genetic
variation in major crops: rice (Kanemura et al., 2007; Jahn et al.,2011; Quet al.,2017), soybean
(Sakoda et al. 2016), wheat (Carmo-Silva et al., 2017) and maize (Choquette et al., 2019).

Related physiological and/or genetical factors have been determined and these effects on
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photosynthetic capacity and/or crop productivity have been evaluated (Adachi ez al., 2011, 2014,
2017a, 2019a; Takai et al., 2013; Hirotsu et al., 2017; Sakoda et al. 2020a; Wang et al., 2020;
Shamim et al., 2022). Significant progress has been made in manipulation of photosynthetic
capacity by utilizing genetic resources. Parallelly, we should consider that the crops do not
always perform their photosynthetic capacity under field environment because leaf
photosynthesis is affected by various abiotic factors.

Environment surrounding the crops grown under the field consistently vary and is not
optimized for photosynthetic capacity. Especially, light intensity subjected by leaves fluctuates
every seconds or minutes due to cloud cover, wind or self-shading (Reifsnyder et al., 1971;
Norman et al., 1971; Burgess et al. 2016), which has great effects on leaf photosynthesis
(Slattery et al. 2018; Wang et al., 2020). When light intensity increases suddenly, the CO>
assimilation rate (4) rises gradually and approaches a new steady state. This process is termed
as photosynthetic induction (Chazdon & Pearcy, 1986) and takes significant time to complete
(Pearcy, 1990; Yamori, 2016). Taylor & Long (2017) and Tanaka et al. (2019) estimated
photosynthetic induction could loss 21% of a potential daily CO; assimilation under fluctuating
light conditions. Therefore, both of photosynthetic capacity and induction are important to
increase amounts of carbon gain in crops under field environment. Previous studies showed that
improvement of photosynthetic response to fluctuating light resulted in enhancement of crop
productivity under field environment using transgenic plants (Kromdijk et al. 2016; De Souza
et al. 2022). Differences of photosynthetic induction between interspecies (Kursar & Coley,
1993; Naumburg & Ellsworth, 2000; Urban et al., 2007; Tomimatsu & Tang, 2012; McAusland
et al., 2016; Wachendorf & Kiippers, 2017a; Meinzer et al., 2017; Xiong et al., 2018, Zhang et
al., 2019; Acevedo-Siaca et al., 2021a; Sakoda et al., 2021, 2022a; Zhang et al., 2022) or

intraspecies (Qu et al., 2016; Soleh et al., 2016, 2017; Faralli et al., 2019a; Adachi et al, 2019b;
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Salter et al., 2019, 2020; Ohkubo et al., 2020; De Souza et al., 2020; Acevedo-Siaca et al., 2020,
2021b) have been demonstrated, however, the natural genetic variation and underlying factors
remain to be elucidated for the improvement of photosynthetic induction by utilizing genetic

resources.

1.3 The objectives in the present thesis

The objective in the present study was to investigate the natural genetic variation, the
room of improvement and the underlying factors in photosynthetic induction in rice for the
future breeding with utilizing the photosynthetic response to fluctuating light.

In Chapter 2, the natural genetic variation in photosynthetic induction in rice was
examined by using World Rice Core Collection (WRC). WRC was selected to cover a wide
range of DNA polymorphism or phenotypic diversity in a small number of genotypes (Kojima
et al.,2005) and is archived at the genebank in the National Institute of Agrobiological Sciences
(NIAS).

An indica rice genotype ‘ARC 11094’ showed the most rapid photosynthetic induction
in WRC 57 genotypes (Chapter 2). Therefore, in Chapter 3, the physiological factors underlying
on the rapid photosynthetic induction of ARC 11094 were analyzed. Photosynthetic induction
is typically limited by two process: CO- diffusion from the atmosphere into the carboxylation
site and CO> fixation by ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). CO>
diffusion and CO; fixation of ARC 11094 during photosynthetic induction were evaluated,
comparing with two reference genotypes, Koshihikari and Takanari. Furthermore, stomatal
characteristics and root activity were evaluated as the related traits to CO; diffusion, and
maximum rate of carboxylation and electron transport, and biochemical characteristics were

evaluated as the related traits to CO; fixation.



In Chapter 4, difference of photosynthetic induction among rice subspecies (indica,
temperate japonica and tropical japonica) was evaluated by additional investigation using Rice
Core Collection of Japanese Landraces (JRC). JRC was selected from Japanese accessions
stored in the NARO genebank and developed as a suitable population for understanding rice
adaptation in northern areas (Ebana ef al., 2007). Evaluation of the difference of photosynthetic
induction among rice subspecies was conducted including the results of measurement in WRC
(Chapter 2). In addition, I mentioned about the varietal differences of photosynthetic induction
in 166 temperate japonica rice cultivars developed in Japan.

Finally, I discussed the natural genetic variation in photosynthetic induction in rice
from the views of agronomy, physiology or ecology. The perspectives of the study, including
ongoing genetic analyses such as genome wide association study (GWAS), quantitative trait

loci (QTL) mapping or QTL-seq, were also stated.



Chapter 2

Natural genetic variation of photosynthetic induction in rice

2.1 Introduction

The response of leaf photosynthesis to a stepwise increase in light intensity, which is
termed as photosynthetic induction, is a key trait for enhancement of crop productivity (Taylor
& Long, 2017; Tanaka et al., 2019). Exploiting the natural genetic variation among untapped
genetic resources can contribute to improve photosynthetic induction and crop productivity
(Sakoda et al., 2022b). There are the large natural genetic variation of photosynthetic induction
in some crops: soybean (Glycine max (L.) Merrill; Soleh et al., 2016, 2017), wheat (Triticum
aestivum L.; Faralli et al., 2019a; Salter et al., 2019) and barley (Hordeum vulgare L.; Salter et
al., 2020). Previous reports have demonstrated that rice (Oryza sativa L.) shows the varietal
difference of photosynthetic induction, and it is mainly limited by both of CO; diffusion from
the atmosphere into the carboxylation site (Adachi et al., 2019b; Xiong et al., 2022a) and CO>
fixation in carboxylation site (Sun et al., 2016; Adachi et al., 2019b; Ohkubo et al., 2020;
Acevedo-Siaca et al., 2020, 2021; Xiong et al., 2022b). But, these could not completely cover
the potential variation of photosynthetic induction in rice due to a limited number of genotypes
or populations.

Kojima et al. (2005) developed World Rice Core Collection (WRC), which is consist
of 69 worldwide rice genotypes. WRC is selected based on the origin, restricted fragment length
polymorphism (RFLP) marker analysis and several morphological traits from approximately
37,000 genotypes, suggesting that it is a powerful tool to investigate the potential variation of

genetic traits in rice (Kojima et al., 2005). The natural genetic variations of WRC have been
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elucidated in many traits, e.g. photosynthetic capacity (Kanemura et al., 2007), stomatal traits
(Ohsumi et al., 2007), root characteristics (Uga et al., 2009) and response to pathogen attack
(Kariya et al., 2019, 2020). Therefore, investigation of the natural genetic variation in
photosynthetic induction among WRC would provide a novel insight into the strategy of
optimizing photosynthetic dynamics under various environmental conditions.

In Chapter 2, I measured the photosynthetic response to a stepwise increase in light
intensity and related traits with WRC and two reference cultivars: Koshihikari and Takanari, to
identify the natural genetic variation and the room of improvement in photosynthetic induction
in rice. Additionally, I assessed the relationship between photosynthetic induction and other

related traits.

2.2 Materials and Methods
2.2.1 Plant materials and cultivation procedures

Tused 57 genotypes of WRC, which were able to reach maturity in Kyoto, Japan, with
two reference cultivars: Koshihikari and Takanari. The 57 genotypes of WRC was consist of 35
indica, 2 temperate japonica and 10 tropical japonica. Tanaka et al. (2020a) classified the WRC
into seven subpopulations based on a phylogenetic tree from a set of 2,315 representative single
nucleotide polymorphisms (SNPs). WRC was divided into three major groups, corresponding
to japonica, indica and aus. Among these three groups, the indica group was further divided
into four subgroups (I-1, I-2, I-3 and I-4) and the aus group was further divided into two
subgroups (A-1 and A-2). Koshihiakri is a popular cultivar in Japan and classified into
temperate japonica. Takanari is a high-yielding rice cultivar and classified into indica, and has
superior photosynthetic response to fluctuating light than Koshihikari (Adachi et al., 2019b;

Ohkubo et al., 2020). Seeds of all genotypes were sown in nursery boxes on 23 April 2018 and
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seedlings were transplanted into 2 L plastic pots filled with alluvial loam soil on 18 May 2018.
Four plants of each genotype were grown at an experimental field in the Graduate School of
Agriculture, Kyoto University, Japan. Slow-release fertilizer (ECOLONG413-100, JCAM
AGRI. CO., Tokyo, Japan; volume and composition: 0.25 g N, 0.19 g P>Os and 0.23 g K,0)
was applied to each pot to provide a baseline fertility level. Afterwards, 0.1 g N (in the form of
ammonium sulfate) and more slow-release fertilizer (ECOLONG413-40, JCAM AGRI. CO.,
Tokyo, Japan; volume and composition: 0.16 g N, 0.13 g P,Os and 0.15 g K>O) were applied to
each pot one week before measurements. The water level of pots was maintained at

approximately 3 cm above the soil surface to avoid drought.

2.2.2 Gas exchange rate and chlorophyll fluorescence measurements

Gas exchange rate and chlorophyll fluorescence were measured simultaneously with
three portable gas exchange analyzers, LI-6800 (Li-Cor Biosciences, Lincoln, NE, USA) in the
morning at 66-70 days after sowing. The uppermost fully expanded leaf was selected from four
plants per genotype for the measurement of photosynthetic induction and capacity. To observe
the photosynthetic induction, plants were placed into the dark room from the previous evening
until the measurement. Condition of the leaf chamber was set to air temperature (Tair) of 30°C,
reference CO; concentration (CO2R) of 400 pmol mol! and relative humidity (RH) of 55-70%.
The photosynthetic photon flux density (PPFD) was set to 50 pmol photons m s™! (low light)
for the first four minutes, and was changed to 1500 umol photons m s*! (high light) for the
following 10 minutes. The following photosynthetic parameters were recorded every two
minutes: 4, stomatal conductance (gy), intercellular CO> concentration (C;), normalized CO>
assimilation rate to a C; of 300 umol mol! (4", transpiration rate (7), water use efficiency

(WUE), photosynthetic electron transport rate around photosystem II (PSII) (E7R) and non-

8



photochemical quenching (NPQ). A* was used to account for the effects of differences in C;

among genotypes. A", WUE, ETR and NPQ were calculated as follows;

A" = A% 300/C; (2-1)
WUE = A/T (2-2)
ETR = ®PSII x 0.5 x 0.84 X PPFD (2-3)
oPSIl = (Fy, —F)/Fn (2-4)
NPQ = (Fp — Eyp )/En (2-5)

where @PSII is the quantum yield of PSII, Fj is the steady state fluorescence intensity in the
light-adapted state, F,’ is the maximum fluorescence intensity in the light-adapted state and F,
is the maximum fluorescence intensity in the dark-adapted state. The values of 0.5 and 0.84 in
equation (2-3) are the fraction of absorbed light reaching PSII, and the leaf absorptance,
respectively. To quantify the speed of photosynthetic induction, the cumulative CO, fixation
during the first 10 minutes of the photosynthetic induction (CCF9) was calculated as follows
(Soleh et al., 2017);

CCFyo = [,° A dt (2-6)
where A; is the temporal CO> assimilation rate recorded every two minutes during a high light
period. The cumulative water loss during the first 10 minutes of the photosynthetic induction
(CWLj9) was also calculated as follows;

WLy = [)°T, dt (2-7)
where 7} is the temporal transpiration rate recorded every two minutes during a high light period.

The light-saturated CO, assimilation rate under steady state (4s.) was measured as

photosynthetic capacity. Leaf chamber was controlled at PPFD of 1500 umol photons m s!,
Tair of 30°C, CO2R of 400 umol mol! and RH of 55-70%. Three plants from each genotype

were selected for 4s.: measurements.



2.2.3 Leaf nitrogen contents

Leaf nitrogen contents per leaf area (LNC) were quantified as a related trait to CO»
fixation. The leaves used for the measurement of photosynthetic induction were sampled for
the quantification of LNC. Area of the leaf tissues was measured with LI-3100 (Li-Cor
Biosciences, Lincoln, NE, USA), and then the leaf tissues were dried at 80°C more than 72
hours, weighed and coarsely ground. The nitrogen content was determined by Kjeldahl

digestion followed by an indophenol assay (Vickery, 1946).

2.2.4 Statistical analysis

The values of all parameters were averaged between individual plants of each genotype
and the standard error was calculated. The Tukey—Kramer multiple comparison test was used
to compare the means. The relationship between several parameters was evaluated according
to the Pearson correlation coefficient. All analyses were performed using Microsoft Excel

(Microsoft, Redmond, WA) and the R software (R Core Team, 2018).

2.3 Results
2.3.1 Photosynthetic response to a stepwise increase in light intensity

Dynamics of leaf photosynthesis during the induction response varied significantly
among the 59 rice genotypes (Fig. 2.1). All parameters, except for the C; and NPQ, gradually
increased after high light irradiation. Whereas C; gradually decreased after high light irradiation.
NPQ increased rapidly during the first two minutes after high light irradiation, and then
gradually increased or decreased depending on genotypes. Overall, the genotypes which

displayed superior responses of 4 tended to have relatively high g, 4%, T, ETR and low NPQ
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Fig. 2.1. Time courses of photosynthetic parameters in response to a stepwise increase in light
intensity in 59 rice genotypes. The dynamics of CO> assimilation rate (4), stomatal conductance (g;),
intercellular CO» concentration (C;), normalized CO, assimilation rate to a C; of 300 pmol mol! (49,
transpiration rate (7), water use efficiency (WUE), photosynthetic electron transport rate around
photosystem II (ETR) and non-photochemical quenching (NPQ) were measured in 59 rice genotypes.
Leaf chamber was kept at an air temperature of 30°C, a reference CO, concentration of 400 pmol mol™!
and a relative humidity of 55-70%. The photosynthetic photon flux density was changed from dark to 50
umol photons m™ s™! for the first 4 minutes, and then to 1500 umol photons m? s™! for the following 10
minutes. Photosynthetic parameters were recorded every 2 minutes. Pink, gray and green represent the
values of genotypes in indica (IND), temperate japonica (TEJ) and tropical japonica (TRJ), respectively.
Gray and pink dashed lines show Koshihikari and Takanari, respectively, and pink solid line shows ARC
11094. The values were averaged between four replications of each genotype.
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values. Several genotypes had a more rapid photosynthetic induction than Takanari. For
instance, the 4 of ARC 11094 increased rapidly during the first two minutes in high light period,
and reached 21.6 umol CO; m? s’! in two minutes after high light irradiation. ARC 11094
showed great g;, 4" and T at initial phase of induction response, and low NPQ throughout high
light period.

The CCF;y of two reference cultivars, Koshihikari and Takanari, were 3.6 mmol CO;
m2 and 12.1 mmol CO, m™, respectively. The highest value of CCF;9 among WRC 57
genotypes is the 14.2 mmol CO, m? for ARC 11094 and approximately four fold greater than
that of Koshihikari (Fig. 2.2). Three temperate japonica (two genotypes in WRC and
Koshihikari) showed lower CCFy, compared with indica or tropical japonica (Fig. 2.3). But,
there was no significant difference in CCF;9 between three major groups or between seven

subpopulations based on a phylogenetic tree in Tanaka et al. (2020a) (Fig. 2.3).

16 | O WRC
Koshihikari . ﬂt
15 1 Takanari + +“Jf$+++++

O ARC 11094 Jﬁ +JF

EA

CCF ,;, (mmol CO, m?)
s o0

BRI P PI ISP T

Genotypes

Fig. 2.2. Carbon gain during the photosynthetic induction in 59 rice genotypes. The cumulative CO>
fixation during the first 10 minutes of the photosynthetic induction (CCF9) was calculated. Gray and
pink stripe bars show Koshihikari and Takanari, respectively, and pink solid bar shows ARC 11094. The
values are mean = SE (n=4).
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Fig. 2.3. Distribution of carbon gain during the photosynthetic induction in 57 WRC genotypes. The
distribution of cumulative CO; fixation during the first 10 minutes of the photosynthetic induction
(CCF'19) in 57 WRC genotypes was described as a histogram and boxplots. The 57 WRC genotypes were
classified into three subspecies or seven subpopulations based on the DNA polymorphism. The histogram
was generated by overlapping the distribution of indica (pink), temperate japonica (black border) and
tropical japonica (green). Pink, gray and green dots in the boxplots represent the values of genotypes in
indica (IND), temperate japonica (TEJ) and tropical japonica (TRIJ), respectively. The values for
Koshihikari and Takanari were presented by crosses in gray and pink, respectively. The vertical and
horizontal bars indicate the mean values and SE, respectively. The values were obtained from Fig. 2.2. ns
represents there is no significant difference at p < 0.05 (Tukey—Kramer multiple comparison test).

2.3.2 The relationship between photosynthetic induction and related parameters

To evaluate the relationship between photosynthetic induction and related parameters,
I showed a correlation matrix among studied traits in this chapter (Fig. 2.4), then focused on
several relationships and showed their scatterplots.

There was no significant correlation in CCFp with days to heading after sowing (DTH),
LNC and A (Fig. 2.4, 2.5), while CCFjp was closely and positively correlated with 4 and g,

just before the transition from low to high light (4o and gs,0) (Fig. 2.4, 2.6).
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Fig. 2.4. Correlation matrix between photosynthetic induction and related parameters in 57 WRC
genotypes. The correlation between days to heading after sowing (DTH); leaf nitrogen content per leaf
area (LNC); the values just before the transition from low to high light or 10 minutes after high light
irradiation of CO» assimilation rate (49 and 4,9); stomatal conductance (g0 and gs 10); intercellular CO»
concentration (C; and C; j9); normalized CO, assimilation rate to a C; of 300 umol mol! (47 and 47 y);
transpiration rate (7 and T'); water use efficiency (WUE, and WUE9); photosynthetic electron transport
rate around photosystem Il (ETRy and ETR;p) and non-photochemical quenching (NPQy and NPQ)o);
cumulative CO; fixation during the first 10 minutes of the photosynthetic induction (CCF'y); cumulative
water loss during the first 10 minutes of the photosynthetic induction (CWL); light-saturating CO>
assimilation rate under steady state (4s.r) were analyzed. The color gradients from red to blue represent
the range of Pearson correlation coefficient from -0.1 to 1.0 across 57 WRC genotypes. *, ** and ***
represent a significant correlation at p < 0.05, 0.01 and 0.001, respectively.
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Fig. 2.5. Relationships between carbon gain during the photosynthetic induction, and heading days,
leaf nitrogen contents or photosynthetic capacity. Relationships between cumulative CO; fixation
during the first 10 minutes of the photosynthetic induction (CCFg), and days to heading after sowing
(DTH), leaf nitrogen contents per leaf area (LNC) or light-saturating CO» assimilation rate under steady
state (4s4) were evaluated. Pink, gray and green closed circles represent the values of genotypes in indica
(IND), temperate japonica (TEJ) and tropical japonica (TRJ), respectively. Gray and pink cross show
Koshihikari and Takanari, respectively. The values of LNC were averaged between four replications of
each genotype, and the values of A, were averaged between three replications of each genotype. The r
value was calculated among 57 WRC genotypes based on Pearson correlation coefficient. ns represents a
not significant correlation at p < 0.05.
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Fig. 2.6. Relationships between carbon gain during the photosynthetic induction and photosynthetic
parameters just before the transition from low to high light. Relationships between cumulative CO>
fixation during the first 10 minutes of the photosynthetic induction (CCF9) and the values just before the
transition from low to high light of CO» assimilation rate (4); stomatal conductance (gs,0) were evaluated.
Pink, gray and green closed circles represent the values of genotypes in indica (IND), temperate japonica
(TEJ) and tropical japonica (TRJ), respectively. Gray and pink cross show Koshihikari and Takanari,
respectively. The values were averaged between four replications of each genotype. The r value was
calculated among 57 WRC genotypes based on Pearson correlation coefficient. *** represents a
significant correlation at p < 0.001.
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2.4 Discussion
2.4.1 Natural genetic variation in photosynthetic induction in rice

Previous studies have reported that photosynthetic induction varies within crops such
as rice (Qu et al., 2016; Adachi et al., 2019b; Ohkubo et al., 2020; Acevedo-Siaca et al., 2020,
2021), soybean (Soleh et al., 2016, 2017), wheat (Faralli et al., 2019a; Salter et al., 2019) and
barley (Salter ef al., 2020). The present study showed that there is a large natural genetic
variation in the photosynthetic induction in rice genotypes (Fig. 2.1, 2.2). The photosynthetic
induction of Koshihikari was slow, and that of Takanari was significantly rapid among 59 rice
genotypes (Fig. 2.1, 2.2). This is consistent with the previous studies (Adachi et al., 2019b;
Ohkubo et al., 2020). Several genotypes in WRC displayed more rapid photosynthetic induction
and larger CCFy than that of Takanari (Fig. 2.1, 2.2). Notably, the speed of the photosynthetic
induction in ARC 11094 was extremely fast and its CCF;p was approximately 4.0 and 1.2 fold
greater than those of Koshihikari and Takanari, respectively (Fig. 2.1, 2.2). These results show
that there is a great potential for genetic improvement of the photosynthetic induction in rice

cultivars.

2.4.2 Limiting process on the natural genetic variation in photosynthetic induction

The activation of CO; fixation, e.g. Rubisco activation and maximum carboxylation
rate (Vcmax), 18 said to be the main factor affecting the difference in photosynthetic induction
(Pearcy, 1990; Hammond et al., 1998; Masumoto et al., 2012; Yamori et al., 2012; Carmo-Silva
and Salvucci, 2013; Kaiser et al., 2016; Soleh et al., 2016; Salter et al., 2019; Acevedo-Siaca
et al., 2020, 2021b). Likewise, stomatal opening is also reported to affect the difference in CO>
diffusion and then photosynthetic induction (Pearcy, 1990; Kaiser et al., 2016; Papanatsiou et

al.,2019; Adachi et al., 2019b; De Souza et al., 2020; Yamori et al., 2020; Kimura et al., 2020).
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The values of g, and 4™ in the genotypes, which showed higher CCFy, increased rapidly after
the transition from low to high light and was higher at 10 minutes after high light irradiation
(Fig. 2.1, 2.4). This means both of CO; fixation and CO; diffusion are related to the natural
genetic variation in photosynthetic induction among WRC. The detailed underlying factors in

the rapid photosynthetic induction of ARC 11094 were analyzed and discussed in Chapter 3.

2.4.3 The relationship between photosynthetic induction and related traits

There is no significant relationship in CCFj9 with DTH and A (Fig. 2.4, 2.5),
suggesting that the photosynthetic induction is regulated independently from the earliness of
heading or photosynthetic capacity. Besides, LNC was not correlated with CCF o (Fig. 2.4,2.5).
Although Sun et al. (2016) reported that the higher nitrogen contents in leaves contributed to
the rapid photosynthetic induction in the specific rice cultivars, this my result implies that the
variation of leaf nitrogen contents could not completely explain the natural genetic variation in
photosynthetic induction in rice.

On the other hand, 4y and g, 0 showed significant positive correlations with CCFg (Fig.
2.4, 2.6). Previous studies have demonstrated the stomatal conductance under low light
influenced the photosynthetic response to a following rapid increase in light intensity (Bai et
al., 2008; Soleh et al., 2017; Wachendorf & Kiippers, 2017a,b). Higher stomatal density and
smaller stomatal size have been reported to be advantageous for the response of stomatal
conductance to fluctuating light (Faralli ez al., 2019b; Sakoda et al., 2020b; Xiong et al., 2022a).
Meanwhile, Zhang et al. (2019) suggested smaller stomata do not always result in the rapid
stomatal response to a high light irradiation. The effect of stomatal conductance under low light
on photosynthetic induction and the effect of stomatal morphology on stomatal kinetics under

fluctuating light remain to be further investigated.
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2.4.4 Conclusion

In conclusion in Chapter 2, I clarified the large natural genetic variation in
photosynthetic induction in rice. This variation has a potential to improve the carbon gain and
crop productivity under field environments. Photosynthetic induction and capacity are thought
to have the different regulating mechanisms, suggesting they could be improved independently.
This would enable to broaden the choices in a breeding strategy with manipulating the leaf

photosynthesis.
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Chapter 3

Physiological factors underlying on the rapid photosynthetic induction in rice

3.1 Introduction

Photosynthetic induction is typically limited by CO; diffusion from the atmosphere
into the carboxylation site and CO; fixation in the carboxylation site (Pearcy, 1990; Kaiser et
al., 2016). The CO; fixation in plant photosynthesis is catalyzed by Rubisco. Regulation of
content or activity in Rubisco activase affected CO- fixation via Rubisco activation state under
fluctuating light, but lesser at steady state (Masumoto et al., 2012; Yamori et al., 2012; Carmo-
Silva and Salvucci, 2013). Dynamic 4-C; curve analysis, which is the time-course A-C; curve
analysis during photosynthetic induction, revealed Vcma Was a major limiting factor to 4 during
photosynthetic induction (Soleh et al., 2016; Taylor and Long, 2017; Salter et al., 2019;
Acevedo-Siaca et al., 2020, 2021b). The efficiency of CO; diffusion from the atmosphere into
the carboxylation site can be further separated into the stomatal conductance and mesophyll
conductance. The stomatal and mesophyll conductance are the gas diffusion efficiency from the
atmosphere to the intercellular airspaces and from the intercellular airspaces to chloroplast
stroma, respectively. Stomatal conductance was reported to impose a greater limitation to the
CO; diffusion than mesophyll conductance for most phase of photosynthetic induction (Sakoda
et al., 2021). Stomatal conductance is determined by stomatal morphology or a single stoma
behaviour. STOMAGEN-overexpressing mutants showed higher stomatal density and smaller
stomatal size, and thus rapid stomatal opening in response to a stepwise increase in light
intensity than wild type (Sakoda et al., 2020b). The large stomatal aperture of a single stoma

contributed to the great stomatal conductance under fluctuating light (Papanatsiou et al., 2019;
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Yamori et al., 2020; Kimura et al., 2020).

Water relations in plants also affects stomatal conductance through leaf water potential
and stomatal aperture under field environments (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 large root water uptake ability contributed to great
stomatal conductance 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 higher
stomatal conductance under drought conditions (Moshelion et al., 2015). However, the
relationship between the difference of isohydric and anisohydric strategies and photosynthetic
induction remains unclear.

ARC 11094 has the extremely rapid photosynthetic induction among 59 rice genotypes
I measured in Chapter 2. Stomatal dynamics of ARC 11094 in response to a stepwise increase
in light intensity was distinct from those of other rice genotypes. Considering the relationship
between stomatal dynamics and water status (Kaiser et al., 2017; Sakoda et al., 2021), it was
hypothesized that the stomatal characteristics of ARC 11094 were different from those of other
rice genotypes, in terms of plant water use. Therefore, this genotype is regarded as a useful
plant material to understand underlying mechanisms on the rapid photosynthetic induction,
especially stomatal dynamics, in rice.

In Chapter 3, I focused on the rapid photosynthetic induction in ARC 11094, with two
reference genotypes; Koshihikari and Takanari. I evaluated the stomatal morphology and
behaviour, and water relations in plants as factors related to the CO; diffusion. In addition, the

maximum rates of Rubisco carboxylation, electron transport, and biochemical characteristics
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of the leaves were measured as factors related to CO> fixation. I also examined diurnal changes
in the gas exchange rate in a field-mimicked environment. I discussed the mechanisms
underlying rapid photosynthetic induction and the relationship between water use strategy and

photosynthetic induction in rice through these analyses.

3.2 Materials and Methods
3.2.1 Plant materials and cultivation procedures

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. Fertilizer and water management were followed as Chapter 2. 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 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 fertilizer (0.16 g N, 0.13 g P»Os and 0.15 g
K>0) and the additional fertilizer 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 m™ s!, and an air
temperature of 28/20°C day/night.

A field experiment was performed in 2020 to evaluate crop productivity in the three
genotypes. Sowing and transplanting date were same as a pot experiment. For yield

measurements, a plot of 10 by 6 plants was established with three replications per each genotype.
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The amount of basal fertilizer was 60 kg N, 47 kg P>Os and 56 kg K,O per a hectare. The
amount of additional fertilizer was 40 kg N, 31 kg P,Os and 37 kg K>O per a hectare and applied
at the middle of July. Weeds, diseases and insects were strictly controlled, and the field was

fully irrigated throughout the growing season.

3.2.2 Gas exchange rate measurements

Gas exchange rates at steady and non-steady states in the uppermost fully expanded
leaves were measured with three portable gas exchange analyzers, LI-6800 (Li-Cor Biosciences,
Lincoln, NE, USA). For the measurement of gas exchange rate at steady state, condition of the
leaf chamber was set to PPFD of 1500 umol photons m™ s™! (90% of red light and 10% of blue
light), Tair of 30°C, CO2R of 400 umol mol™! and RH of 55-70%. 4, g, Ci, A", T and WUE were
recorded.

The response of 4 to C; under steady state was obtained under the aforementioned
conditions except for CO2R, which was increased to 100, 200, 300, 400, 600 and 800 pmol mol
I. The A-C; curves were analyzed using the equations of Farquhar er al. (1980) with the
“Plantecophys” package in R (bilinear fitting method; Duursma, 2015) to estimate Vcmar and
the maximum electron transport rate (Juax). The parameters were normalized to 25°C during
the fitting process based on Bernacchi ef al. (2001).

To observe the photosynthetic dynamics under non-steady state, plants were placed in
the dark room from the previous evening until the measurement. The PPFD was changed from
0 umol photons m s*! to 50 pmol photons m? s! for 10 minutes and then 1500 pmol photons
m2 s for 90 minutes (Fig. 3.1). The ratio of red-blue LED light sources was kept at 90:10. The
photosynthetic parameters were recorded every 10 seconds. A dynamic 4-C; curve analysis was

conducted based on previous studies (Soleh et al., 2016; Taylor & Long, 2017). At first, the
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leaves were adapted to the steady state at PPFD of 1500 pmol photons m™ s, Tair of 30°C,
CO2R of 400 pmol mol™! and RH of 55-70%. Subsequently, the cycle of 50 umol photons m
s’! for 30 minutes and 1500 umol photons m s*! for 10 minutes was repeated at CO2R values
of 100, 200, 300, 400, 600 and 800 umol mol™'. As described above, I obtained the dynamics
of Vemax and Jmax from the 4-C; curves fitted to the data for every 10 seconds interval.

Diurnal changes in gas exchange rates in a field-mimicked environment were
measured using two LI-6400 (Li-Cor Biosciences, Lincoln, NE, USA). Overnight dark-adapted
leaves were clamped within leaf chambers, and the PPFD and T.ir used in Ohkubo ef al. (2020)
(Fig. 3.1) was replicated for 12 hours. Photosynthetic parameters at a CO2R of 400 pmol mol!

were recorded every 10 seconds.
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Fig. 3.1. Conditions in the leaf chamber at the measurement of photosynthetic dynamics.
Photosynthetic responses to a step increase in light intensity (left) were measured. The value of
photosynthetic photon flux density (PPFD) was changed from 0 pmol photons m? s™! to 50 pmol photons
m? s’ for 10 minutes, and then to 1500 pmol photons m™ s’ for the following 90 minutes, and air
temperature was constant at 30°C. The measurement of diurnal changes of photosynthesis was conducted
under field-mimicked environment (right). The values of PPFD and air temperature observed in rice
canopy were replicated every 10 seconds for 12 hours.

3.2.3 Leaf nitrogen, Rubisco and chlorophyll contents

The uppermost expanded leaves were sampled at 7-8 a.m. to evaluate leaf nitrogen,
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Rubisco and chlorophyll contents. The quantification of LNC was followed in Chapter 2. The
quantification of Rubisco contents per leaf area and chlorophyll contents per leaf area (Chl a+b)
was performed as described in Sakoda et al. (2020a). A leaf tissue of 1.5 cm? was collected,
frozen immediately with liquid nitrogen and then stored at -80°C until further use. The leaf
tissue was homogenised using a cold mortar and pestle in an extraction buffer containing 50
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-KOH, 5 mM MgCl,, | mM
Nay ethylenediaminetraacetic acid (EDTA), 0.1% (w/v) polyvinyl pyrrolidine (PVPP), 0.05%
(v/v) Triton X-100, 5% glycerol, 4 mM amino-n-caproic acid, 0.8 mM benzamidine-HCI, 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 five minutes at 4°C. The supernatant was then used for Rubisco quantification. The Rubisco
content was quantified spectrophotometrically 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 a following equation
(Porra et al. 1989);
Chla+ b = 17.67(A%*66 — A750) + 7.12(A%636 — A750) (3-1)

where the unit of Chl a+b is pg ml!, and 4°%%, 4536 and A7°" are the absorbance of the

solutions at 646.6, 663.6 and 750 nm, respectively.

3.2.4 Stomatal morphology
Stomatal morphology (stomatal density: SD, and guard cell length: GCL) were
quantified as related traits to CO, diffusion. Replicas of the adaxial and abaxial leaf surfaces

used for gas exchange measurements were prepared using Suzuki’s Universal Method of
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Printing. These replicas were observed at 100-fold magnification using an optical microscope
(CX31 and DP21; Olympus, Tokyo, Japan), and three microscopic images were obtained for
each replica. The SD and GCL for each leaf was the sum and average of both surfaces,
respectively. Additionally, specific stomatal conductance was calculated by dividing gs by SD

to evaluate the contribution of a single stoma to gs, following Ohsumi et al. (2007).

3.2.5 Water relations in plants

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 wmol photons m s!) for sufficient time before the measurement.
Whole-plant hydraulic conductance (Kpian) Was calculated using the following equation, based
on Hirasawa (1991);

Kplant = - Tsteady/LWP (3-2)

where Tiweaqy indicates 7 measured under steady state.

The exudation rate per plant (), total, root and shoot dry weights, and root/shoot ratio
were measured to evaluate root activity. I cut the shoots of plants placed in the dark or after 10
min of irradiation with a PPFD of 50 umol photons m s*! using 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 roots and shoots of the plants were washed with
water carefully. All the samples were dried at 80°C for more than 72 hours and then weighed. I

calculated the normalized E to root dry weight (E/Root) to remove the effects of differences in

individual growth.
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3.2.6 Photosynthetic response to changing osmotic potential

To characterize the photosynthetic response to leaf water deficit, I observed dynamics
of gs 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 pmol photons m™ s, an Tair of 30°C, a CO2R concentration of 400 pmol mol!, and a
RH of 55-70%. After stabilization of photosynthesis, 1% (w/v) polyethylene glycol (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 seconds when

the osmotic potential changed.

3.2.7 Crop productivity of the plants grown under the field

At the plant maturity stage, 10 plants were harvested per each plot for the measurement
of grain yield and yield components. The grain yield was adjusted to 14% moisture. Yield
components, i.e., the panicle number per square meter, spikelet number per panicle, filled grain
ratio and 1000-grain weight, were determined. Filled grain was selected with water, and 1000-
grain weight was adjusted to 14% moisture. Simultaneously, above ground biomass and harvest

index were measured.

3.2.8 Statistical analysis

The values of all parameters were averaged between individual plants of each genotype
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 Core Team, 2018).
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3.3 Results
3.3.1 Gas exchange rates at steady and non-steady state
First, Asq and the other photosynthetic parameters (g, Ci, 4, T and WUE) under steady
state (gs,steady, Ci,steady, A*steady, Tvteady and WUEs[eady) WEre measured. The Asa[ Of ARC 11094,
Takanari and Koshihikari were 26.1, 29.2 and 22.5 pmol CO> m s!, respectively (Table 3.1).
ARC 11094 and Takanari showed greater gy seaay than Koshihikari, but C; eqqy of Takanari was
similar to that of Koshihikari (Table 3.1). Therefore, the 4 “seqaqy of Takanari tended to be greater
than those of ARC 11094 and Koshihikari (Table 3.1). The Tiweaay of ARC 11094 and Takanari
was higher than that of Koshihikari, and ARC 11094 showed lower WUEj«uqy than those of
Takanari and Koshihikari (Table 3.1).
Table 3.1. Photosynthetic parameters and water relations in plants under steady state. Steady state
values of light-saturating CO, assimilation rate (4sa), stomatal conductance (g sweaqy), intercellular CO»
concentration (Ciseady), normalized CO, assimilation rate to a C; of 300 umol mol™ (4 seaa), transpiration
rate (Teaqy) and water use efficiency (WUEweaqy) Were measured with LI-6800 at a photosynthetic photon
flux density of 1500 pmol photons m? s™!, a reference CO concentration of 400 pmol mol™!, an air
temperature of 30°C and a relative humidity of 55-70%. Leaf water potential (LWP) was evaluated
immediately after the photosynthetic measurement under steady state with the pressure chamber method.
Whole plant hydraulic conductance (Kpun) was calculated using the values of Tyeaqy 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
Asar (nmol CO; m?2 s 261+13 ab  29.2+1.8 a 225+1.9 b
Gssteady (Mol HHO m? s 0.51+0.03 a 047+0.04 a 033+0.03 b
Cisteady (Wmol CO, mol™) 287+3 a 263 +4 b 258 +£2 b
A’ steaqy (umol CO, m? s7) 274+1.6 334+22 26.1+2.2
Tsteady (mmol HO m? s7!) 7.1+0.2 a 6.7+0.4 a 5304 b

WUEisteaqy (bmol CO2 mmol™! H,0) 3.7+0.1 b 44+0.1 a 43+0.1 a

LWP (MPa) -0.60 £0.12 -0.40 £ 0.06 -0.33£0.04

Kptan: (mmol H,O m™ s' MPa™) 132+25 17.6 +3.6 17.7+1.5
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Next, I investigated the response of the photosynthetic parameters to high light
irradiation. After step increases in light intensity, 4 of ARC 11094 and Takanari increased more
rapidly than that of Koshihikari (Fig. 3.2). The time to reach 80% of the maximum A after high
light irradiation (7s9,4) in ARC 11094, Takanari, and Koshihikari were 4.3, 6.8 and 32.0 minutes,
respectively (Fig. 3.2). However, the values of 4 in the dark (dark respiration rate; Rs) and just
before the transition from low to high light (4), and the maximum values during induction
response (Amax), and the time to reach 50% of A after high light irradiation (7’59,.4) were not
significantly different among all the genotypes (Fig. 3.2; Table 3.2). A" in the dark and just
before the transition from low to high light (4 4ar, 49), the maximum values of g; and 4" during
induction response (gs max, A ‘max), and the time to reach 50% of A"y after high light irradiation
(T’50,4%) also showed no significant differences. The g in the dark (gs,qa), the time to reach 50%
of g5 max after high light irradiation (Ts0,¢s) and the time to reach 80% of g mar and A e after
high light irradiation (7s0,¢s and Ts9.4+) were higher or shorter in ARC 11094 and Takanari than
Koshihikari (Fig. 3.2; Table 3.2). In ARC 11094 and Takanari, g just before the transition from
low to high light (gy0) tended to be higher than that in Koshihikari (p = 0.057; Table 3.2). The
values of g5, 4%, and T'in ARC 11094 and Takanari increased more rapidly and were higher than
those in Koshihikari under both of low and high light periods (Fig. 3.2). C; was also higher in
ARC 11094 and Takanari than in Koshihikari under high light period (Fig. 3.2). In contrast, the
WUE of Koshihikari was higher than those of ARC 11094 and Takanari after high light
irradiation (Fig. 3.2).

PPFD in the rice canopy fluctuated drastically and affected all photosynthetic
parameters (Fig. 3.1, 3.3). ARC 11094 had greater 4, g;, A, and T values than Koshihikari
throughout the day (Fig. 3.3). Takanari had higher 4, g; and T than Koshihikari during most of

the day, but slightly lower than Koshihikari in the late afternoon (Fig. 3.3). C; of Takanari tended
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to be higher, and the WUE of ARC 11094 and Takanari tended to be lower than that of

Koshihikari in the morning (Fig. 3.3).
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Fig. 3.2. Time courses of photosynthetic parameters in response to changes in light intensity. The
dynamics of CO» assimilation rate (4), stomatal conductance (g;), intercellular CO, concentration (C;),
normalized CO, assimilation rate to a C; of 300 umol mol! (4%), transpiration rate (T) and water use
efficiency (WUE) were measured. Leaf chamber was kept at an air temperature of 30°C, a reference CO,
concentration of 400 pumol mol"! and a relative humidity of 55-70%. The photosynthetic photon flux
density was changed from dark to 50 pmol photons m™ s™! for the first 10 minutes, and then to 1500 pmol
photons m™? 57! for the following 90 minutes. Photosynthetic parameters were recorded every 10 seconds.
Time to reach 50% or 80% of the maximum values during induction response after high light irradiation
was calculated in 4, gy and A" (Tso.4, Tso,gs, T50,4% , Ts0.4, Ts0,gs and Tsp 4+). Pink, green and gray show ARC
11094, Takanari and Koshihikari, respectively. Values are mean = SE (n = 4-5). Letters represent
significant differences among genotypes at p < 0.05 (Tukey-Kramer multiple comparison test).
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Table 3.2. Photosynthetic characteristics under non-steady state. The values of CO; assimilation rate,
stomatal conductance and normalized CO» assimilation rate to a C; of 300 umol mol™ at dark (dark
respiration rate; Ry, gs dark, A dark), just before the transition from low to high light (4o, g0, 4"0), and the
maximum values during induction response (4max, s mas, A max) were estimated from Fig. 3.2. Values are
mean £ SE (n = 4-5). Lower-case letters represent significant differences among genotypes at p < 0.05
(Tukey-Kramer multiple comparison test).

Parameters ARC 11094 Takanari Koshihikari

R4 (umol CO, m? s7) 0.88 +0.03 0.83+0.1 0.87+0.14

Ay (umol CO; m? s 226+0.19 2.11+0.19 1.53£0.19

Apmar (umol CO, m2 s7) 249+1.8 25.9+0.9 21.2+1.0

Zsdark (Mol HoO m? s 0.036£0.005 ab  0.046+0.006 a 0.023+£0.002 b
g0 (mol HO m? s™) 0.16 = 0.03 0.18 +0.03 0.07 +0.01

Zsmax (Mol HHO m? s7) 0.47 +0.05 0.49 + 0.05 0.32+0.01

A dar (umol CO, m2 s -0.61 +0.02 -0.59 +0.06 -0.58 £0.09

A% (umol CO, m? s 1.89+0.17 1.73£0.16 1.31£0.17

A max (umol CO> m™ s7h) 274+22 284+1.1 246+1.6

3.3.2 Dynamic A-C; curve analysis and biochemical traits related to leaf photosynthesis

As COzR increased, 4 became higher, and the slope of the 4-C; curves increased with
time in all genotypes (Fig. 3.4). In ARC 11094 and Takanari, the 4 responses were more rapid
under each CO2R, and the slope of the A-C; curves was steeper than in Koshihikari (Fig. 3.4).
The g, of Takanari and Koshihikari showed smaller values as CO2R increased, while initial
responses of gy during the first three minutes after high light irradiation were similar between

high CO2R (600 and 800 ppm) and ambient CO2R (400 ppm) in ARC 11094 (Fig. 3.4).
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Fig. 3.3. Diurnal changes of photosynthetic parameters under field-mimicked environment. The
dynamics of CO» assimilation rate (4), stomatal conductance (g;), intercellular CO, concentration (C;),
normalized CO, assimilation rate to a C; of 300 umol mol! (4%), transpiration rate (T) and water use
efficiency (WUE) were measured. Leaf chamber was kept at a reference CO, concentration of 400 umol
mol ™. The photosynthetic photon flux density and air temperature were changed as shown Fig. 3.1.
Photosynthetic parameters were recorded every 10 seconds for 12 hours. Pink, green and gray show ARC
11094, Takanari and Koshihikari, respectively. Values are mean + SE (n = 3).

The values of Vemar and Juax increased after high light irradiation for all genotypes (Fig.
3.5). The Vemax of all genotypes were not different in the initial induction phase during four
minutes after high light irradiation (Fig. 3.5). Juar of ARC 11094 and Takanari was also high,
and that of Koshihikari was low during the induction response (Fig. 3.5). But, considering the
steady state values as 100%, relative Vcmax and Jua showed no significant differences among

three genotypes (Fig. 3.5).
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Fig. 3.4. Non-steady state photosynthesis under different CO; concentration. The dynamics after high
light irradiation of CO; assimilation rate (4) and stomatal conductance (g;) at reference CO» concentration
of 100, 200, 300, 400, 600 and 800 umol mol™!, and 4-C; curve were evaluated. Leaf chamber was kept
at an air temperature of 30°C and a relative humidity of 55-70%. Photosynthetic parameters were recorded
every 10 seconds. 4-C; curve analysis under steady state was conducted independently. Pink, green and
gray show ARC 11094, Takanari and Koshihikari, respectively. Values are mean + SE (n = 4-5).

Nitrogen, Rubisco and chlorophyll contents per leaf area were investigated as traits
related to COz fixation. The LNC of ARC 11094 was significantly lower than those of Takanari
and Koshihikari (Fig. 3.5). But, there were no significant differences among the three genotypes

in Rubisco contents and Chl a+b (Fig. 3.5).
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Fig. 3.5. Dynamics of limiting factors in photosynthetic induction and biochemical traits in leaves.
The dynamics of the maximum rate of carboxylation (¥cmax) and electron transport (Jyax) were estimated
from Fig. 3.4 and normalized to 25°C. Dashed horizontal lines indicate the values under steady state.
Relative values of Vemar and Juar were calculated when the steady state values were considered as 100%.
Contents of nitrogen (LNC), Rubisco and chlorophyll (Chl a+b) per leaf area were quantified. Pink, green
and gray show ARC 11094, Takanari and Koshihikari, respectively. Values are mean + SE (n = 4-5).
Lower-case letters represent significant differences among genotypes at p < 0.05 (Tukey-Kramer multiple
comparison test).

3.3.3 Stomatal traits and water relations
ARC 11094 and Koshihikari had similar SD, and Takanari had higher values than the
other two genotypes (Fig. 3.6). On the other hand, the GCL of Takanari was the lowest, followed
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in order by Koshihikari and ARC 11094 (Fig. 3.6). To estimate the contribution of a single
stoma to g, [ calculated the specific gs. Specific g values of ARC 11094 were higher in Takanari
and Koshihikari, and Takanari showed similar values to Koshihikari after 30 minutes of high

light irradiation (Fig. 3.6).
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Fig. 3.6. Stomatal morphology and time courses of specific stomatal conductance to changes in light
intensity. Stomatal density (SD) and guard cell length (GCL), and dynamics of specific stomatal
conductance (gs) were evaluated. Morphological traits of stomata was quantified with SUMP method.
Specific g; was calculated by dividing gs, which was obtained from Fig. 3.2, by SD. Pink, green and gray
show ARC 11094, Takanari and Koshihikari, respectively. 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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The LWP and K, under saturating light tended to be lower in ARC 11094 than in
Takanari and Koshihikari (Table 3.1). £ and E/Root were measured under dark or low light for
10 minutes as an indicator of water transport efficiency from root to shoot. There was no
apparent difference between the two light treatments in any genotype (Fig. 3.7). The E of
Takanari was significantly higher than those of ARC 11094 and Koshihikari (Fig. 3.7). The
E/Root of ARC 11094 was lower than those of Takanari and Koshihikari, and Takanari and
Koshihikari showed similar values (Fig. 3.7). The total dry weight of Takanari was the highest,
followed in order by Koshihikari and ARC 11094 (Fig. 3.7). Although the root dry weights of
ARC 11094 and Takanari were significantly higher than that of Koshihikari, 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. 3.7).

A, g, Ci and T of all genotypes showed a significant decrease approximately five
minutes after the changing the osmotic potential (Fig. 3.8). However, the parameters of ARC
11094 recovered slightly and maintained higher values compared to the other two genotypes 10
minutes after the changing the osmotic potential (Fig. 3.8). On the other hand, WUE of all
genotypes increased approximately five minutes after the changing the osmotic potential (Fig.
3.8). The increase of WUE in ARC 11094 was less than those in Takanari and Koshihikari (Fig.

3.8). A™ did not show apparent differences among genotypes (Fig. 3.8).

3.3.4 Yield and yield components
Grain yield of Takanari was greater than that of Koshihikari (Fig. 3.9). Panicle number
per square meter was lower and spikelet number per panicle was higher in Takanari than

Koshihikari, but the differences in above ground biomass, harvest index, filled grain ratio and
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Fig. 3.7. Water uptake of the whole root system. Exudation rate per plant (£), normalized E to the root
dry weight (E/Root), total, root or shoot dry weight and root/shoot ratio were measured. Exudates were
collected for 30 minutes after cutting, and then exudation rates were calculated. Left and right in the
graphs of E and E/Root represent the values at dark or 10 minutes after low light irradiation (50 pmol
photons m™ s'), respectively. E/Root was calculated by dividing E by root dry weight. Pink, green and
gray show ARC 11094, Takanari and Koshihikari, respectively. Values are mean + SE (n =4 or 8). Letters
represent significant differences among genotypes at p < 0.05 (Tukey-Kramer multiple comparison test).
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Fig. 3.8. Responses of photosynthetic parameters to osmotic stress. The dynamics of CO; assimilation
rate (4), stomatal conductance (gs), intercellular CO, concentration (C;), normalized CO, assimilation
rate to a C; of 300 umol mol™! (4”), transpiration rate (7) and water use efficiency (WUE) in response to
changing osmotic potential were measured. Leaf chamber was kept at a photosynthetic photon flux
density of 500 umol photons m™? s, an air temperature of 30°C, a reference CO, concentration of 400
umol mol™! and a relative humidity of 55-70%. Photosynthetic parameters were recorded every 10
seconds when osmotic potential was changed with polyethylene glycol. Pink, green and gray show ARC
11094, Takanari and Koshihikari, respectively. Values are mean + SE (n = 6).

1000-grain weight between Takanari and Koshihikari were not significant (Fig. 3.9). ARC
11094 showed significantly lower values in all parameters, except for panicle number per
square meter, and higher value in panicle number per square meter than Takanari and

Koshihikari (Fig. 3.9).
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Fig. 3.9. Yield and yield components of plants grown under field. Grain yield, above ground biomass,
harvest index, panicle number per square meter, spikelet number per panicle, filled grain ratio and 1000-
grain weight were evaluated. These traits were measured at the maturity stage from ten plants with three
replications. Filled grain was selected with water, and grain yield and 1000-grain weigh were adjusted to
14% moisture. Pink, green and gray show ARC 11094, Takanari and Koshihikari, respectively. Values are
mean + SE (n = 3). Lower-case letters represent significant differences among genotypes at p < 0.05
(Tukey-Kramer multiple comparison test).

3.4 Discussion
3.4.1 ARC 11094 and Takanari showed a rapid photosynthetic induction

ARC 11094 and Takanari showed a more rapid photosynthetic induction than
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Koshihikari did. 4" and g; demonstrated higher values in ARC 11094 and Takanari than in
Koshihikari during the induction response (Fig. 3.2), suggesting that both of CO; diffusion and
CO:; fixation are more efficient in ARC 11094 and Takanari than Koshihikari. I investigated the
dynamics of Vemax and Jiax, LNC, Rubisco contents and Chl a+b as related traits to 4™, efficient
CO:; fixation in ARC 11094 and Takanari could not be explained by the differences in these
parameters among the three genotypes. The other traits, such as Rubisco activation state or
nitrogen distribution in leaves, might be different among the three genotypes, however, further
investigation would be need to clarify the underlying mechanisms on the efficient CO, fixation

in ARC 11094 and Takanari.

3.4.2 Stomatal morphology or single stomatal behaviour were related to the photosynthetic
induction

The stomatal morphology was distinct among the three genotypes (Fig. 3.6). Takanari
had a higher stomatal density and smaller stomatal size than ARC 11094 and Koshihikari (Fig.
3.6). These characteristics in Takanari have been reported to be advantageous for the response
of g, to fluctuating light (Faralli et al., 2019b; Sakoda et al., 2020b; Xiong et al., 2022a). The
stomatal morphology of ARC 11094 was similar to that of Koshihikari (Fig. 3.6). Therefore,
the contribution of a single stoma to g5, such as stomatal aperture or pore depth, was significant
in ARC 11094 compared to Takanari and Koshihikari (Fig. 3.6). Altogether, high g during the
induction response is related to stomatal morphology in Takanari, but single stomatal behaviour

in ARC 11094.

3.4.3 Greater root activity contributed to the rapid photosynthetic induction in Takanari

Root water uptake ability can affect leaf photosynthesis through leaf water potential
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and gy (Hirasawa, 1991; Taylaran et al., 2011). I investigated the exudation rate as parameters
related to root activity. The £ of Takanari was superior to that of Koshihikari under dark and
low light conditions, which was attributed to the greater root mass (Fig. 3.7). These results are
consistent with those of Taylaran et al. (2011) and imply that root activity contributes to the
rapid response of gs 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. 3.7). However,
Kpiane under high light intensity and E/Root under both of dark and low light conditions were
lower in ARC 11094 than those in Takanari and Koshihikari (Table 3.1; Fig. 3.7). Since ARC
11094 could not utilise the large root mass efficiently, the water supply from roots to leaves was
insufficient against large gs, and the LWP under saturating light was low in ARC 11094 (Table
3.1). Taken together, great root activity due to large root mass would support the rapid stomatal
response to high light in Takanari, while the response in ARC 11094 could not be explained in

terms of water supply from roots to leaves.

3.4.4 Anisohydric stomatal behaviour contributed to the rapid photosynthetic induction in ARC
11094

Why can ARC 11094 realize the great g; under the non-steady state even though water
supply from roots to leaves is not efficient? In general, leaf water deficit induces hydroactive
stomatal closure (Glinka, 1971; DeMichele & Sharpe, 1973; Buckley, 2019). Koshihikari
showed a temporary setback of g; during photosynthetic induction, which would be attributable
to hydroactive stomatal closure (Fig. 3.2). However, Takanari did not demonstrate such a
setback because of the great root activity (Fig. 3.2, 3.7). This stomatal behaviour 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
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gs after changing the osmotic potential (Fig. 3.8). This result indicates stomata of ARC 11094
is relatively unsusceptible to low leaf water potential compared to Takanari and Koshihikari,
and has similar characteristics to those of anisohydric plants. Altogether, ARC 11094 may
realize the rapid response of g; to high light irradiation because of the anisohydirc stomatal
behaviour. The dynamics of g5 probably caused by anisohydric characteristics was observed
under field-mimicked environment. ARC 11094 showed maintained high g even late afternoon
when leaf water potential declines, though g, of Takanari decreased to near Koshihikari (Fig.
3.3).

These anisohydric characteristics may contribute to the rapid photosynthetic induction
and significant carbon gain under field environments; however, the plant biomass production
was low in ARC 11094 (Fig. 3.7, 3.9). Similar phenomena have been observed in previous
studies using slow anion channel-associated 1 (slacl) deficit rice or STOMAGEN-
overexpressing Arabidopsis (Tanaka et al., 2013; Sakoda et al., 2020b; Yamori et al., 2020) and
they discussed the possibility of adverse effects of water loss to plant biomass production.
Considering these studies and the low LWP in ARC 11094 (Table 3.1), the limited water supply
from roots to leaves compared with the transpiration from leaves may be one of the factors
related to the low biomass in ARC 11094. However, anisohydric plants are reported to exhibit
high biomass production under ample water supply in Populus 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 also important for enhancing biomass production by utilising the
photosynthetic induction. Isohydric and anisohydric stomatal behaviours are thought to be
related to abscisic acid biosynthesis or aquaporin expression (Gallé et al., 2013; Moshelion et

al., 2015; Shelden et al., 2017); however, the detailed mechanism remains unclear.
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3.4.5 Stomatal dynamics under dark and low light irradiation

Previous reports have shown that g immediately before high light irradiation is
essential for subsequent photosynthetic induction (Soleh et al., 2017; Wachendorf & Kiippers,
2017a,b). In the present study, ARC 11094 and Takanari showed significantly greater g q.« than
Koshihikari. The varietal order was consistent in gy ¢, although it was not statistically significant
(p = 0.057) (Fig. 3.2; Table 3.2). The SLACI or open stomata 1 (OSTI) contributes to stomatal
closure in response to abscisic acid and high CO; (Xue et al., 2011). The deficient mutants of
these genes showed higher g 4a than wild-type plants in Arabidopsis (Kimura et al., 2020) and
could be regarded as anisohydric in that they maintain stomata open irrespective of water loss.
In addition, the stomatal response induced by blue light occurs and is saturated under low light
intensity (<5-10 pmol photons m™ s!; Shimazaki et al., 2007; Matthews et al., 2020; Lawson
& Matthews, 2020). Therefore, the sensitivity of stomata to abscisic acid, high CO: or blue light
may be related to the high g dar or g50 in ARC 11094 and Takanari. In ARC 11094, especially,
initial stomatal responses to high light irradiation under high CO> concentration (600 and 800
ppm) were similar to that under ambient CO; concentration (400 ppm) (Fig. 3.4). This result
supports the hypothesis that ARC 11094 has similar behaviour to slac! or ost! deficient mutant,
or anisohydric plants on the stomatal response to increases in light intensity. 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.

3.4.6 Conclusion
In conclusion in Chapter 3, I characterized the physiological underlying factors on
natural genetic variation of photosynthetic induction using three rice genotypes. ARC 11094

and Takanari showed more efficient CO> diffusion during the induction response than
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Koshihikari. The efficient CO; diffusion in Takanari was related to stomatal density, stomatal
size and root mass. The efficient CO; diffusion of ARC 11094 was 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 thesis, 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. Understanding and combining these characteristics could lead to further rapid

photosynthetic induction and improve crop productivity in field environments.

44



Chapter 4

Differences in photosynthetic induction among rice subspecies and the related

ecophysiological factors

4.1 Introduction

Photosynthetic induction is thought to be important for not only crop carbon gain but
also plant adaptation to various environments under field conditions. In Chapter 2, I found the
possibility that the temperate japonica has a slow photosynthetic induction compared with
indica and tropical japonica (Fig. 2.3). Qu et al. (2016) described that there would be
differences of stomatal dynamics under fluctuating light conditions between rice
subpopulations; aromatic, aus, indica, temperate japonica and tropical japonica. The details of
the differences have to be elucidated for utilizing the natural genetic variation of photosynthetic
induction in future breeding programs.

Rice Core Collection of Japanese Landraces (JRC) developed by Ebana et al. (2008)
is consist of 5 indica, 33 temperate japonica and 12 tropical japonica genotypes, and a suitable
tool to understand the rice adaptation in northern areas. I thought that investigation of the natural
genetic variation in photosynthetic induction among JRC and a combined-analysis with both of
the results in WRC (Chapter 2) and JRC unveil the difference in photosynthetic induction
between rice subspecies; indica, temperate japonica and tropical japonica. In addition, I also
considered the results of measurement by the author conducted with 166 temperate japonica
rice cultivars developed in Japan.

In Chapter 4, I investigated the natural genetic variation in photosynthetic induction

among 50 JRC genotypes with two reference cultivars; Koshihikari and Takanari. Firstly, I
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evaluated the overall trends about the photosynthetic induction and other related traits in only
JRC as similar to Chapter 2. Then, I discussed the difference in photosynthetic induction

between rice subspecies.

4.2 Materials and Methods
4.2.1 Plant materials and cultivation procedures

I used 50 genotypes of JRC with two reference cultivars: Koshihikari and Takanari.
The 50 genotypes of JRC is consist of 5 indica, 33 temperate japonica and 12 tropical japonica,
and the genetic diversity in JRC seems smaller than that in WRC (Ebana ef al., 2007; Tanaka
et al., 2020b). Koshihikari is a popular rice cultivar in Japan and classified into temperate
Jjaponica. Takanari is a high-yielding rice cultivar and classified into indica, and has superior
photosynthetic response to fluctuating light than Koshihikari (Adachi et al., 2019b; Ohkubo et
al., 2020; Chapter 2 in the present thesis). Seeds of all genotypes were sown in nursery boxes
on 27 April 2021 and the seedlings were transplanted into 2 L plastic pots filled with alluvial
loam soil on 19 May 2021. Four plants of each genotype were grown at an experimental field
in the Graduate School of Agriculture, Kyoto University, Japan. Fertilizer and water

management were followed as Chapter 2.

4.2.2 Gas exchange rate and chlorophyll fluorescence measurements

Gas exchange rate and chlorophyll fluorescence in response to a stepwise increase in
light intensity were measured simultaneously with three portable gas exchange analyzers, LI-
6800 (Li-Cor Biosciences, Lincoln, NE, USA) in the morning at 59-63 days after sowing. The
uppermost fully expanded leaf was selected from four plants per genotype for the measurement

of photosynthetic induction and capacity. To observe the photosynthetic induction, plants were
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placed in the dark room from the previous evening until the measurement. Condition of the leaf
chamber was set to Tair of 30°C, CO2R of 400 pmol mol! and RH of 55-70%. The PPFD was
set to 50 umol photons m? s'! (low light) for the first four minutes, and was changed to 1500
umol photons m s°! (high light) for the following 10 minutes. 4, gs, Ci, A", T and WUE were
recorded every 10 seconds, and ETR and NPQ were recorded every two minutes. The
calculation of 4", WUE, ETR, NPQ, CCF 9 and CWL;y were conducted following the method
in Chapter 2.

The A4, was measured as photosynthetic capacity at 55 days after sowing. Leaf
chamber was controlled at PPFD of 1500 pmol photons m s!, Tair of 30°C, CO2R of 400 umol

mol™!' and RH of 55-70%. Four plants from each genotype were selected for 4, measurements.

4.2.3 Leaf nitrogen and chlorophyll contents

LNC and Chl a+b were quantified as related traits to CO- fixation. The leaves used for
the measurement of photosynthetic induction were cut at the collar for quantification of LNC,
Chl a+b and stomatal morphology (described below). A 0.5 cm? leaf tissue was apart from each
leaf for Chl a+b, and the other part of leaf was used for stomatal morphology, and then for LNC.
The quantification of LNC was conducted following the method in Chapter 2. To extract the
chlorophyll, the leaf tissues were soak into 1.5 ml N,N-dimethylformamide (DMF) over 24
hours. The calculation of Chl a+b was conducted as follows (Porra ef al. 1989);

Chla+ b = 17.67(A%*68 — A750) + 7.12(A%%38 — A750)  (4-1)
where the unit of Chl a+b is pg ml!, and 4°%%8, 4538 and A7°" are the absorbance of the

solutions at 646.8, 663.8 and 750 nm, respectively.

4.2.4 Stomatal morphology
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Stomatal morphology (SD and GCL) were quantified as related traits to CO2 diffusion.
Preparation and observation of replicas of the adaxial and abaxial leaf surfaces were conducted
following the method in Chapter 3, and one microscopic image was obtained for each replica.

The SD and GCL for each leaf was the sum and average of both surfaces, respectively.

4.2.5 Biomass production
All plants of 50 JRC genotypes were sampled at 64-65 days after sowing. After
removing the roots, samples were dried at 80°C more than 72 hours and then weighed as shoot

dry weight (SDW).

4.2.6 Statistical analysis

The values of all parameters were averaged between individual plants of each genotype
and the standard error was calculated. The Tukey—Kramer multiple comparison test was used
to compare the means. The relationship between several parameters was evaluated according
to the Pearson correlation coefficient. All analyses were performed using Microsoft Excel
(Microsoft, Redmond, WA) and the R software (R Core Team, 2018). In a combined-analysis
with WRC and JRC, all parameters were normalized, considering the values of Koshihikari in
each year as 1. Steel-Dwass test was used to compare the means between subspecies using the
normalized parameters. Principal component analysis (PCA) was performed on the normalized

parameters in WRC and JRC using the prcomp function in the ‘stats’ package in R software.

4.2.7 An extra measurement of photosynthetic induction with 166 temperate japonica
We measured the photosynthetic induction in 166 tfemperate japonica rice cultivars,

which have been cultivated with a certain share or used as parents of popular cultivars in Japan.
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Six replications of each cultivar were grown at an experimental field in the College of
Agriculture, Ibaraki University, Japan. Other cultivation managements were similar to the
above.

Measurement of photosynthetic induction was conducted with eight portable gas
exchange analyzers, LI-6400 (Li-Cor Biosciences, Lincoln, NE, USA) in the morning at 56-62
days after sowing. The PPFD of leaf chambers was set to 50 pmol photons m s™! (low light)
for the first five minutes, and was changed to 1500 pmol photons m™ s (high light) for the
following 10 minutes. Other conditions of leaf chambers were similar to above. Photosynthetic

parameters (4, g, Ci, A", T and WUE) were recorded every five seconds.

4.3 Results
4.3.1 Difference of photosynthetic induction among genotypes in JRC

Overall trend of photosynthetic dynamics in response to high light irradiation was
similar to the results in Chapter 2; that is, the genotypes which displayed superior responses of
A tended to have relatively high gy, 4%, T, ETR and low NPQ values (Fig. 4.1). Koshihikari
showed a slow photosynthetic induction and its CCF;y value was 2.8 mmol CO, m2, while
Takanari showed a rapid photosynthetic induction and its CCFjy values were 10.3 mmol CO»
m2 (Fig. 4.1, 4.2). The dynamics of photosynthetic parameters and the CCF differed between
genotypes, and the lowest or highest values of CCF ;9 among 50 JRC genotypes were 0.12 mmol
CO; m? for Aikoku or 10.7 mmol CO, m? for Meguromochi, respectively (Fig. 4.2).
Meguromochi was an only genotype, which showed greater CCF';9 than Takanari. Although the
ranges of the three subspecies overlapped with each other, the mean CCFg of temperate

Jjaponica was significantly lower than those of indica and tropical japonica (Fig. 4.3).
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Fig. 4.1. Time courses of photosynthetic parameters in response to a stepwise increase in light
intensity in 52 rice genotypes. The dynamics of CO» assimilation rate (4), stomatal conductance (g;),
intercellular CO; concentration (C;), normalized CO, assimilation rate to a C; of 300 pmol mol! (47,
transpiration rate (7), water use efficiency (WUE), photosynthetic electron transport rate around
photosystem II (ETR) and non-photochemical quenching (NPQ) were measured in 52 rice genotypes.
Leaf chamber was kept at an air temperature of 30°C, a reference CO, concentration of 400 pmol mol™!
and a relative humidity of 55-70%. The photosynthetic photon flux density was changed from dark to 50
umol photons m™ s™! for the first 4 minutes, and then to 1500 umol photons m™ s™! for the following 10
minutes. Gas exchange rate (4, g, Ci, 4, T and WUE) or chlorophyll fluorescence parameters (ETR and
NPQ) were recorded every 10 seconds or 2 minutes, respectively. Pink, gray and green represent the
values of genotypes in indica (IND), temperate japonica (TEJ) and tropical japonica (TRJ), respectively.
Gray and pink dashed lines show Koshihikari and Takanari, respectively. The values were averaged
between four replications of each genotype.
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Fig. 4.2. Carbon gain during the photosynthetic induction in 52 rice genotypes. The cumulative CO>
fixation during the first 10 minutes of the photosynthetic induction (CCF9) was calculated. Gray and
pink stripe bars show Koshihikari and Takanari, respectively. The values are mean * SE (n=4).
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Fig. 4.3. Distribution of carbon gain during the photosynthetic induction in JRC genotypes. The
distribution of cumulative CO; fixation during the first 10 minutes of the photosynthetic induction
(CCF 1) in 50 JRC genotypes was described as a histogram and boxplot. The histogram was generated
by overlapping the distribution of indica (pink), temperate japonica (black border) and tropical japonica
(green). Pink, gray and green dots in the boxplot represent the values of genotypes in indica (IND),
temperate japonica (TEJ) and tropical japonica (TRJ), respectively. The values for Koshihikari and
Takanari were presented by crosses in gray and pink, respectively. The vertical and horizontal bars
indicate the mean values and SE, respectively. The values were obtained from Fig. 4.2. Lower-case letters
in the boxplot represent significant differences between subspecies at p < 0.05 (Tukey—Kramer multiple
comparison test).
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Fig. 4.4. Correlation matrix between photosynthetic induction and related parameters in 50 JRC
genotypes. The correlation between days to heading after sowing (DTH); shoot dry weight (SDW); leaf
nitrogen content per leaf area (LNC); chlorophyll contents per leaf area (Chl a+b); stomatal density (SD);
guard cell length (GCL); the values under dark, just before the transition from low to high light or 10
minutes after high light irradiation for CO, assimilation rate (dark respiration rate; Rs, Ao and Ajo);
stomatal conductance (gsdark, gs0 and gs10); intercellular CO> concentration (Cidark, Cio and Cjo);
normalized CO; assimilation rate to a C; of 300 pmol mol™! (4 4w, A9 and A" j9); transpiration rate (Tuark,
Ty and T}9); water use efficiency (WUEqur, WUEy and WUEy); photosynthetic electron transport rate
around photosystem I (ETRaa, ETRy and ETR ;9) and non-photochemical quenching (NPQaurk, NPQp and
NPQ19); cumulative CO; fixation during the first 10 minutes of the photosynthetic induction (CCFo);
cumulative water loss during the first 10 minutes of the photosynthetic induction (CWL¢); light-saturating
CO, assimilation rate under steady state (4s.r) were analyzed. The color gradients from red to blue
represent the range of Pearson correlation coefficient from -0.1 to 1.0 across 50 JRC genotypes. *, ** and
*** represent a significant correlation at p < 0.05, 0.01 and 0.001, respectively.
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Fig. 4.5. Relationships between carbon gain during the photosynthetic induction, and heading days,
leaf nitrogen contents or photosynthetic capacity. Relationships between cumulative CO; fixation
during the first 10 minutes of the photosynthetic induction (CCF/g), and days to heading after sowing
(DTH), leaf nitrogen contents per leaf area (LNC) or light-saturating CO» assimilation rate under steady
state (4s4) were evaluated. Pink, gray and green closed circles represent the values of genotypes in indica
(IND), temperate japonica (TEJ) and tropical japonica (TRJ), respectively. Gray and pink cross show
Koshihikari and Takanari, respectively. The values of LNC were averaged between four replications of
each genotype, and the values of A, were averaged between three replications of each genotype. The r
value was calculated among 50 JRC genotypes based on Pearson correlation coefficient. * represents a
significant correlation at p < 0.05 and ns represents a not significant correlation at p < 0.05.
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Fig. 4.6. Relationships between carbon gain during the photosynthetic induction and photosynthetic
parameters under dark or just before the transition from low to high light. Relationships between
cumulative CO; fixation during the first 10 minutes of the photosynthetic induction (CCF9) and the
values under dark or just before the transition from low to high light in CO; assimilation rate (dark
respiration rate; Rq, Ag) and stomatal conductance (g dart, g5,0) Were evaluated. Pink, gray and green closed
circles represent the values of genotypes in indica (IND), temperate japonica (TEJ) and tropical japonica
(TRJ), respectively. Gray and pink cross show Koshihikari and Takanari, respectively. The values were
averaged between four replications of each genotype. The r value was calculated among 50 JRC
genotypes based on Pearson correlation coefficient. *, *** represents a significant correlation at p <0.05,
p <0.001.

4.3.2 The relationship between photosynthetic induction and related parameters in JRC

As similar to Chapter 2, I showed a correlation matrix among studied traits in this
chapter to evaluate the relationship between photosynthetic induction and related parameters
(Fig. 4.4), then focused on several relationships and showed their scatterplots.

There was no significant correlation in CCFp with DTH, LNC and A (Fig. 4.4, 4.5),
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while CCF o was positively correlated with Ry, Ao, g5 dark and g0 (Fig. 4.4, 4.6). Both of SD and

GCL did not show significant correlations with CCF 9 and g0 (Fig. 4.4, 4.7).
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Fig. 4.7. Relationships between photosynthetic induction and stomatal morphology. Relationships
between cumulative CO» fixation during the first 10 minutes of the photosynthetic induction (CCF/y),
stomatal conductance just before the transition from low to high light (g,0), and stomatal density (SD) or
guard cell length (GCL) were evaluated. Pink, gray and green closed circles represent the values of
genotypes in indica (IND), temperate japonica (TEJ) and tropical japonica (TRJ), respectively. Gray and
pink cross show Koshihikari and Takanari, respectively. The values were averaged between four
replications of each genotype. The r value was calculated among 50 JRC genotypes based on Pearson
correlation coefficient. ns represents a not significant correlation at p < 0.05.

4.3.3 Difference in photosynthesis among rice subspecies

Iinvestigated the difference of photosynthesis between indica, temperate japonica and
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tropical japonica with the combined-analysis on 57 WRC and 50 JRC genotypes. The
distribution of A, was similar among rice subspecies and there was no significant difference
(Fig. 4.8). Most temperate japonica genotypes showed lower CCFjp and CWL 9, and the mean
value in temperate japonica were significantly lower than those in indica and tropical japonica
(Fig. 4.8).

I performed a PCA to visualize the difference of photosynthetic induction between rice
subspecies. The first principal component (PC1) explained 47.3% of the variance and the
second principal component (PC2) explained 13.3% of the variance (Fig. 4.9). Most genotypes
in indica and tropical japonica showed higher PC1 scores, while most temperate japonica
showed lower PC1 scores (Fig. 4.9). The range of PC2 scores in temperate japonica and tropical
Jjaponica were similar, but indica showed lower PC2 scores than those of other two subspecies
(Fig. 4.9). ARC 11094, which had a most rapid photosynthetic induction among 107 rice
genotypes, was located with low PC1 score and high PC2 score (Fig. 4.9). Aikoku, which had
a slowest photosynthetic induction among 107 rice genotypes, was located with low PC1 and

PC2 scores (Fig. 4.9).

4.3.4 Photosynthetic induction 166 temperate japonica rice cultivars developed in Japan
There is a variation in the photosynthetic induction among 166 temperate japonica rice
cultivars developed in Japan. The range of CCF9 in 166 temperate japonica rice cultivars
skewed to lower compared with the range of CCFj9 in 57 WRC or 50 JRC genotypes. The
CCF 19 in 166 temperate japonica rice cultivars showed correlation weakly and negatively with

release year of the cultivars.
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Fig. 4.8. Differences of photosynthesis under steady and non-steady state between rice subspecies.
The distributions of light-saturating CO» assimilation rate under steady state (4s.r), cumulative CO>
fixation during the first 10 minutes of the photosynthetic induction (CCF9) and cumulative water loss
during the first 10 minutes of the photosynthetic induction (CWL ) in 107 rice genotypes were described
as a histogram and boxplot. All parameters were normalized, considering the value of Koshihikari as 1.
The histogram was generated by overlapping the distribution of indica (pink), temperate japonica (black
border) and tropical japonica (green). Pink, gray and green dots in the boxplots represent the values of
genotypes in indica (IND), temperate japonica (TEJ) and tropical japonica (TRJ), respectively. Inverted
triangles represent the values of Takanari. Lower-case letters in the boxplots represent significant
differences between subspecies at p < 0.05 (Steel-Dwass test).
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Fig. 4.9. Principal component analysis among normalized parameters. The principal component
analysis was conducted among normalized values of the studied traits; days to heading after sowing
(DTH); leaf nitrogen content per leaf area (LNC); the values just before the transition from low to high
light or 10 minutes after high light irradiation of CO; assimilation rate (4o and 4;¢); stomatal conductance
(gs,0 and g 10); intercellular CO» concentration (Cj and Cj ;9); normalized CO; assimilation rate to a C; of
300 pmol mol™! (4% and A" y); transpiration rate (T and T;0); water use efficiency (WUE and WUE );
photosynthetic electron transport rate around photosystem Il (ETRy and ETR ;) and non-photochemical
quenching (NPQy and NPQ,9); cumulative CO> fixation during the first 10 minutes of the photosynthetic
induction (CCFg); cumulative water loss during the first 10 minutes of the photosynthetic induction
(CWL1p); light-saturating CO> assimilation rate under steady state (4s4). Pink, gray and green dots in the
graph represent the values of genotypes in indica (IND), temperate japonica (TEJ) and tropical japonica
(TRJ), respectively. The blue allows represent the eigenvectors. The first and second principal
components (PC1 and PC2) accounted for 47.3% and 13.3% of the variance, respectively.
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Fig. 4.10. Natural genetic variation of photosynthetic induction and the relationship with release
year in 166 temperate japonica rice cultivars. The dynamics of CO; assimilation rate (4) in response to
high light irradiation and the relationship between cumulative CO> fixation during the first 10 minutes of
the photosynthetic induction (CCFj9) and release year in 166 temperate japonica rice cultivars were
analyzed. Leaf chamber was kept at an air temperature of 30°C, a reference CO; concentration of 400
umol mol! and a relative humidity of 55-70%. The photosynthetic photon flux density was changed from
dark to 50 pmol photons m? s’ for the first 5 minutes, and then to 1500 pmol photons m? s’ for the
following 10 minutes. 4 were recorded every 5 seconds. Gray and pink dashed lines in left graph show
Koshihikari and Takanari, respectively. Open and close circles in right graph represent landrace and
modern cultivars, respectively. The values were averaged between six replications of each genotype. The
r value was calculated among 145 temperate japonica rice cultivars based on Pearson correlation
coefficient. ** represents a significant correlation at p < 0.01.

4.4 Discussion

4.4.1 Natural genetic variation in photosynthetic induction and related traits in JRC

The significant natural genetic variation in photosynthetic induction was found in JRC
(Fig. 4.1, 4.2). Takanari showed the rapid photosynthetic induction and Koshihikari showed the
slow photosynthetic induction (Fig. 4.1, 4.2), which is consistent with the previous studies
(Adachi et al., 2019b; Ohkubo et al., 2020; Chapter 2 and 3 in the present thesis). Similar
relationships to Chapter 2 were observed in the present chapter about CCF 9, DTH, LNC, Asa,
Ao and gs0 (Fig. 4.4, 4.5, 4.6). In other words, photosynthetic induction is regulated
independently from the earliness of heading or photosynthetic capacity, the effect of leaf
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nitrogen to photosynthetic induction is limited, and photosynthesis under low light influences
the following photosynthetic induction.

In addition to the above, I evaluated the effect of photosynthesis under dark (Rs and
gs.dark) and stomatal morphology (SD and GCL) to photosynthetic induction. Surprisingly,
CCF9 and Ry were positively correlated (Fig. 4.6). It is known that R, is effected by the
intercellular carbohydrate concentration (Ascon-Bieto et al., 1983; Azcon-Bieto & Osmond,
1983; Noguchi et al., 1996) or the ratio of ADP to ATP (Noguchi et al., 1996), but the detailed
relationship with photosynthetic induction is unclear in the present study. Correlation between
CCF 19 and g 4arx Was relatively weak than that between CCF 9 and g0 (Fig. 4.6). This implies
the importance of the stomatal sensitivity to low light irradiation for the rapid photosynthetic
induction. The relationship between stomatal morphology and the response of g; to fluctuating
light have been discussed in many previous studies (Faralli et al., 2019b; Zhang et al., 2019;
Sakoda et al., 2020b; Xiong et al., 2022a). In my results, both of SD and GCL were not
significantly correlated to CCFjp and g . Therefore, the effect of stomatal morphology on gs,0
and following photosynthetic induction would be limited for variation among divergent

genotypes or different depend on each genotype.

4.4.2 Differences in photosynthetic induction among rice subspecies and the related factors
Photosynthetic capacity was not different between rice subspecies, however,
photosynthetic induction in temperate japonica was significantly slower than those of indica
and tropical japonica (Fig. 4.3, 4.8). Slow photosynthetic induction in temperate japonica
resulted in a decrease of carbon gain but suppressing the water loss (Fig. 4.8). Generally, there
is a trade-off between CO; uptake and water loss via stomatal opening. The rice genotypes in

temperate japonica may put importance to reduce water loss rather than to increase carbon gain
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under fluctuating light conditions. During the rice cultivation process, ancient japonica firstly
developed from a specific population of the wild rice species (Oryza rufipogon Grift.). And
then, the ancient japonica further developed into tropical japonica and temperate japonica,
while indica was developed from crosses between the ancient japonica and local wild rice
(Huang et al., 2012). Thus, there may have been natural or artificial selections, in terms of
photosynthetic induction, during the emergence of temperate japonica. Besides, there may be
different mechanisms in photosynthetic induction between indica and tropical japonica because

the range of PC2 scores were different between the two subspecies (Fig. 4.9).

4.4.3 Differences in photosynthetic induction among rice cultivars developed during the
modern breeding in Japan

Photosynthetic induction have not been accelerated, or rather deaccelerated gradually
during the rice modern breeding in Japan since 1800s (Fig. 4.10). To visualize where inherited
genetic factors in the slow photosynthetic induction of Koshihikari came from, the breeding
history of Koshihikari was shown in Fig. 4.11. The ancestors of Koshihikari: Shinriki, Aikoku,
Ginbouzu and Kyoto-asahi, which were widely cultivated in Japan during its Meiji to Taisho
Era, showed slower photosynthetic induction among temperate japonica. Notably, Aikoku had
significantly low CCFp and was conspicuously distinct from other genotypes in PCA (Fig. 4.2,
4.9). Koshihikari and its relatives occupied the top five cultivars and approximately 65% of rice
cultivation area in Japan at 2016. These imply that the factors related to the slow photosynthetic
induction have been inherited from the popular rice cultivars in early modern breeding (i.e.
Shinriki, Aikoku, Ginbouzu and Kyoto-asahi) to Koshihikari and its relatives, and spread
throughout Japan. Interestingly, Hinode, a parent rice cultivar of Kyoto-asahi, was categorized

to tropical japonica and showed a rapid photosynthetic induction. These two cultivars may be
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helpful materials to understand the ecophysiological significance or mechanisms of the slow

photosynthetic induction in femperate japonica.
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Fig. 4.11. Breeding history of a popular rice cultivar in Japan, Koshihikari. The blue gradient shows
the values of CCF'jy. Black represents the cultivars which were not used for the present thesis. Shinriki,

Kyoto-asahi, Aikoku, Ginbouzu and Koshihikari are classified into temperate japonica, but Hinode is
classified into tropical japonica.

4.4.4 Conclusion

In conclusion in Chapter 4, I investigated the difference of photosynthetic induction
between rice subspecies. The photosynthetic induction in femperate japonica was slower than
those in indica and tropical japonica, and indica and tropical japonica may have different
mechanisms underlying photosynthetic induction. There is a possibility that photosynthetic
induction in temperate japonica have been gradually deaccelerated during the rice modern
breeding in Japan. A deeper understanding of the ecophysiological significance or mechanisms
of the slow photosynthetic induction in temperate japonica has to be elucidated for the
improvement of photosynthetic induction and then enhancement of crop productivity under

field environments.
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Chapter 5

General Discussion

Crop productivity need to be increased due to growing world population. The response
of leaf photosynthesis to a stepwise increase in light intensity, photosynthetic induction, is
regarded as a key trait for enhancing carbon gain and then plant biomass production under
fluctuating light conditions (Taylor & Long, 2017; Tanaka et al., 2019). The aim of the present
study is to clarify the natural genetic variation in photosynthetic induction and related factors
in untapped genetic resources in rice, and then contribute to improvement of photosynthetic

dynamics and consequently crop productivity under field environments.

5.1 Natural genetic variation in photosynthetic induction in rice and the room of
improvement

I investigated the photosynthetic induction of totally 274 rice genotypes: 57 WRC
genotypes, 50 JRC genotypes, 166 temperate japonica cultivars developed in Japan, and a high-
yielding cultivar, Takanari. The values of CCF o ranged from 0.12 mmol CO, m of Aikoku to
14.2 mmol CO, m of ARC 11094. Several genotypes showed a more rapid photosynthetic
induction and higher CCFjy than Takanari. The photosynthetic induction have not been
accelerated during the modern rice breeding in Japan, and the most popular rice cultivar in
Japan, Koshihikari, showed a slow photosynthetic induction and low CCF ;9. These suggest that
there is a large room for improvement of photosynthetic induction in many rice cultivars in
Japan.

The natural genetic variation in the photosynthetic induction in rice was not related to

63



the earliness of heading. Therefore, the photosynthetic induction can be improved without
major changes in crop management practices. Besides, photosynthetic induction and capacity
seemed to be regulated independently, which is consistent with a previous study in soybean
(Soleh et al., 2017). Improvement of photosynthetic induction could be realized in combination
with the conventional manipulation of photosynthetic capacity.

I found the various underlying physiological factors on the rapid photosynthetic
induction in ARC 11094 and Takanari. The rapid photosynthetic induction in Takanari was
resulted from high stomatal density, small stomatal size, and great root activity through large
root mass. On the other hand, the rapid photosynthetic induction in ARC 11094 was attributable
to a single stoma behaviour and anisohydric characteristics. Photosynthetic induction would be
further improved by combining or pyramiding such mechanisms.

To optimize the photosynthetic dynamics under field environment, we should consider
the secondary effects by the manipulation of photosynthetic induction, such as a trade-off
between CO; uptake and water loss via stomatal opening. Anisohydric stomatal behaviour in
ARC 11094 contributed to the rapid photosynthetic induction and great carbon gain under field-
mimicked environment, but had adverse effects of water loss to plant biomass production.
Additionally, temperate japonica had slower photosynthetic induction than indica and tropical
Japonica, resulted in a decrease of carbon gain but suppressing water loss. The rice genotypes
in temperate japonica may put importance to reduce water loss rather than to increase carbon
gain under fluctuating light conditions. Therefore, efficient stomatal response to fluctuating
light with suppressing the water loss would be a desirable trait for improvement of

photosynthetic induction and thus crop productivity.

5.2 Next step for the improvement of photosynthetic induction
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Through the present thesis, I clarified the natural genetic variation and the underlying
ecophysiological factors in photosynthetic induction in rice. As a next step for the genetic
improvement of photosynthetic induction, we have to identify the causal quantitative trait loci
(QTLs) or genes. Salter et al. (2020) identified a QTL related to the dynamic photosynthesis by
QTL mapping analysis in barley. However, it seems difficult to improve photosynthetic
induction separately from photosynthetic capacity, because the QTL was detected in the
analysis for photosynthetic rate under steady state, too. The other genetic studies in the
photosynthetic induction using genetic resources have not been reported so far.

Recently, we identified a QTL related to the varietal differences in photosynthetic
induction between Koshihikari and Takanari, using chromosome segment substitution lines
(CSSLs) derived from this two cultivars. Identification of the causal gene and analysis of the
function in the QTL have been conducted, and now it is thought to affect the root water uptake
ability. The DNA sequence of the QTL region in ARC 11094 resembles to that in Koshihikari
rather than Takanari. It means that the genetic factor of the rapid photosynthetic induction in
ARC 11094 differs from that in Takanari, as well as physiological factors are different.
Nowadays, I tried to identify the QTL related to the rapid photosynthetic induction in ARC
11094 by QTL-seq using an BCF> population derived from ARC 11094 and Koshihikari. In
this QTL-seq analysis, I combines the dimension reduction of t-Distributed Stochastic Neighbor
Embedding (t-SNE; van der Maaten & Hinton, 2008) to detect time-depended genetic factors.
Accomplishment of this analysis would be helpful for a deeper understanding about the
molecular mechanisms in photosynthetic induction. Furthermore, it is possible to conduct
genome wide association study (GWAS) in WRC, JRC, or 166 temperate japonica rice cultivars
developed in Japan, respectively, because the whole genome sequencing was already performed

in each panel (Tanaka et al., 2020a,b; Yano et al., 2016). The genetic improvement of
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photosynthetic induction and development of rice cultivars possessing an efficient

photosynthetic induction would be enabled through these genetic analysis.

5.3 Future perspectives in the present thesis

The global climate has been drastically changed and caused the negative impacts to
crop production (lizumi et al., 2018). The frequency of abiotic stress, such as aridity stress, heat
stress, nutrient stress and flood events, is increasing and projected to do so (Bailey-Serres et al.,
2019). The impacts of climate change are expected to be different both in quality and in quantity
at each region or site. Because a suitable approach for enhancement of the crop productivity
would differ at each region or site, various strategies are need to improve the agronomical traits.
Multiple mechanisms underlying photosynthetic induction have been reported, suggesting that
there are many choices to improve the photosynthetic induction. In addition, combining or
pyramiding several mechanisms would lead to have more choices. Furthermore, utilizing the
acquired knowledge about photosynthetic capacity could further broaden the range of strategies
to optimize the photosynthetic dynamics under field environments. Through these, the ‘ideal’
photosynthetic dynamics under field environments according to each objective or circumstance

will be realized.

5.4 Conclusion

The present thesis elucidated the large natural genetic variation and substantial room
of improvement in photosynthetic induction in rice. Subsequently, I determined the
characteristics underlying on the rapid photosynthetic induction and that these were different
depending on each rice genotype. Skewed distribution of slow photosynthetic induction in

temperate japonica implies that the ecological significance are related to the speed of
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photosynthetic induction. Further and comprehensive understanding of leaf photosynthesis in
response to fluctuating light conditions will be required to optimize the photosynthetic

dynamics under field environments for enhancement of crop productivity.
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Abbreviations

Symbol Description Unit

A CO; assimilation rate umol CO; m? 57!

Ao A just before the transition from low to high light umol CO, m? s™!

A° normalized 4 to a C; of 300 umol mol™! umol CO, m? s™!

A" absorbance of the solutions at X nm

CCFpo the cumulative CO; fixation during the first 10 minutes of the ~mmol CO, m™
photosynthetic induction

Chl a+b chlorophyll contents per leaf area gm?

Ci intercellular CO; concentration pmol mol™!

CO:R reference CO- concentration in leaf chamber pmol mol™!

CWLjo the cumulative water loss during the first 10 minutes of the mol H,O m?
photosynthetic induction

DTH days to heading after sowing

E exudation rate per plant mg min’!

E/Root normalized E to root dry weight mg min”' g’

ETR photosynthetic electron transport rate around photosystem 11 umol ¢ m? 5!

s stomatal conductance mol H,O m?s™!

G dark gs under dark mol H,O m2 s™!

25,0 gs just before the transition from low to high light mol H,O m? s™!

GCL guard cell length pum

IND indica

Jmax maximum electron transport rate umol e m?s!

JRC Rice Core Collection of Japanese Landraces

Kpiant whole-plant hydraulic conductance mmol H,O m? s™! MPa!

LNC leaf nitrogen content per leaf area gm?

LWP leaf water potential MPa
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NPQ non-photochemical quenching

PPFD photosynthetic photon flux density umol photons m? s™!
Ry dark respiration rate umol CO, m? s™!
RH relative humidity %

Rubisco ribulose 1,5-bisphosphate carboxylase/oxygenase

SD stomatal density no. mm-~

SDW shoot dry weight g plant™

T transpiration rate mmol H,O m? ™!
Tair Air temperature in leaf chamber °C

TEJ temperate japonica

TRJ tropical japonica

Vemax maximum carboxylation rate of Rubisco umol CO, m?2s!
WRC World Rice Core Collection

WUE water use efficiency umol CO> mmol! H,O
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