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Summary

The enhancement of leaf photosynthesis can be the promising pathway to improve the
biomass productivity in soybean (Glycine max (L.) Merr.). Targets for enhancing leaf
photosynthetic capacity of soybean, however, remain to be elucidated. The objective of
the present study is (1) to reveal the natural variation in leaf photosynthetic capacity
among various soybean varieties, and (2) to elucidate the genetic and physiological
factors responsible for the high capacity for leaf photosynthesis among soybeans.
Firstly, I conducted an initial screening based on the thermal imaging and the gas
exchange measurement under the controlled condition with 216 soybean varieties. The
subsequent field experiments were conducted for three years using the selected varieties
to confirm the variation in leaf photosynthetic capacity under the field condition. A CO2
assimilation rate (A) ranged from 18.1 umol m? s to 27.6 umol m? s! and PI 594409 A,
a soybean cultivar in China, and Jijori, a local cultivar in North Korea, showed extremely
high A among 34 varieties under the controlled condition. In the field experiment, Jijori
consistently showed greater A than the other varieties, including three elite varieties in
Japan and USA, throughout all the years. In addition, A of two varieties, Jin dou 17, a

soybean cultivar in China, and Peking, a landrace in China, were comparable with that of



Jijori in 2016 and 2017, respectively. These results confirm that three soybean varieties,

Jijori, Jin dou 17 and Peking can have the high capacity for leaf photosynthesis among

soybeans.

The A-Ci analysis suggested that the high efficiency of the gas diffusion conductance

from the intercellular spaces to the chloroplast (gm) and/or the CO: fixation activity,

represented by the maximum rates of carboxylation (Vcmax), were exhibited in Jijori, Jin

doul7 and Peking. In common, the three varieties with greater A showed higher gm than

the other varieties. The Vemax estimated based on the A-Ce analysis in Jijori was highest

among the varieties while that of Jin dou 17 and Peking were lowest or second lowest.

Jijori showed the greater content per unit leaf area of nitrogen (N) and ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco) due to the higher portion of total soluble

protein (TSP) distributed to Rubisco among the varieties, which could contribute to the

greater CO2 fixation activity. In addition, Peking showed greater gs among studies

varieties. These facts suggest that there can be several traits as the target to enhance leaf

photosynthetic capacity in soybean, and simultaneous improvement of these traits might

realize the drastic enhancement of leaf photosynthetic capacity.

The field experiments were conducted over three years using Enrei, Peking and the

chromosome segment substitution lines (CSSLs) derived from their progenies. The



genetic analysis was performed to detect quantitative trait loci (QTLs) responsible for the

variation in A between Enrei and Peking. Peking stably showed higher A than Enrei after

the flowering stage. The genetic analysis identified two novel QTLs, which were located

on chromosome 13 (¢LPC13) and 20 (¢qLPC20). The Peking allele at gLPC13 increased

A by 8.3% due to greater gs and mesophyll activity (A/Ci) in the Enrei genetic background,

indicating this QTL can be related to high photosynthetic capacity in Peking. In contrast,

the Peking allele at gLPC20 decreased A by 15.3% due to the considerable reduction in

both of gs and A/Ci.

The present study identified three soybean varieties with the high capacity for leaf

photosynthesis among soybeans. The high photosynthetic capacity of these varieties can

be attributed to high gs, gm, or Vemax, demonstrating that the several physiological traits

can be the promising targets to enhance leaf photosynthetic capacity in soybean. In

addition, the genetic analysis using the CSSLs revealed two novel QTLs related to leaf

photosynthetic capacity of soybean. The understandings obtained in the present study

give us the advanced insight into the physiological and genetic mechanisms underlying

leaf photosynthetic capacity of soybean and will open a novel pathway enhancing the

photosynthetic capacity towards the yield improvement in soybean breeding.



Chapter 1

Introduction

1.1 Historical perspective of the soybean production

Soybean (Glycine max (L.) Merr.) is one of the world’s most important crops since it is

the main sources of protein and oil for humans and livestock consumption (USDA, 2012).

The global production of soybean (334,894 Kt) was the fourth largest after that of maize

(Zea mays L.) (1,060,107 Kt), wheat (Triticum aestivum L.) (749,460 Kt) and paddy rice

(Oryza sativa L.) (740,961 Kt) in 2016. (Food and Agriculture Organization of the United

Nations, 2018). The human population is predicted to increase from 7 billion at the current

to 9.5 billion by 2050 (USCB, 2018). The further increase in the crop production is

required to meet the food demand from the rapidly growing human population.

The current global production of soybean reaches approximately 335,000 Kt, and more

than 80% of total production is provided by three counties, United State of America

(USA) (117,208 Kt), Brazil (96,297 Kt) and Argentine (58,799 Kt) (Food and Agriculture

Organization of the United Nations, 2018). The soybean production in these countries has

been continuously increased in the past 50 years, which could be achieved by the



expansion of the production area and the increase in the seed yield per unit of the
production area (Masuda and Goldsmith, 2009). In USA, an averaged seed yield had
linearly increased from 1690 kg ha! in 1961 to 2823 kg ha'! in 2011 with the annual gain
of 27.0 kg ha™'. The continuous increase in the soybean yield has been attained by the
improvement of the management practice (e.g., earlier planting, higher plant density,
better weed control, and lower harvesting loss), the rising CO2 level of the atmosphere
and the genetic improvement of soybean (Specht et al., 1999). It was shown that the
decrease in plant height through the breeding process strengthened the lodging tolerance,
which resulted in the higher yield in modern soybean varieties than old varieties released
in Canada and China (Morrison et al., 2000; Jin et al., 2010; Liu et al., 2012). The
introduction of the transgenic soybean which has the herbicide tolerance has accelerated
the improvement of the soybean yield after 1996 (Ainsworth et al., 2012). In addition to
these events, the enhancement of the yield potential (Yp) have had the great contribution
to the yield improvement in soybean. The elucidation of the genetic and physiological
mechanisms underlying the Y, enhancement can contribute to the development of the

breeding strategy for the further improvement in the soybean yield.

1.2 Mechanisms underlying the improvement of soybean yield potential



The Yy is defined as a crop yield that can be achieved when the crop is grown under an

adapted environment and favorable conditions where biotic and abiotic stresses are

effectively controlled. According to the principles of Monteith (1977), the crop Yp at a

given location can be determined as a combining product of an annual integrated incident

of the solar radiation, an efficiency with which that radiation is intercepted by crop plants

(&), an efficiency with which the intercepted radiation is converted to a biomass (&), and

a partitioning ratio of the biomass into seeds (gp). Historical analysis using the soybean

varieties which had been released in the past several decades showed that &;, &, and g

had continuously increased through the breeding process in Canada, China and USA

(Morrison et al., 2000; Jin et al., 2010; Liu et al., 2012; Koester et al., 2014). These

previous studies indicated that the increase in the seed number per plant (i.e. the increase

in &) was a major factor responsible for the increase in the seed yield. Zhu et al., (2010)

concluded that the further increase in & and €, can be unexpectable since these parameters

have mostly reached a theoretical maximum value at the central Illinois in USA. On the

other hand, & has reached less than half of the theoretical maximum value, which means

that there is still a room to increase &, furthermore. The & is depended largely on an

accumulative amount of a CO2 assimilation occurred at individual leaves in the crop

canopy. Previous studies have evidenced a positive correlation between a CO:2



assimilation rate (A) and the seed yield in soybean (Buttery et al., 1981; Jin et al., 2010;

Liu et al., 2012). In addition, free-air CO2 enrichment (FACE) experiments revealed that

elevated [CO2] caused the simultaneous increase in A and the seed yield among C3 crops,

including soybean (Mitchell et al., 1999; Ainsworth and Long, 2005). Long et al., (2006),

considering these facts, identified an enhancement of leaf photosynthetic capacity as a

promising strategy to improve the soybean yield.

1.3 Strategy for enhancing leaf photosynthetic capacity in soybean

The natural variation in A within or among crop species can be utilized to improve A by

elucidating the mechanisms underlying such variation (Flood et al., 2011). The significant

variation in A has been revealed among rice varieties (Kawamitsu and Agata, 1987,

Kanemura et al., 2007; Ohsumi et al., 2007). Takanari, the high-yielding indica variety in

Japan, was shown to have high A among various rice cultivars, and the genetic and

physiological factors related to high capacity in Takanari has been elucidated (Takai et al.,

2013). Previous studies have also revealed the large variation in A among various soybean

varieties (Ojima et al., 1972; Butterry et al., 1977; Tanaka et al., 2010; Liu et al., 2012;

Koester et al., 2016; Tomeo et al., 2017). Most of the previous studies on soybean

photosynthesis were conducted with the limited populations of commercial varieties



released in Canada, China, Japan, or USA. It is, thus, desired to evaluate leaf

photosynthetic capacity among untapped soybean population with the high genetic

diversity, which is expected to hold a novel variety with the high capacity for leaf

photosynthesis.

Leaf photosynthesis is considered as a combined process of supplying CO2 from the

atmosphere to the chloroplast and the fixation of CO» at the chloroplast. Previous studies

have shown a strong correlation between A and a stomatal conductance (gs), a gas

diffusion efficiency via the stomata under high light conditions in several crop species

(Fischer et al., 1998; Ohsumi et al., 2007; Tanaka et al., 2010). The potential of gs can be

determined by the size, depth, density, and opening of a single stoma (Franks and Breeling,

2009). According to the biochemical model for photosynthesis, A is mainly determined

by either a carboxylation of ribulose-1,5-bisphosphate (RuBP), a regeneration of RuBP

or an availability of triose phosphate in the chloroplast, depending on an intercellular

[CO2] (Ci) (Farquhar et al., 1980; Sharkey, 1985). At the current atmospheric [CO2], CO2

fixation may be limited by the carboxylation of RuBP, catalyzed by Rubisco in plants.

The content per unit leaf area and the kinetic properties of Rubisco have been shown as a

determinant of A in rice at the current [CO2] (Makino et al., 1985). The N content per unit

leaf area has also been demonstrated to correlate with A among several crop species since



15-30% of total N can be distributed to Rubisco in Cs plant species (Evans, 1983; Evans,

1989; Sinclair and Horie, 1989). In brief, physiological factors, represented by the

biochemical and morphological characteristics, can be a determinant of leaf

photosynthetic capacity in crop species. These physiological factors can be, furthermore,

governed by the genetic and environmental factors (Flood et al., 2011). It is worth noting

that NALI and CARS were identified as the causal genes for the variation in A among rice

varieties (Takai et al., 2013; Adachi et al., 2017). The genetic factors controlling the

variation in A, on the other hand, has remained unclear in field-grown soybeans, although

a few studies have reported the genetic factors in pot-grown soybeans (Vieira et al., 2006;

Yin et al., 2010; Li et al., 2016). Thus, the elucidation of the genetic and physiological

factors related to the high capacity for leaf photosynthesis in field-grown soybeans can

provide a novel strategy to exploit with soybean breeding.

1.4 The objective and outline of the present study

The objective of the present study is (1) to reveal the natural variation in leaf

photosynthetic capacity among various soybean varieties, and (2) to elucidate the genetic

and physiological factors responsible for the high capacity for leaf photosynthesis among

soybeans.



Firstly, I aimed to identify a novel soybean variety with the high capacity for leaf

photosynthesis (Chapter 2). The gas exchange measurement was conducted under the

controlled condition in 34 varieties expected to cover the wide variation in A among

soybeans. The subsequent field experiments were also conducted with the selected

varieties to confirm the variation in A under the field condition. Secondary, I aimed to

elucidate the physiological factors related to the high capacity for leaf photosynthesis

among soybeans (Chapter 3). In chapter 2, I identified three varieties of soybean, Jijori, a

cultivar in North Korea, Jin dou 17, a cultivar in China, and Peking, a landrace from China,

which showed high A among soybeans. The gas exchange measurements as well as the

biochemical and morphological analyses were conducted among the selected varieties.

Thirdly, I aimed to elucidate the genetic factors related to the high capacity for leaf

photosynthesis among soybeans (Chapter 4). In chapter 2, I reveled greater A of Peking

than Enrei, a leading variety in Japan, after the flowering stage under the field condition.

The gas exchange measurements were conducted to evaluate A among Enrei, Peking and

the CSSLs derived from their progenies, while the genetic analysis was performed to

detect QTLs responsible for the variation in A between Enrei and Peking. Finally, I

integrated all the results obtained in Chapter 2 to 4 and discussed the potential and strategy

for the genetic improvement of leaf photosynthetic capacity of soybean at the current and

10



future environment (Chapter 5).
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Chapter 2

Natural variation in leaf photosynthetic capacity among Asian varieties of soybean

2.1 Introduction

The large variation in A within or among crop species can be exploited to improve A by

elucidating the mechanisms underlying such variation (Flood et al., 2011). Previous

studies have revealed the large variation in A among soybean varieties (Ojima et al., 1972;

Butterry et al., 1977; Tanaka et al., 2010; Liu et al., 2012; Koester et al., 2016; Tomeo et

al., 2017), although these studies were conducted with the limited populations of the

soybean varieties released in Canada, China, Japan, or USA. It is, thus, desired to evaluate

leaf photosynthetic capacity among untapped soybean population with the high genetic

diversity, which is expected to hold a novel variety with the high capacity for leaf

photosynthesis.

To evaluate the natural variation in leaf photosynthetic capacity among the soybean

varieties, I randomly selected 216 varieties from the soybean germplasm collection

developed by Ray et al., (2015). Most of the varieties are originated from various Asian

countries and provinces and belong to maturity ground IV. I conducted the preliminary

12



selection based on leaf temperature measurements as described in Tanaka et al., (2013a),

to establish a sub collection for the present study. This sub collection contains 34 varieties,

and consists of 16 varieties with high leaf temperature, 16 varieties with low temperature,

and two commercial varieties as the reference. This sub collection was expected to cover

the wide range of the natural variation in leaf photosynthetic capacity among soybeans.

In Chapter 2, I aimed to identify a novel soybean variety with the high capacity for leaf

photosynthesis among soybeans. To reach this objective, an initial analysis based on A

was conducted in 34 soybean varieties under the controlled condition to screen the

candidates of the variety with high A. The subsequent field experiments were conducted

to confirm the variation in A under the field condition.

2.2 Materials and methods

2.2.1 Materials and cultivation of soybean plants

I conducted the chamber experiment with 34 soybean varieties (Table S1.1) screened by

the preliminary evaluation of leaf temperature. These varieties were sown in 3 L pots

containing potting soil (Sunshine Mix #1 LC1, SunGro Horticulture, Agawam, MA,

USA) with a top dressing of Osmocote (Scotts Miracle-Gro, Marysville, OH, USA). It

was reported that Tachinagaha (PI 594287), a commercial variety in Japan, showed lower

13



photosynthetic capacity than Stressland, a commercial variety in USA (Tanaka et al.,
2008). Kawasaki et al., (2016) reported that UA 4805 (PI 639187), a commercial variety
in USA, showed higher biomass productivity than Japanese cultivars including
Tachinagaha. UA 4805 also showed higher gs among Japanese and USA commercial
varieties, which could result in higher capacity for leaf photosynthesis (Tanaka et al.,
2010). Based on these facts, Tachinagaha and UA 4805 were used as reference cultivars
in in the chamber experiment. The 34 varieties belong to maturity group four to five and
most of them show a determinate type in the stem growth habit. Five pots were prepared
per each variety and each pot had one plant. The pots were placed randomly and grown
in a growth chamber (Conviron, Winnipeg, Manitoba, Canada) with the day/night
temperature set to 26°C/20°C and a photoperiod of 14h. The light intensity was set to a
PPFD of 1200 pmol m™ s! at plant height. Plants were watered and fertilized as needed.

The field experiments were conducted at the Experimental Farm of the Graduate
School of Agriculture, Kyoto University, Kyoto, Japan (Lat. 35°2'N, Long. 135°47'E, and
65 m altitude; Fluvic Endoaquepts soil type) in 2014, 2016 and 2017. I used four varieties,
PI 594409 A, PI 603911 C, Tachinagaha, UA 4805, in 2014, 11 varieties, Enrei,
Fukuyutaka, LD-003309, NC-Raleigh, Peking, PI 594409 A, PI 603911 C, Stressland,
Tachinagaha, UA 4805 and UA 4910 in 2016 and 10 varieties, Enrei, Peking, PI 404159,

14



PI 407832 B, PI1 458098, PI 592940, PI1 594409 A, PI 603911 C, UA 4805 and UA 4910
in 2017, respectively. These varieties include the Japanese and USA commercial varieties
reported high yielding. Tachinagaha and UA 4805 were used as reference varieties in
2014 and 2016. The sowing date was 25 June in 2014, 4 July. in 2016 and 27 Jun. in 2017.
The row and plant spacing distances were 0.7 m and 0.2 m in 2014, and 0.7 m and 0.15
m in 2016 and 2017, respectively. The N, P20s, and K2O fertilizers were applied at 3, 10,
and 10 g m™, respectively, before the sowing. I established two replicates of the
experimental plot in 2014 and single plot in 2016 and 2017 for each variety. Each
experimental plot was composed of 33 plants in three rows in 2014, 24 plants in two rows
in 2016 and 48 plants in four rows in 2017, respectively. I recorded days after planting
(DAP) when each soybean variety reached the beginning of the flowering (R1) and the

seed filling (R5) in all the years.

2.2.2 Gas exchange measurements

The characteristics of leaf photosynthesis were evaluated in the soybean varieties using a
portable gas-exchange system LI-6400 (LI-COR, Lincoln, NE, USA) in the chamber
experiment and the field experiments in 2014 and 2016, and LI-6800 (LI-COR, Lincoln,
NE, USA) in 2017, respectively. In the chamber experiment, A, gs and Ci were measured

15



with a CO2 concentration of 380 pmol mol™!, a PPFD of 2000 umol m?2 s, and an air
temperature of 26°C at the uppermost fully expanded leaf at 26 DAP when the plants
were almost at the 4" trifoliate stage (n = 3).

In the field experiments in 2014 and 2016, A, gs and C; were measured with a CO2
concentration of 400 ppm, a PPFD of 2000 pmol m™ s™'in 2014 or 1500 umol m™ s™'in
2016 and 2017 at the uppermost fully expanded leaf from 8:30 to 13:00 on the sunny day.
An air temperature in the chamber was set on 33°C in 2014 and 2016, and on 35°C in
2017. The mesophyll activity was evaluated as the ratio of A to Ci (A/Ci). The gas
exchange measurements were conducted at 33, 57, 65, and 72 DAP in 2014, at 36, 43, 49
and 59 DAP in 2016, and at 43, 46, 51 and 58 DAP in 2017, respectively. The

measurement replication for each line was 8—10 in 2014, 5-6 in 2016 and 4 in 2017.

2.2.3 Statistical analysis

In the chamber experiment, the variation in A among 34 varieties was evaluated by the
Tukey-Kramer test. In the field experiments, one-way ANOV A or the Tukey-Kramer test
were applied to evaluate the variation in A among the varieties. Statistical analyses were

conducted using R (R Foundation for Statistical Computing, Vienna, Austria.).

16



2.3 Results

In the

chamber experiment, leaf photosynthetic capacity was evaluated among the 34

varieties at the 4™ trifoliate stage under the controlled condition. The A ranged from 18.1

umol m? s in PI 398406 to 28.7 umol m™ s’ in PI 594409 A (Fig. 2.1). The A of PI

603911 C was the second highest among all the genotypes, and it was 27.2 yumol m?2 s,

A

P1 360848
P1 398200
Pl 398334
P1 398406
P1 398695
P1398915
Pl 399027
P1399094
P1 404159
Pl 407832B
Pl 407959 A
P1 408073
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P1408131B
P1408140B
Pl 408269 A
Pl1417107
Pl 417345A
Pl 423888
Pl 424149
Pl 424296 A
Pl 424381
Pl 424402 A
Pl 424489 B
P1 424511
Pl 424549 A
Pl 442012B
P1 458098
PI567174C
P1 592040
Pl 594287
P1 594409 A
PI1603911C
P1639187
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PI 592940

PI 594287
P1 594409 A
P1603911C
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Fig. 2.1 Variation in the CQO; assimilation rate (A) and stomatal conductance

(g

s) among 34 soybean varieties.

ns means there is no significant difference among 34 soybean varieties.

According to the Tukey-Kramer test, A of PI 594409 A was significantly higher than six

varieties while that of PI 603911 C was significantly higher than two varieties (p < 0.05).

17

0.9



The A of PI 594409 A and PI 603911 C were greater by over 10% than two reference

cultivars, Tachinagaha and UA 4805. The gs varied from 0.43 mol m2 s™! in PI 424381 to

0.78 mol m™ s in PI 408111. There was no significant difference of gs among all the

varieties. The gs of PI 594409 A was the second highest of all the varieties, while that of

PI 603911 C was intermediate.
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Fig. 2.2 Variations in (A) A, (B) gs and
(C) mesophyll activity (A/C;) of four

soybean varieties in the field
experiment in 2014.
* and ** indicates the significant

difference among four soybean varieties
at p <0.05 and 0.01, respectively. Vertical
bars on symbols indicate SE (n = 8-10).

In the field experiments, leaf photosynthetic capacity was evaluated several times after

the flowering stage in soybean varieties. The A and A/Ci of P1 603911 C were consistently
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highest of the four varieties at all the stages in 2014 (Fig. 2.2). At 65 DAP, A of P1 603911

C was 34.8 umol m?2 s, which was 11% higher than that of the reference cultivar,

Tachinagaha. On the other hand, A was similar in PI 594409 A and UA 4805 at all the

stages. There was no clear trend in the variation in gs among the four varieties. There was

a significant variation in A, gs, and A/Ci among four varieties throughout all the stages

except for gs at 33 DAP (p < 0.05).
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Fig. 2.3 Variations in A, gs, and A/C;
among 11 soybean varieties in the
field experiment in 2016.

** indicate the significant difference
among 11 soybean varieties at p < 0.01.

Vertical bars on symbols indicate SE (n
=5-06).

In 2016, the variations in A, gs and A/Ci among 11 varieties were significant throughout
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all the stages (p < 0.01) (Fig. 2.3). P1 603911 C showed the highest or second highest A
of 11 varieties including two reference varieties, Tachinagaha and UA 4805, at all the
stages. In addition, Peking, a landrace in China, and UA 4910, a high-yielding variety in
USA, showed comparable A with PI 603911 C at all the stages. The A of PI 603911 C,
Peking and UA 4910 was higher by 14.8%, 20.6% and 19.0% than UA 4805 at 36 DAP.
The gs of Peking was constantly highest of all the varieties except for 43 DAP, while that
of P1 603911 C and UA 4910 was intermediate. The A/Ci of P1 603911 C, Peking and UA

4910 was higher than the others at all the stages.
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Fig. 2.4 Variation in A among 10 soybean varieties in the field experiment in 2017.
Columns of three soybean varieties which showed highest A in 2016 were colored with
black. Vertical bars on each column indicate SE (n = 4).

In 2017, A ranged from 35.3 umol m™2 s! in PI 407832 B, a variety in South Korea, to
42.9 umol m? s in PI 592940, a variety in China, among 10 varieties at 43 DAP (Fig.
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2.4). P1 603911 C and Peking showed second highest A of all the varieties at this stage.

Based on this result, I selected the five varieties, PI 407832 B, a variety in China, Enrei,

a commercial variety in Japan, Peking, PI 592940 and PI 603911 C, to cover the wide

variation in A among soybeans and evaluated A in the five varieties at 46, 51 and 59 DAP.
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Fig. 2.5 Variations in A, gs, and A/C;
among five soybean varieties in the
field experiment in 2017.

** indicate the significant difference
among five soybean varieties at p <
0.01. Vertical bars on symbols indicate
SE (n=4).

The A of PI 592940 and PI1 603911 C was comparable and it was significantly higher than

Enrei and PI 407832 B at all the stages in 2017 (p < 0.05). At 58 DAP, A of Peking was
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comparable with PI 592940 and PI 603911 C, and it was significantly higher than Enrei

and PI 407832 B (p <0.05), whereas there was no significant variation in A among Peking,

Enrei and PI 407832 B at 46 and 51 DAP (Fig. 2.5). The gs of Peking was highest of all

the varieties at 46 and 58 DAP, and it was significantly higher than PI 407832 B. The gs

of PI 592940 and PI 603911 C was significantly higher than that of PI 407832 B at 46

and 58 DAP, while there was no significant variation in gs among PI 592940, PI 603911

C and Enrei at all the stages. P1 592940 and P1 603911 C showed significantly higher A/Ci

than Enrei and PI 407832 B through all the stages except for 58 DAP when there was no

significant variation in A/Ci between PI 407832 B and PI 603911 C. There was no

significant variation in A/Ci among Enrei, Peking and PI 407832 B at 46 and 51 DAP,

while there was significant variation between Enrei and Peking at 58 DAP.

2.4 Discussion

Several studies have reported the significant variation in leaf photosynthetic capacity

among soybeans (Dornhoff et al., 1970; Ojima, 1972; Buttery et al., 1981; Morrison et

al.,, 2000; Jin et al., 2010; Liu et al., 2012). The linear increase of the soybean

photosynthetic rate was reported against year of release, and newer cultivars had up to

23% greater photosynthetic rate than older cultivars (Koester et al., 2016). In this study,
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the photosynthetic rate varied more than 50% among 34 varieties under the controlled

condition (Fig. 2.1). These results suggest that there is a considerable variation in leaf

photosynthetic capacity not only among historical cultivars but also among the exotic

varieties of soybean.

The relative levels of leaf photosynthetic capacity among PI 603911 C, Tachinagaha

and UA 4805 were conserved across the chamber experiment and the field experiments

in 2014 and 2016 (Figs. 2.1, 2.2 and 2.3). PI 603911 C consistently showed greater

photosynthetic capacity than the others after the flowering stage in all the years (Figs. 2.2,

2.3 and 2.4). Moreover, Peking and PI 592940 showed comparable A with PI 603911 C

in 2016 and 2017, respectively. These results confirmed that they have high capacity for

leaf photosynthesis among soybeans. Peking is a landrace in China, P1 592940 is a variety

in China and named as Jin dou 17, PI 603911 C is a variety in North Korea and named as

Jijori. Three variety can be the promising candidates for identifying the mechanism

underlying high capacity for leaf photosynthesis in soybean. The A values of PI 594409

A were highest among all the soybean varieties in the chamber experiment due to higher

gs. On the other hand, A of PI 594409 A was similar to that of UA 4805, one of the

reference varieties, in all the field experiments. This was because gs was almost similar

or lower in PI 594409 A comparing with UA 4805 in the field experiments, and PI 594409
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A had no advantage that would allow it to achieve high photosynthetic rate. In addition,

differences in the environmental conditions and the growth stages of the plants can be the

cause of the inconsistency of the variation in A between the chamber experiment and the

field experiments.

Leaf photosynthetic capacity is determined by both the CO:2 supply from atmosphere

to the chloroplast and the CO» fixation at the chloroplast (Farquhar et al., 1980). It is well

known that gs strongly affects leaf photosynthetic capacity (Farquhar and Sharkey, 1982).

Ohsumi et al. (2007) reported that gs was one of the major factors determining the

variation in leaf photosynthetic capacity among rice varieties. A positive correlation

between A and gs has been observed among several crop species (Fischer et al., 1999;

Ohsumi et al., 2007; Tanaka et al., 2008). This correlation was not observed among the

34 varieties of soybean in the chamber experiment (data not shown). In the field

experiment, the variation in A and gs was significantly correlated among 11 varieties at

36, 43 and 59 DAP in 2016 (p < 0.05) and among 10 varieties at 43 DAP in 2017 (data

not shown). These results suggest that gs can be a determinant of the variation in leaf

photosynthetic capacity among soybeans under the field condition.

Jijori and Jin dou 17 showed greater A and A/Ci throughout several growth stages under

the field condition, while gs of these varieties was intermediate compared with the other
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varieties. It indicates that the high photosynthetic capacity of Jijori and Jin dou 17 can be

achieved by the high efficiency of the gas diffusion from the intercellular spaces to the

chloroplast (gm) and/or the CO: fixation at the chloroplast. Peking showed high A, gs and

A/Ci among the varieties in all the measurements except for 58 DAP in 2017, indicating

Peking have the high efficiency for the CO2 supply and/or fixation.

In summary, I discovered the considerable variation in leaf photosynthetic capacity

among cultivar and landrace soybeans. Three varieties, Jijori (PI 603911 C), Jin dou 17

(PI 592940) and Peking, were confirmed to exhibit the high capacity for leaf

photosynthesis among soybeans under the field condition. These varieties can be utilized

to enhance leaf photosynthesis by elucidating the physiological and genetic mechanisms

underlying the photosynthetic capacity of them.
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Table S1.1 List of line number, plant introduction (PI) number, the stem growth
habit and maturity group of 34 soybean varieties.

PI no. growth habit maturity group
PI 360848 D-type 4
PI 398200 D-type 4
PI 398334 D-type 4
PI 398406 D-type 4
PI 398695 D-type 4
PI 398915 D-type 4
PI 399027 D-type 4
PI 399094 D-type 4
PI 404159 D-type 4
PI1 407832 B D-type 4
P1 407959 A D-type 4
PI 408073 D-type 4
PI 408111 D-type 4
PI 408131 B D-type 4
PI 408140 B D-type 4
PI1 408269 A D-type 4
PI 417107 D-type 4
PI1 417345 A D-type 4
PI 423888 D-type 4
PI 424149 D-type 4
PI 424296 A D-type 4
PI 424381 D-type 4
PI 424402 A D-type 4
PI1424489 B D-type 4
PI 424511 D-type 4
PI 424549 A D-type 4
P1 442012 B D-type 4
PI 458098 D-type 4
PI 592940 D-type 4
PI 594287 D-type non avairable
PI 639187 D-type 4.8
PI 567174 C D-type
PI 594409 A D-type
PI 603911 C D-type
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Chapter 3

Physiological factors related to the high capacity for leaf photosynthesis

in soybean

3.1 Introduction

In Chapter 2, I revealed the significant variation in leaf photosynthetic capacity among

soybean varieties and identified three varieties, Jijori, Jin dou 17 and Peking, with the

high photosynthetic capacity. Such variation in leaf photosynthetic capacity can be

attributed to the variation in the biochemical and morphological characteristics of the leaf

(Flood et al., 2011). The understanding of the physiological factors related to the high

photosynthetic capacity can be important to determine the key trait for the genetic

improvement of leaf photosynthetic capacity in soybean.

Leaf photosynthesis is considered as the combined process of supplying CO2 from the

atmosphere to the chloroplast and the fixation of COx at the chloroplast. The gas diffusion

conductance from the atmosphere to the chloroplast is divided into two components,

stomatal (gs) and mesophyll (gm) conductance, which can limit A in plant species.

(Sharkey, 1982; Pons et al., 2009). The gs can be determined by the water status in the
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leaf and the morphological characteristic such as the size and density of stomata (Flexas

et al., 2004; Franks and Breeling, 2009). It is known that gm can be largely determined by

the surface area of chloroplasts exposed to intercellular spaces and the thickness of the

mesophyll cell wall (Evans, 1999; Evans et al., 2009).

At the current [CO2] of the atmosphere, the CO: fixation can be limited by the

carboxylation of RuBP catalyzed by Rubisco. The carboxylation of RuBP can be mainly

determined by the catalytic turnover rate (kcat), amount and the activation state of Rubisco

in vivo. Rubisco activase mediates the ATP-dependent removal of various inhibitory sugar

phosphates from the Rubisco active site and regulates the activation of Rubisco (Portis,

1992). The N content per unit leaf area has been also demonstrated to correlate with A

among several crop species, since large portion of N can be distributed to Rubisco in C3

plants species (Evans, 1983; Evans, 1989; Sinclair and Horie, 1989).

In Chapter 3, I aimed to elucidate the physiological factors responsible for the great

capacity for leaf photosynthesis in soybeans. To reach this objective, the biochemical and

morphological traits related to the CO2 supply and fixation in leaf photosynthesis were

analyzed among the soybean varieties used in Chapter 2.

3.2 Materials and methods
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3.2.1 Materials and cultivation of plants
In Chapter 3, the same soybean plants as used in the field experiments in Chapter 2 were

applied for the physiological analyses mentioned below.

3.2.2 Analysis of the maximum rate of carboxylation and electron transport

The gas exchange measurements were conducted with a portable gas-exchange system
(LI-6400 and LI-6800, LI-COR, Lincoln, NE, USA). The A at several [CO2] was
measured to obtain the A—Ci curves at the uppermost fully expanded leaf at 59, 67 and 71
DAP in 2014 (n = 4), at 43, 49 and 59 DAP in 2016 (n = 4-5), respectively. In 2017, the
gas exchange measurements were conducted to obtain the response curve of A to [COz2]
at the site of Rubisco (C¢) at 46, S1and 58 DAP (n = 3—4). The [COz2] in the chamber was
set to 100, 200, 300, 400, 500, 600, 750, and 1000 ppm in 2014, while it was set to 100,
200, 300, 400 in 2016 and 2017. The light intensity was a PPFD of 2000 umol m? s in
2014 and 1500 pmol m? s in 2016 and 2017, respectively. An air temperature in the
chamber was set on 33°C in 2014 and 2016, and on 35°C in 2017. In 2016, the
measurements were conducted with the leaves on the petioles which were cut under the
water immediately before the measurements. The A—Ci and A-C. curves were analyzed
to estimate Vcmax and Jmax, defined as the maximum rates of the carboxylation and
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electron transport, respectively, using the biochemical model described by Farquhar et al.,

(1980) with some modifications by Bernacchi et al., (2001) and McMurtrie and Wang

(1993) (eqn. 1 and 2);

Ve (C—T'%)
A = — R,
C+K.(1+O/K,)
(eqn. 1)
Jimax (C = 1)
A = — Ry,
4C + 8I' (eqn. 2)

where C is the [COz], I'* is the CO2 compensation point at the chloroplast, Rm is the

daytime mitochondrial respiration, Kc and Ko is Michaelis-Menten constant of Rubisco

for CO2 and Oz, respectively. The values of these parameters were applied from Bernacchi

etal., (2001).

3.2.3 Analysis of the mesophyll conductance using the variable J method

Mesophyll conductance (gm) was estimated using the variable J method as described in

Harley et al., (1992). Chlorophyll fluorescence measurements were simultaneously

conducted with the A—Ci measurements at 46, 51 and 58 DAP in 2017. The leaf

absorptance for red and blue light was set to 0.843. The relationship among A, an electron

transport rate (J) and, Cc can be modeled as equation 3, according to Farquhar et al.,
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(1980);

AC, + 8T*
J = (A+R, .
CC - I (eqn. 3)
C. can be related to Ci as equation 4;
C. = G~ Algn (eqn. 4)

Then, equation 3 can be rearranged by equation 4;

(C,— Alg,)+2T*
(G- Algy —I'*

J = 4(A+R,)
(eqn. 5)

Rm was estimated in two varieties, Jijori and PI 407832 B, which showed contrasting
A at 43 DAP in 2017, as described by Walker et al., (2015). For the Rm estimation, A at
several [CO2] was measured to obtain the A—Ci curves at 49, 50, 55, 56, 62 and 63 DAP
in 2017. The A-Ci measurements were conducted under the light intensity of 50, 80, 120,
175 and 300 umol m™ s™!, respectively, with the leaves on the petioles which were cut
under the water before the pre-dawn. The [COz] in the chamber was set to 30, 50, 70, 90,
120, 150 and 400 ppm. An air temperature in the chamber was set on 35°C. To estimate
R for other three varieties, it was assumed that the value of Rm could be correlated with
that of Vemax. The I'* was calculated based on leaf temperature using the temperature-
response curve of ['* obtained in tobacco (Bernacchi et al., 2002).
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3.2.4 Quantification of the nitrogen and proteins related to leaf photosynthesis

The total soluble protein (TSP), chlorophyll, Rubisco and nitrogen (N) contents per unit

leaf area were determined at the same leaf as the gas exchange measurements were

conducted in 2014. A leaf tissue area of 4.52 cm? was collected from the leaf for the

quantification of TSP, Rubisco and chlorophyll. After the area of the remaining leaf was

measured, the leaf was dried at 70 °C for 72 h, weighed, and coarsely ground for N

quantification. The N content per unit leaf area was determined using Kjeldahl digestion

followed by an indophenol assay (Vickery et al., 1946). In 2016 and 2017, I measured the

N content with the whole leaf at which the gas exchange measurements were conducted.

Leaf tissues were homogenized using a cold mortar and pestle in the extraction buffer,

containing 50 mM Hepes-KOH, 5mM MgCl,, 1mM EDTA, 0.1% (w/v)

polyvinylpolypyrrolidone (PVPP), 0.05% (v/v) Triton X-100, 5% glycerol, 4mM 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 puL aliquot was set aside for the chlorophyll

quantification. The homogenate was centrifuged at 14,500 x g for 5 min at 4°C. The

supernatant was used for the quantification of TSP and Rubisco, with bovine serum

albumin as the standard. The TSP content was determined by the Bradford assay
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(Bradford, 1976). The Rubisco content was quantified spectrophotometrically by the
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. The chlorophyll content extracted in 80% acetone was quantified

spectrophotometrically as described by Porra et al., (1989).

3.2.5 Analysis of Rubisco activity and activation state

To determine the keat of Rubisco in soybean, a leaf tissue (2.26 cm?) was sampled from
the uppermost fully expanded leaf of UA 4805 from 09:00 to 13:00 h on 36 DAP in 2016
and frozen in liquid N. The leaf tissue was homogenized in 1 mL of extraction buffer,
containing 4 mM amino-n-caproic acid, 20 mM ascorbic acid, 0.8 mM benzamidine, 100
mL Bicine-NaOH, 5 mM DTT, 1 mM EDTA, 5 mM MgCl., and 2 mM NaH2POs at pH
8.0 with 0.4% (w/v) bovine serum albumin (BSA), 1% (w/v) PVPP, and quartz sand using
a tilled pestle and mortar. The homogenate was centrifuged at 12,000 rpm for 2 min at
4°C. The supernatant was used for the determination of Rubisco activity and catalytic site.
The extracted Rubisco was fully activated with 15 mM MgCl2 and 10 mM NaHCO3 on
ice for 20 min. Rubisco total activity was measured at 30°C using ['*C] NaHCO3 by
assaying the incorporation of ['*C] in acid-stable products with some modifications, as
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described by Ishikawa et al., (2009). In the present study, 1M HCI was added to the assay
solution to stop the reaction. The Rubisco catalytic site was estimated by measuring the
stoichiometric binding of ['*C] carboxyarabinitol-1,5-bisphosphate as described by
Ishikawa et al., (2009). The kcat of Rubisco was calculated based on Rubisco total activity
and catalytic site.

The kinetic properties of Rubisco are known to be largely determined by Rubisco large
subunit (RbcL) (Anderson and Backlund, 2008). In the present study, genomic DNA was
extracted from the leaf of Jijori, PI 594409 A, Tachinagaha and UA 4805 using DNA Prep
Kit (for Plant) (Cica Geneus). Three partial fragments of RbcL were amplified by PCR
using three pairs of primers; RbcL1-F GTCGAGTAGACCTTGTTGTTTCG, RbcL1-R
AGCTCTACCATAATTCTTAGCGG, RbclL2-F TGCGTGCTCTACGTCTGGAG,
RbcL2-R GTGAACATGATCTCCACCAG, RbcL3-F
ACTAGCTTGGCTCATTATTGCC, RbcL3-R CCTTTTAGGAAAAGATTGGGCCG.
PCR products were purified by FastGene Gel/PCR Extraction Kit (NIPPON Genetics Co,
Ltd). The base sequences of three fragments were determined to assemble the full-length
sequence of RbcL. There was no difference in the full-length sequence of RbcL among
four soybean varieties (data not shown). In addition, Makino et al., (1987) showed the
quite small variation of the kcat of Rubisco among 25 varieties of rice. These facts support
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the consideration that the kcar of Rubisco is similar among four soybean varieties used in
this study. I measured the kcar of Rubisco in UA 4805 and assumed that it would be
constant among soybean varieties.

To measure Rubisco initial activity, the leaf tissue (2.26 cm?) was sampled from the
uppermost fully expanded leaf of Jijori, PI 594409 A, Tachinagaha and UA 4805 after the
measurements of A at 36 and 59 DAP and immediately frozen in liquid N. The leaf tissue
was ground to a fine powder in liquid N using a pestle and mortar. The leaf powder was
suspended in 125 ul of extraction buffer, containing 50 mM Bicine-NaOH, 20 mM
ascorbic acid, 5 mM DTT, and 0.1 mM EDTA at pH 8.0, and subsequently centrifuged
for a few seconds. The supernatant was used for the determination of Rubisco activity
and catalytic site. The Rubisco total activity was calculated using the kcar of Rubisco for
UA 4805 and the catalytic site concentrations in each variety. The activation state of
Rubisco was calculated as the percentage of Rubisco initial activity to the total activity

(n = 4-5).

3.2.6 Quantification of Rubisco activase
The supernatant obtained from the Rubisco initial activity analysis was used for the
quantification of TSP and Rubisco activase. In addition, TSP was extracted from the leaf
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of a rice cultivar, Nipponbare, as described by Ishikawa et al., (2011). The concentration

of TSP was determined in soybean and rice using the Bradford assay with BSA as the

standard in 2016 (Bradford, 1976). SDS-PAGE was conducted with 6.4 ug of TSP among

soybeans varieties described by Ishikawa et al., (2011). 3.2 ug of TSP extracted from rice

was also applied as the standard to quantify Rubisco activase content of soybean varieties

using SDS-PAGE. The gel was subjected to immunoblotting with the antibody against

Rubisco activase of rice. The immunoreactive band was detected using alkaline

phosphatase, as described by Fukayama et al., (2006). The relative amount of Rubisco

activase was calculated in soybeans by comparing the detected bands corresponding to

the large (Rcal) and small (Rcall) isoform of Rubisco activase of each soybean variety

with those of rice (n = 4-5). The images were analyzed using the gel analysis tool of

Image J software (Schneider et al., 2012).

3.2.7 Analysis of the morphological traits related to leaf photosynthesis

In the field experiment in 2014, the leaf anatomical structure was analyzed in a resin

section prepared as follows. Leaf samples (5 mm x 5 mm) were collected from the leaf

from which the A—Ci analysis were conducted on 67 and 71DAP. They were fixed in FAA

solution (ethanol:water:formalin:acetic acid, 12:6:1:1 v/v). Subsequently, the leaf tissues
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were dehydrated in a graduated ethanol series and the ethanol inside the leaf tissues was

replaced by Technobit 7100 resin (Heraeus Kulzer, Wehrheim, Germany). The solidified

resin including the leaf tissue was prepared following the manufacturer’s protocol and cut

into 5 pum sections using a motorized rotary microtome (RM2155, Leica, Wetzlar,

Germany). The sections were colored with 0.05% toluidine blue solution for 30 min and

rinsed with water for 5 min. Microscopic images were obtained with an optical

microscope (CX31 and DP21, Olympus, Tokyo, Japan). The leaf thickness and the

palisade layer thickness were measured using the image analysis software Image J.

In 2017, small leaf sections of the middle part of the uppermost fully expanded leaf

were collected from three plants per each variety at 54, 55, 61 and 62 DAP. The leaf

sections were infiltrated with 4% paraformaldehyde and 5 % glutaraldehyde in 0.05M

Na-phosphate buffer (pH 7.2) by using Syringe pressurizer (Nisshin EM Co., Ltd., Tokyo,

Japan) and fixed at 4°C for overnight. After the pre-fixation, the leaf sections were fixed

in 1% OsO4 in 0.1M phosphate buffer at 4°C for overnight. The fixed leaf sections were

embedded in Epoxy Resin. An ultra-thin section was observed using transmission electron

microscopes (H-7650, Hitachi, Tokyo, Japan) and the microscopic images were obtained.

The microscopic images were analyzed to measure the thickness of the mesophyll cell

wall (Tew).
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The stomatal density (SD), the number of the stomata per unit leaf area and the vein

density (VLA), the vein length per unit leaf area, were measured at the same leaf as A were

measured in 2016. A replica of the abaxial side of the leaf was prepared using Suzuki’s

Universal Method of Printing (Tanaka et al., 2010). The replica was observed at a 100x

magnification using an optical microscope, and a digital image was obtained (CX31 and

DP21, Olympus, Tokyo, Japan). The number of stomata in the image was manually

counted to measure the SD. The VLA was measured as described in Yoshimura and

Kubota (2000).

3.2.8 Statistical analysis

One-way ANOVA or the Tukey-Kramer test were applied to evaluate the variation in the

physiological traits among the varieties. Statistical analyses were conducted using R.

3.3 Results

3.3.1 Variations in the maximum carboxylation rate, the maximum electron

transport rate and the mesophyll conductance among soybeans

The A-Ci curve analysis showed that Jijori exhibited highest A under all the CO:

concentrations among the four varieties except for 59 DAP in 2014. The VcEmax and Jmax
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of Jijori were highest of the four varieties at all the stages. There was the significant
variation in Vemax among the four varieties and the maximum value of these parameters
were 129.1 yumol m? s™! and 232.0 umol m™ s°, respectively, at 67 DAP (p < 0.01) (Fig.
3.1). In 2016, there was the significant variation in Vcmax among the 11 varieties at all the
stages (p < 0.01). The Vemax of Jijori was highest at 43 and 49 DAP and second highest at
59 DAP (Fig. 3.2). The Vcmax of Peking was second highest and highest of the 11 varieties
at 49 and 59 DAP, respectively, while it was third lowest at 43 DAP in 2016. The Vcmax

of Jijori and Peking was higher maximumly by 41.9 and 26.0% than the reference variety,

UA 4805 at 49 DAP in 2016.
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Fig. 3.1 Variations in the maximum rate of (A) the carboxylation (Vcmax) and
(B) electron transport rate (Jmax) among four soybean varieties in 2014.

** indicates the significant difference among four soybean varieties at p < 0.01.
Vertical bars on symbols indicate SE (n = 4).

The Vemax based on the A—Ci analysis reflects not only the maximum rate of the
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carboxylation at the chloroplast but also gm since the biochemical model described by
Farquhar et al., (1980) assumes that Ci is equal to C (i. e. gm can be infinite). In 2017, I
estimated Vcmax based on the response curve of A to Cc which was estimated by
substituting measured gm for eqn. 4. There was the significant variation in Vcmax among
the five varieties at 51 and 58 DAP (p < 0.05), whereas there was no significant variation
at 46 DAP in 2017 (Fig. 3.3). The Vcmax of Jijori was highest of all the varieties at 46 and
51 DAP, while that was second lowest at 58 DAP. There was no clear difference in Vcmax
between Enrei and Jijori at all the measurements. The Vcmax of Jin dou 17 and Peking was

lowest or second lowest at all the stages except for that of Peking at 58 DAP. There was

150
_ Fig. 3.2 Variation in Vcmax
::‘.” 125 | among 11 soybean varieties in
§ 2016.
S 100 | - ) *% indicate the significant
% ;:Egﬁmgagaha difference among 11 soybean
gg [CH hf': 3§8?7 varieties at p < 0.01. Vertical bars

—*— Jijori on symbols indicate SE (n = 3-5).
50 Qthers
40 45 50 55 60
DAP (day)

the significant variation in gm among five varieties at all the stages (p < 0.01). The gm of
Jijori, Jin dou 17 and Peking was highest, second highest and third highest, respectively,
among the five varieties at all the stages. The gm of Jin dou 17 was extremely high at 51
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and 58 DAP compared with that of the other varieties and that shown among soybean

varieties in the previous studies (Koester et al., 2016; Tomeo et al., 2017).
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Fig. 3.3 Variations in (A) Vcmax and (B) the mesophyll conductance (gm) among
five soybean varieties in 2017.
* and ** indicate the significant variation among five soybean varieties at p < 0.05

and 0.01, respectively. Vertical bars on symbols indicate SE (n = 3-4).

3.3.2 Variations in the biochemical characteristics of the leaf among soybeans

In 2014, the TSP, chlorophyll, Rubisco, and N contents were determined with the same
leaf from which leaf gas exchange was measured. The levels of these components
drastically increased around RS but it was relatively stable during the other stages in all
the four varieties (Fig. 3.4). The content of these components in Jijori was highest or
second highest among the four varieties at all the stages. The variation in the content of
TSP and chlorophyll was not clear between Jijori and Tachinagaha which showed the
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contrasting A as shown in Chapter 2 (Fig. 2.2). The ratio of Rubisco to TSP (Rubisco/TSP)

of Jijori was highest or second highest among the four varieties at all the stages (Fig. 3.5).
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Fig. 3.4 Variations in the content of (A) nitrogen (N), (B) total soluble protein
(TSP), (C) Rubisco and (D) chlorophyll among four soybean varieties in 2014.
T, * and ** indicate the significant variation among four soybean varieties at p < 0.1,

0.05 and 0.01, respectively. Vertical bars on symbols indicate SE (n = 8—10).

In 2016 and 2017, there was the significant variation in the N content among the 11

and five varieties, respectively, except for 43 DAP in 2016 (p < 0.05) (Fig. 3.6). The N
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content of Jijori was tended to be higher than the others at 49 and 59 DAP, while that was

intermediate at 36 and 43 DAP in 2016. The N content of Peking was second highest
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Fig. 3.6 Variation in the N content among soybeans in (A) 2016 and (B) 2017.
* and ** indicate the significant variation among the soybean varieties at p < 0.05

and 0.01, respectively. Vertical bars on symbols indicate SE (n = 3-6).
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among 11 varieties at 59 DAP, while that was intermediate or lower among the varieties
at the other stages. In 2017, the N content of Jijori was highest or second highest among
five varieties at all the stages, while that of Jin dou 17 and Peking lowest or second lowest.

In 2016, the N content ranged from 1.55 to 1.79 g m~2 at 36 DAP, and from 2.14 to
2.39 g m™ at 59 DAP among Jijori, PI 594409 A, Tachinagaha and UA 4805 (Fig. 3.7).
The N content significantly increased from 36 to 59 DAP in all the varieties (p<0.05).
The catalytic turnover rate (kca) of Rubisco was 2.62 mol mol™' s in UA 4805 at 36 DAP.
In the present study, this value of kcat was used for the calculation of the activation state
of Rubisco in each variety. The activation state of Rubisco varied from 62.9 to 82.9% at
36 DAP, and from 55.3 to 60.0% at 59 DAP. The activation state of Rubisco significantly
decreased from 36 to 59 DAP in Jijori, Tachinagaha and UA 4805 (p<0.01). The ratio of
Rubisco to TSP ranged from 0.47 to 0.57 g ¢! at 36 DAP, and was the similar level at 59
DAP among the four varieties in 2016. The ratio of Rubisco to TSP significantly
decreased from 36 to 59 DAP in Jijori, PI 594409 A and UA 4805, whereas it was largely
constant in Tachinagaha (p<0.01). When standardized by the TSP amount, the relative
amount of Rubisco activase ranged from 0.90 to 1.09 at 36 DAP, and from 0.49 to 0.95
at 59 DAP. The Rubisco activase amount was largely constant from 36 to 59 DAP in Jijori,
PI 594409 A and UA 4805, whereas it significantly decreased in Tachinagaha (p < 0.01).
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Fig. 3.7 Changes in (A) the N content, (B) Rubisco activation state, (C)
Rubisco/TSP and relative amount of Rubisco activase of four soybean varieties
in 2016.

* and ** indicate the significant variation between the values of the traits in each
variety at 36 and 59 DAP at p < 0.05 and 0.01, respectively. Vertical bars on symbols
indicate SE (n = 4-6).

3.3.3 Variations in the morphological characteristics of the leaf among soybeans

In 2014, the leaf structure was analyzed in the same leaf from which the A-Ci curves

were obtained on 67 and 71 DAP. Leaf thickness of Jijori was significantly higher than

that of the others at 67 DAP (p < 0.05) (Table 3.1). The palisade layer thickness of Jijori

was significantly higher than that of PI 594409 A and UA 4805 at 67 DAP, and UA 4805

at 71 DAP, respectively (p < 0.05). There was a significant variation in the ratio of the
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palisade layer thickness to the leaf thickness (palisade/leaf ratio) between Jijori and UA
4805 at 67 DAP (p < 0.05). The palisade/leaf ratio of all the varieties was stable across
the two measurements.

In 2016, there was the significant variation in SD at 49 and 59 DAP among the 11
varieties (p < 0.01) (Fig. 3.8). There was the significant variation in VLA at all the stages
(p <0.05). The SD and VLA of Jijori were lowest or second lowest among the 11 varieties

at all the stages, while those of Peking were intermediate. The VLA of the reference variety,

UA 4805, was highest at all the stages.
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Fig. 3.8 Variations in (A) the stomatal density (SD) and (B) the vein density

(VLA) among the 11 soybean varieties in 2016.
T, * and ** indicate the significant variation among 11 soybean varieties at p < 0.1,

0.05 and 0.01, respectively. Vertical bars on symbols indicate SE (n = 4-6).

In 2017, Tew was measured at the uppermost fully expanded leaves among five
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varieties in which the gm measurements were conducted. There was the significant

variation in Tew among four varieties except for Enrei at both stages (p < 0.05) (Fig. 3.9).

The Tew of Jin dou 17 was lowest among the varieties at 54 DAP. There was the significant

variation between Jin dou 17 and Jijori or PI 407832 B at this stage. At 61 DAP, Tew of

Enrei was lowest, although the replication number was only two. The Tew of Jin dou 17

and Peking were significantly lower than Jijori at 61 DAP.
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Fig. 3.9 Variation in the thickness of the mesophyll cell wall (T.v) among five
soybean varieties in 2017.
Different letters on each column indicate the significant variation at p < 0.05. Vertical

bars on columns indicate SE (n = 2-3).

3.4 Discussion

In Chapter 3, I aimed to elucidate the physiological factors responsible for the high

capacity for leaf photosynthesis in three varieties, Jijori, Jin doul7 and Peking. To reach
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this objective, the efficiencies of the CO2 diffusion inside the leaf and the COxz fixation at

the chloroplast were analyzed based on the gas exchange measurements. In addition, the

biochemical and morphological traits related to leaf photosynthesis were analyzed.

The A—Ci analysis in all the years revealed high A of Jijori, Jin dou 17 and Peking at

any Ci among soybeans. It suggests that these varieties can have the high efficiency of the

CO: diffusion inside the leaf and/or the CO2 fixation at the chloroplast. In 2017, gm of

these varieties was significantly higher than Enrei and PI 407832 B (Fig. 3.3) and the

variation in gm and A was consistent among the five varieties. Jin dou 17 showed the

extremely high value of gm at 51 and 58 DAP, compared with that of the other varieties

and that reported in the previous studies (Koester et al., 2016; Tomeo et al., 2017),

indicating the possibility that gm of Jin dou 17 might be overestimated due to some

problems for these measurement. On the other hand, Jin dou 17 showed comparable A

with Jijori, while gs and the N content per unit leaf area were similar or lower (Figs. 2.5,

3.6), which would evidence high gm of Jin dou 17 among soybeans.

It was shown that gm was correlated with the surface area of chloroplasts exposed to

intercellular spaces (Evans, 1999). The Tcw is known to have the large resistance for CO2

diffusion, accounting for up to 50% of total resistance (Evans et al., 2009). In addition,

the permeability of CO: via plasma membrane and chloroplast envelope can be a major
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component of the resistance. In the present study, the variation in Tew and gm among five

varieties was consistent at 54 DAP, while that was not consistent at 61 DAP (Figs. 3.3

and 3.9). It suggests that Tcw can have a large effect on gm in soybean at the specific

growth stage.

The potential of gs can be mainly determined by the morphological characteristics of

the stomata (Franks and Breeling, 2009). In soybean, SD was reported to strongly

correlate with the potential of gs among 77 cultivars (Tanaka et al., 2010). Moreover, gs

can be largely affected by the water status in the plant (Flexas et al., 2004). The leaf

hydraulic conductance, representing the efficiency of water transpiration inside the leaf,

was reported to correlate with A and gs among or within species (Brodribb et al., 2007;

Xiong et al., 2015). The VLA can be correlated with hydraulic conductance since VLA can

determine the parallel pathways of water flow through the vein system per unit leaf area

and the distance of water flow from veins to the sites of evaporation. In the present study,

Peking showed high gs throughout the years and stages among soybeans, which can

contribute to high A in this variety (Fig. 2.5). On the other hand, SD and VLA of Peking

was intermediate among 11 varieties at all the stages in 2016 (Fig. 3.8). These results

suggest that high gs of Peking can be attributed to unknown factors rather than SD and

VLA.
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The N content per unit leaf area is one of the most important traits determining leaf

photosynthetic capacity because a large portion of leaf N is allocated to the photosynthetic

components, especially to Rubisco (Hikosaka, 2010). The amount and kinetic properties

of Rubisco limit CO: fixation activity. It has been reported that the Rubisco content and

its activity determined the changes in leaf photosynthetic capacity in the course of

senescence under field conditions in soybean (Jiang et al., 1993). In the present study,

Vemax based on A—Ce analysis was tended to be higher in Jijori among the five varieties,

while that was lower in Jin dou 17 and Peking. The N and Rubisco content of Jijori tended

to be higher than in the other varieties (Figs. 3.4 and 3.6). The leaf of Jijori was thicker

than the leaves of the other genotypes (Table 3.1). It has been reported that leaf

photosynthetic capacity is correlated with leaf thickness and N content in soybean (Ojima,

1972). These results imply that a thicker leaf can accumulate a large amount of N and

photosynthetic apparatus, especially Rubisco, and have an advantage in achieving high

photosynthetic capacity due to the high CO: fixation activity. The ratio of TSP to N of

Jijori was similar to or lower than that of the other varieties, while the Rubisco/TSP in

Jijori was higher than that of the other genotypes (Fig. 3.5). This shows that the large

amount of Rubisco of Jijori can be attributed to the large distribution of TSP to Rubisco.

Kawasaki et al., (2014) reported that there was considerable variation in the ratio of
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Rubisco to N in soybean under field conditions. Thus, protein distribution in the leaf can

also be a target to select soybean varieties with high photosynthetic capacity.

In 2016, A and A/Ci were largely constant from 36 to 59 DAP in Jijori, PI 594409 A

and UA 4805, whereas the N content significantly increased in all the varieties (Figs. 2.3

and 3.6). The activation state of Rubisco significantly decreased during this period in

Jijori, Tachinagaha, UA 4805 (p<0.01) (Fig. 3.7). These results showed that the activation

state of Rubisco can decrease with the increase in the N content, which can result in the

constant A during the reproductive stage of soybean. A negative correlation between the

activation state of Rubisco and the N content was observed in wheat and apple with

various N application levels (Michler et al., 1988; Chen and Fuchigami, 2000). The

present study shows that the deactivation of Rubisco with the N accumulation can be

observed even across different growth stages in soybean with the same N application level.

In the transgenic tobacco, the decrease in Rubisco activase content resulted in the

deactivation of Rubisco (Mate et al., 1993; Jiang et al., 1994). In the present study, the

Rubisco/TSP significantly decreased from 36 to 59 DAP, whereas the relative amount of

Rubisco activase was largely constant in Jijori, PI 594409 A and UA 4805 (Fig. 3.7). This

suggests that the decrease in the activation state of Rubisco was attributed to an unknown

mechanism other than to the deficiency of Rubisco activase per Rubisco amount in these
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three genotypes. Perdomo et al., (2017) suggests that the decrease in the activation state

of Rubisco can be related to not Rubisco activase amount but its activity under high

temperature and water deficit condition in crop plants. In the present study, the

deactivation of Rubisco might be associated with the decrease in the activity of Rubisco

activase. In Tachinagaha, on the other hand, the Rubisco/TSP was largely constant during

this period, whereas the relative amount of Rubisco activase decreased to approximately

one-half. The decrease in the activation state of Rubisco in Tachinagaha might be

attributed to the deficiency of Rubisco activase per Rubisco amount.

In 2014, I showed the drastic increase in the Rubisco content with the increase in the

N content throughout the reproductive stage of the four soybean varieties. Based on the

observation of the N content, the increase in the Rubisco content was expected among

four varieties, although the Rubisco content was not measured in 2016 and 2017. It was

suggested that the change in the Rubisco content affected the wide range of metabolites

in Calvin cycle and the energy status in chloroplasts (Suzuki et al., 2012). The

carbamylation state of Rubisco is affected by the activity of Rubisco activase. The activity

of Rubisco activase is found to be sensitive to ATP/ADP ratio, since Rubisco activase

requires ATP for its function and is inhibited by ADP (Portis et al., 1992). The activation

state of Rubisco increased with the increase in ATP/ADP ratio in transgenic tobacco with
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decreased Rubisco content (Quick et al., 1991). The activity of Rubisco activase can be

also affected by its redox change mediated by ferredoxin-thioredoxin, which can alter the

sensitivity of Rubisco activase to the inhibition by ADP (Zhang et al., 2002). In addition,

the activation state of Rubisco can be affected by stromal pH and metabolites such as

RuBP and phosphoglyceric acid (Servaites, 1991; Portis et al., 2003). Overall, the

deactivation of Rubisco observed in the present study might result from the above change

in the Calvin cycle metabolites and energy status with increasing the Rubisco content in

soybean.

In summary, I revealed greater mesophyll conductance (gm) in Jijori, Jin dou 17 and

Peking, which showed greater A among soybeans. In addition, Jijori and Peking showed

the additional advantage in the different physiological traits, Vcmax and gs, respectively.

Jijori showed the high N and Rubisco content per unit leaf area, which could contribute

to the high CO: fixation activity in this variety. These results suggest that there can be

several traits as the target to enhance leaf photosynthetic capacity in soybean and

simultaneous improvement of these trait has the potential to achieve the drastic

enhancement of leaf photosynthetic capacity.
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Chapter 4

Genetic factors related to the high capacity for leaf photosynthesis in soybean.

4.1 Introduction

In Chapter 2, I revealed the significant variation in leaf photosynthetic capacity among

soybeans. This variation can be determined by the genetic and environmental factors via

the effect on the physiological traits related to leaf photosynthesis (Flood et al., 2011).

Previous studies have reported the genetic and physiological factors responsible for the

significant variation in A among rice cultivars (Teng et al., 2004; Hu et al., 2009; Adachi

etal.,2011a; Adachi et al., 2011b). Notably, NALI and CARS were identified as the causal

genes for such variation in rice (Takai et al., 2013; Adachi et al., 2017). In soybean,

significant variation in A has also been observed among different varieties (Ojima, 1972;

Butterry et al., 1977; Tanaka et al., 2010; Liu et al., 2012; Koester et al, 2016; Tomeo et

al., 2017). The genetic factors controlling the variation in A, on the other hand, has

remained unclear in field-grown soybeans, although a few studies have reported the

genetic factors in pot-grown soybeans (Vieira et al., 2006; Yin et al., 2010; Li et al., 2016).

The elucidation of the genetic factors controlling leaf photosynthesis of field-grown
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soybeans can provide a novel strategy to exploit with soybean breeding.

Quantitative trait loci (QTL) analysis has been conducted in large-scale studies to

identify the chromosomal regions which control the important agronomical traits in crops

(Yano, 2001). The chromosome segment substitution lines (CSSLs) have been developed

in rice and soybean and have accelerated QTL analyses associated with several traits of

interest (Bian et al., 2010; Wang et al., 2013; Takai et al., 2014; Xin et al., 2016; Watanabe

et al., 2018). Watanabe et al., (2018) developed CSSLs in soybean using the progeny of a

cross between Enrei, a leading variety in Japan, and Peking, a landrace from China. In

Chapter 2, greater A in Peking than in Enrei was found after the flowering stage under

field conditions. Therefore, it is expected that the genetic analysis using the CSSLs

derived from these two soybeans can identify the QTLs responsible for the high capacity

for leaf photosynthesis in the Peking variety.

In Chapter 4, I aimed to elucidate the genetic factors affecting the variation in leaf

photosynthetic capacity among soybeans. To reach this objective, I conducted field

experiments over three years, using Enrei, Peking and the CSSLs derived from their

progenies. The gas exchange measurements were conducted to evaluate A among soybean

lines while the genetic analysis was performed to detect the QTLs responsible for the

variation in A between Enrei and Peking. The biochemical and morphological traits
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related to leaf photosynthesis were also analyzed to reveal the physiological impact of the

QTL effect on leaf photosynthesis.

4.2 Materials and methods

4.2.1 Cultivation of the soybean plants in the field experiment

The present study was conducted at the Experimental Field of the Graduate School of
Agriculture, Kyoto University, Kyoto, Japan (35°2'N, 135°47'E, 65 m altitude, and Fluvic
Endoaquept soil type) in 2016, 2017 and 2018. The sowing date was 4 July in 2016, 27
June in 2017, and 26 June in 2018, respectively. The spacing between rows and plants
was 0.7 and 0.15 m, respectively. The N, P2Os, and K2O fertilizers were applied at 3, 10,
and 10 g m2, respectively, before planting. In 2016 and 2017, two experimental plots
were established for each soybean line, and each plot was composed of eight plants in a
single row. In 2018, three experimental plots were established for each line, and each plot
was composed of 40 plants in four rows. These plots were arranged in a randomized
complete block design. The experimental field was frequently irrigated to avoid the
negative effect of drought stress on the plant growth and gas exchange measurements. |

recorded DAP when each soybean line reached R1 and RS.
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4.2.2 Plant materials

In the present study, I used the Enrei and Peking varieties of soybean and 103 CSSLs

derived from their progenies, which were developed by Watanabe et al. (2018). Both of

the two parental lines belong to the maturity group IV. The stem growth habit is the

determinate type in Enrei and the semi-indeterminate type in Peking, respectively. Each

of the CSSLs carry the targeted chromosomal segment from Peking in the genetic

background of Enrei. Besides the targeted segment, a few residual segments from Peking

randomly remained in each CSSL. I used two parental lines in the field experiment in

2016, 2017, and 2018, respectively, and all the 103 CSSLs only in 2016.

I cultivated two types of the BC3F3 populations in 2017 derived from the cross between

Enrei and Peking with Enrei as the recurrent parent. Chromosomal segments from 26.5

to 32.9 Mbp on chromosome 13 or from 39.9 to 42.7 Mbp on chromosome 20 were

segregated in each BCsFs population, respectively. These segments were located on the

QTLs, gLPCI13 and gLPC20, respectively, from which a significant effect on A was

shown in 2016. Total DNA of the BC3F3 plants was extracted from the frozen and dried

leaves by the cetyltrimethylammonium bromide (CTAB) protocol (Kurata et al., 1994).

In each BCsF3 population, the genotype of gLPC13 or gLPC20 was analyzed by using

five and two SSR markers (Table 4S.1), respectively, reported in Watanabe et al., (2018).
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From each BCsFs population, I obtained two BCsF4 lines, which were homozygous for
either the Enrei allele (E-allele) or the Peking allele (P-allele) at the targeted region, while
the genetic background was mostly the same. Overall, the four BC3Fs lines were used

with two parental lines in the field experiment in 2018.

4.2.3 Gas exchange measurements

The characteristics of leaf photosynthesis were evaluated in the soybean lines using a
portable gas-exchange system LI-6400 (LI-COR, Lincoln, NE, USA). The gas exchange
measurements were conducted at two growth stages (Stage 1 and Stage 2) after flowering.
The A, gs, and Ci were measured at the uppermost fully expanded leaf from 8:30 to 14:00
on the sunny day in conditions with a [CO2] of 400 ppm, PPFD of 1500 pmol m~s™!, and
air temperature of 33 °C. The mesophyll activity was evaluated as A/Ci. The gas exchange
measurements were conducted at 39, 40, 52 and 53 DAP in 2016, at 38 and 50 DAP in
2017, and at 37 and 49 DAP in 2018, respectively. In 2016, the measurements were
completed in all the 105 soybean lines for two days at both Stage 1 (39 and 40 DAP) and
Stage 2 (52 and 53 DAP). The measurement replication for each line was 5-6 in 2016, 4—

61in 2017 and 8-9 in 2018.

59



4.2.4 Analysis of the biochemical and morphological traits related to leaf
photosynthesis

The N, Rubisco, and chlorophyll content per unit leaf area was measured on the same leaf
as the gas exchange measurements in 2018. Leaf tissue of 1.13 cm? was collected from
the leaf for the quantification of Rubisco and chlorophyll. After the area of the remaining
leaf was measured, the leaf was dried at 70 °C for 72 h, weighed, and coarsely ground for
N quantification. The N content per unit leaf area was determined using Kjeldahl
digestion followed by an indophenol assay (Vickery et al. 1946). Rubisco and chlorophyll
were extracted from the leaf tissue following the method described by Sakoda et al.,
(2016). The content of Rubisco was quantified spectrophotometrically by the 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 content of chlorophyll extracted in 80% acetone was quantified
spectrophotometrically as described by Porra et al. (1989).

Stomatal density (SD) was also measured on the same leaf as the above analyses were
conducted. A replica of the abaxial side of the leaf was prepared using Suzuki’s Universal
Method of Printing (Tanaka et al., 2010). The replica was observed at a 100x
magnification using an optical microscope, and a digital image was obtained (CX31 and
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DP21, Olympus, Tokyo, Japan). The number of stomata in the image was manually

counted to measure SD.

4.2.5 Genetic and statistical analysis

The variation in A was evaluated among Enrei, Peking, and the 103 CSSLs in 2016 by a

Tukey-Kramer test to detect the QTLs with the significant effect on A. To avoid a false

negative of a QTL with small effect on A, I also conducted a one-way ANOVA to evaluate

the variation in A based on the genotype of each of the 221 SSR markers designed to

cover the whole chromosomal region of soybean. The flanking region of the SSR markers,

in which the significant variation was detected by one-way ANOVA, were considered as

the candidate QTL. In 2018, I compared the A, gs and A/Ci between two BC3F4 lines with

the Enrei allele (E-allele) or the Peking allele (P-allele) at gLLPC13 and those at gLPC20),

respectively, by one-way ANOVA to confirm two candidate QTLs. Statistical analysis

was performed using R software version 3. 5. 0 (R Foundation for Statistical Computing,

Vienna, Austria).

4.3 Results

4.3.1 Characteristics of leaf photosynthesis among soybean lines
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The R1 date of Enrei was two days later than that of Peking in 2016, while that of Enrei
was one and five days earlier in 2017 and 2018, respectively (Table 4S.2). The RS date
of Enrei was 4—7 days earlier than that of Peking in all three years. Throughout all the
stages and years, Peking showed higher A by 5.7-12.1% than that of Enrei, except for
Stage 2 in 2018 (p < 0.05) (Figs. 4.1, 4S.1 and 4S.2). The gs and A/Ci of Peking tended to
be higher than those of Enrei, although the variation in these parameters between the two
parental lines was unstable across the stages and years.

As for the 103 CSSLs, the variation in A, gs and A/Ci was investigated in 2016. The A

varied from 22.9 to 32.9 pymol m2 s™!

at Stage 1, and from 21.7 to 33.7 umol m2 s™! at
Stage 2 among the 103 CSSLs (Figs. 4.2A and 4.2B). The gs varied from 0.60 to 1.56 mol
m~2 s7! at Stage 1, and from 0.51 to 1.60 mol m~ s™! at Stage 2 (Fig. 4S.3). The A/Ci
varied from 0.079 to 0.112 umol m~ s™! ppm™! at Stage 1, and from 0.076 to 0.116 umol

m~2 s”! ppm™! at Stage 2. Peking showed the highest or second highest values for these

parameters compared to that of all the 105 lines at both growth stages in 2016.

4.3.2 Quantitative trait loci related to leaf photosynthesis
According to the Tukey-Kramer test, no CSSLs showed significantly higher A than Enrei
at both growth stages in 2016. On the other hand, three CSSLs, B0446, B0920, and B0950,
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showed significantly lower 4 than that of Enrei at both growth stages (p < 0.05) (Figs.
4.2C and 4.2D). These CSSLs commonly have the P-allele at the SSR marker locus,
T002042675s, located on chromosome 20. B0309, which also has the P-allele at
T002042675s, showed a lower 4 by 8.7% (p = 1.00) and 13.8% (p = 0.075) than that of
Enrei at Stage 1 and Stage 2, respectively. These results suggest that the QTL related to
A could exist in the flanking region of T002042675s.
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In addition, the 21 candidates of QTL with a significant effect on 4 were detected in

2016, according to one-way ANOVA (Table 4.1). The P-allele at eight candidate QTLs
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showed positive effects of 2.8-6.2% on A4 throughout both stages, while 13 candidate
QTLs showed negative effects of -3.2 to -21.2%. Among eight candidate QTLs with a
positive effect, the P-allele at gA_13-1 showed a significant effect and lowest p-value at
both stages. The effect of the P-allele at gA_20-2 was largest of all the candidate QTLs at
both growth stages, and gA_20-2 includes T002042675s detected by the Tukey-Kramer

test.
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These results suggested that gA_13-1 and gA_20-2 were the most reliable candidate QTLs

with a positive or negative effect, respectively. Thus, I focused on gA_13-1 and gA_20-2

and renamed them as gLPC (Leaf Photosynthetic Capacity) /3 and gLPC20, respectively.

Further, I tested the effect of gLPC13 and gLPC20 in 2018, using the four BC3F4 lines

which were segregated at the flanking region of these candidate QTLs. The BC3F4 line

with the P-allele at gLPC13 showed higher A and A/Ci by 8.3% and 7.1%, respectively,

than that with the E-allele at Stage 1 (Fig. 4.3) (p < 0.05). This line also showed higher gs

by 29.9% and 11.6%, than that with the E-allele at Stage 1 and at Stage 2, respectively (p

< 0.05). The BC3F4 line with the P-allele at gLPC20 showed a lower A by -8.6% and -

15.3%, lower gs by -30.4% and -45.3%, and lower A/Ci by -6.8% and -12.6% than that

with the E-allele at Stage 1 and Stage 2, respectively (p < 0.05) (Fig. 4.4). These results

confirmed that gLPC13 and gLPC20 significantly affected leaf photosynthetic capacity

in the Enrei genetic background.

4.3.3 Biochemical and morphological characteristics of the leaf

I analyzed the content of N, Rubisco, and chlorophyll per unit leaf area and SD in the

soybean lines in 2018. There was no significant variation in the N, Rubisco, and

chlorophyll content between Enrei and Peking at Stage 1, although the values of Peking
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were significantly lower than those of Enrei at Stage 2 (p < 0.01) (Fig. 4.5). Peking
showed a higher SD by 18.0% than that of Enrei at Stage 1 (p <0.01), while the SD was
similar at Stage 2. The N content was similar between the BC3F4 lines with the E-allele

or the P-allele at gLPC13 at both growth stages (Fig. 4.6).
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The Rubisco and chlorophyll content of the BC3F4 line with the P-allele at gLPC13 were
higher by 16.1% (p = 0.074) and 10.8% (p = 0.155), respectively, than those with the E-
allele at Stage 1. The SD of the BCsF4 line with the P-allele at gLPC13 was higher by
11.9% and 10.9% than those with the E-allele at Stage 1 and Stage 2, respectively (p <

0.05). There was no significant variation in the N content between the BC3F4 lines with
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the E-allele or the P-allele at gLPC20 at Stage 1, while the N content of those with the P-

allele was lower by 12.4%than those with the E-allele at Stage 2 (p = 0.056) (Fig. 4.7).
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Fig. 4.6 Comparison of the content of (A) N, (B) Rubisco and (C) Chlorophyll,
and (D) SD between the BC3F4 lines with the Enrei and Peking allele at the QTL
located on chromosome 13.

1 and * indicate the significant variation between two lines at p < 0.1 and 0.05,
respectively. Vertical bars on symbols indicate SE (n = 9). The values in each column
represent the relative value of P-qLPC13 to E-gLPC13 at each stage.

The Rubisco and chlorophyll content of the BC3F4 line with the P-allele at gLPC20 were
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lower by 12.1% and 15.6%, respectively, than those with the E-allele at Stage 2 (p < 0.01),

while the variation in these values was not significant at Stage 1. The SD of the BCsF4

line with the P-allele at gLPC20 was lower by -10.8% than that with the E-allele at Stage

1 (p <0.05), while the SD was similar at Stage 2.
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Fig. 4.7 Comparison of the content of (A) N, (B) Rubisco and (C) Chlorophyll,
and (D) SD between the BC3F4 lines with the Enrei and Peking allele at the QTL
located on chromosome 20.

T, * and ** indicate the significant variation between two lines at p < 0.1, 0.05 and
0.01, respectively. Vertical bars on symbols indicate SE (n = 9). The values in each
column represent the relative value of P-gLPC20 to E-gLPC20 at each stage.
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4.4 Discussion

Previous studies reported significant variation in A among various cultivar and landrace

soybeans (Ojima, 1972; Butterry et al., 1977; Tanaka et al., 2010; Liu et al., 2012; Koester

et al, 2016; Tomeo et al., 2017). They suggested that the observed variation could be

attributed to variation in the efficiency of gas diffusion from the atmosphere to the

chloroplast or the CO: fixation at the chloroplast. In the present study, I revealed greater

A of Peking than that of Enrei variety of soybean after the flowering stage under field

conditions (Figs. 4.1, 4S.1 and 4S.2). The gs and A/Ci of Peking tended to be higher than

those of Enrei, which may contribute to the higher A. The potential of the gs can be mainly

determined by the morphological characteristics of the stomata (Franks and Breeling.,

2009). In soybean, SD was reported to strongly correlate with the potential of gs among

77 cultivars (Tanaka et al., 2010). Moreover, gs can be largely affected by the water status

in the plant (Flexas et al., 2004). In the present study, the gs and SD were significantly

higher in Peking than Enrei at Stage 1 in 2018 (Figs. 4.5 and 4S.2). The gs was evaluated

in all the soybean lines under favorable water conditions by irrigation. These results

suggest that the higher gs can be partly attributed to the higher SD in Peking.

The A/Ci can reflect the efficiency of gas diffusion inside the leaf and CO: fixation at

the chloroplast. At the current atmospheric [COz], CO2 fixation can be limited by the
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carboxylation of ribulose-1,5-bisphosphate catalyzed by Rubisco in plants (Farquhar et

al., 1980). In the present study, A/Ci of Peking was significantly higher than that of Enrei,

even though the N, Rubisco, and chlorophyll content of Peking was similar or slightly

lower than that of Enrei at Stage 1 in 2018 (Figs. 4.5 and 4S.2). These results indicate that

Peking might have higher efficiency in gas diffusion from the intercellular space to the

chloroplast (gm), or a higher activation state of Rubisco than that of Enrei. In Chapter 3,

Peking showed greater gm than Enrei under the field condition. The increase in the gm can

improve the water use efficiency for photosynthesis unless the gs and gm change in parallel

(Flexas et al., 2013; Tomeo et al., 2017). The higher activation state of Rubisco can

maintain leaf photosynthetic capacity with less N investment to Rubisco, which might

improve the N use efficiency for photosynthesis. In fact, the CO2 assimilation rate per

unit of N in the Peking variety was higher by 15.2% and 54.0% than those of Enrei at

Stage 1 and Stage 2, respectively (Fig. 45.4) (p < 0.01). Therefore, Peking can be the

useful material to breed a soybean cultivar with high efficiency of water and N use.

In soybean, the QTLs related to A have been identified on chromosome 10 and 16 by

Vieira et al., (2006), on chromosome 4, 10, 15 and 17 by Yin et al., (2010), and on

chromosome 9 and 12 by Li et al., (2016). In the present study, I identified two QTLs

with a significant effect on A located on chromosome 13 (¢LPC13) and 20 (¢gLPC20). To
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the best of our knowledge, this is the first report that identifies the genetic factors affecting

leaf photosynthesis in field-grown soybeans. gLPCI3 and gLPC20 exist within 26.5 to

32.9 Mbp on chromosome 13 and within 39.9 to 42.7 Mbp on chromosome 20,

respectively. They are not consistent with the QTLs reported by previous studies on leaf

photosynthesis; however, the effect of the QTL is known to be influenced by the

environmental conditions and genetic background being examined (Wang et al., 2014).

The present study differed from these previous studies in terms of the environmental

conditions and the genetic background of the soybean populations for the QTL analysis,

which might be responsible for the inconsistency in the detected QTLs.

Nine and two major genes controlling the maturity (Li et al., 2016; Lu et al., 2017) and

the stem growth habit (Bernard, 1972), respectively, have been reported in soybean. These

genes are shown to affect not only the phenology and the stem growth habit but also many

physiological aspects of the plant (Watanabe et al., 2012). Tanaka et al., (2009) reported

that the stem growth habit significantly affected the potential of gs in soybean through the

effect on leaf morphology related to the stomata. In the present study, the importance of

qLPC13 and gLPC20 are not consistent with any previously identified genes. The R1 and

R5 date was similar between the BC3F4 lines with the E-allele or the P-allele at gLPC13,

or those at gLPC20, respectively, in 2018 (Table 4S.3). In addition, the stem growth habit
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was the same in these four lines. These results indicate that the effect of gLPCI3 and

qLPC20 are not pleiotropic effects of the genes influencing the phenology or the stem

growth habit in soybean.

The P-allele at gLPC13 significantly increased A in the Enrei genetic background,

indicating that gLPC13 can contribute to a high capacity for leaf photosynthesis in Peking.

On the other hand, the P-allele at gLPC20 significantly decreased A. It is possible that the

negative effect of the P-allele at gLPC20 can be specifically expressed in the Enrei

background but not in the Peking background, or that such negative effect can be offset

by the other genetic factors with a positive effect on A in the Peking background.

Compared with gLPC13, the effect of the P-allele at gLPC20 was stable and large after

the flowering stage in 2016 and 2018 (Figs. 4.2, 4.3 and 4.4). gLPC20 was close to or

overlapped with the QTL, which showed the significant effect on the seed weight per

plant and/or 100-seeds weight in the genetic background of Enrei and Peking (Watanabe

et al., 2018), and other backgrounds (Yuan et al., 2002; Kabelka et al., 2004; Han et al.,

2012). These results suggest that gLPC20 has the significant effect on leaf photosynthetic

capacity, which may even impact the seed yield in soybean.

To elucidate the physiological aspects of the QTL effect on leaf photosynthesis, |

analyzed the biochemical and morphological traits related to leaf photosynthesis in the
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BCsF4 lines with similar genetic background except for gLPC13 or gLPC20. The effect

of the P-allele at gLPCI3 on gs was 29.9% and 11.6% at Stage 1 and Stage 2 in 2018,

respectively (p < 0.05) (Fig. 4.3B), while the effect on SD was 11.9% and 10.9% at Stage

1 and Stage 2 in 2018, respectively (p < 0.05) (Fig. 4.6D). Thus, the P-allele at gLPC13

can have the positive effect on SD, which might result in greater gs. The effect of the P-

allele at gLPCI3 on the A/Ci was 7.1% at Stage 1 in 2018 (p < 0.01) (Fig. 4.3C). The

Rubisco and chlorophyll content per unit leaf area tended to be higher in the BC3F4 line

with the P-allele at gLPC13 than for those with the E-allele, while the N content was quite

similar (Fig. 4.6). These results suggest that the P-allele at gLPC13 can increase the A/Ci

due to more N distribution to the photosynthetic apparatus, which can contribute to

greater A, at least during the specific growth stage. This could result in the higher CO2

assimilation rate per unit of N in the BC3F4line with the P-allele at gLPC13 than for those

with the E-allele at this stage (Fig. 4S.4B). Therefore, the P-allele at gLPC13 can be

exploited by soybean breeding to improve leaf photosynthetic capacity as well as the N

use efficiency.

The P-allele at gLPC20 significantly decreased the Rubisco and chlorophyll content

only at Stage 2 in 2018 (Fig. 4.7). This is partly consistent with the larger decrease in the

A/Ci at Stage 2 than at Stage 1 in the BC3F4 line with the P-allele at gLPC20. The N
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content of the BC3F4 line with the P-allele at gLPC20 was 12.4% lower than that with the

E-allele at Stage 2 (p = 0.056). It indicates that the P-allele at gLPC20 can decrease the

N accumulation in the leaf, which might result in the reduction in the Rubisco and

chlorophyll content at Stage 2. The P-allele at gLPC20 significantly decreased the SD

only at Stage 1, although the decrease in the gs was much larger at Stage 2 than that at

Stage 1 in the BC3F4 line with the P-allele at gLPC20. It was reported that an N deficiency

can reduce the stomatal aperture due to the increase in the sensitivity to abscisic acid and

the declining water status in plants (Radin et al., 1982; Ishikawa-Sakurai et al., 2014).

Thus, the decrease in the N content could be one of the causes for the considerable

reduction in the gs observed in plants with the P-allele at gLPC20 at Stage 2. Further study

is needed to reveal the physiological mechanism of the effect of gLPC13 and gLPC20 on

leaf photosynthesis in detail.

In summary, I confirmed a greater rate of CO2 assimilation (A) in Peking than that in

Enrei varieties of soybean after the flowering stage under field conditions in Chapter 4.

The genetic analysis identified two novel QTLs, gLPCI3 and gLPC20, related to the

variation in A between Enrei and Peking. This is the first report to identify the genetic

factors affecting leaf photosynthetic capacity in field-grown soybean. The Peking allele

(P-allele) at gLPC13 had a positive effect on the efficiency of both the gas diffusion via

77



the stomata and the COxz fixation at the chloroplast, which resulted in greater A in the

genetic background of Enrei. On the other hand, the P-allele at gLPC20 had a negative

effect on these physiological traits, which resulted in the significant reduction in A. These

QTLs identified in the present study provide a significant advance in the understanding

of the genetic mechanism underlying leaf photosynthesis in field-grown soybeans. The

identification of the causal genes in these QTLs can provide a novel strategy to enhance

leaf photosynthetic capacity with soybean breeding.
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Table 4S.2 Phenology of Enrei and Peking soybean varieties.

Enrei Peking
Year
R1 RS R1 RS
2016 35 48 33 54
2017 34 51 35 55
2018 34 51 39 58
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Table 4S.3 Phenology of the BC3F4 lines with the Enrei or Peking allele at
the QTL located on the chromosome 13 and 20.

QTL name qLPCI13 qLPC20
allele Enrei Peking Enrei Peking
R1 32 33 33 32
RS 50 51 49 48
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Chapter 5

General discussion

5.1 Potential targets to enhance leaf photosynthesis in plant species

Enhancing leaf photosynthesis can be a novel pathway to drive further increase in crop

yield (von Cammerer and Evans, 2010). This section introduces the physiological traits

related to leaf photosynthesis, which has been identified as a promising target for this

attempt. As for the enhancement of the CO: fixation, the enzymes involved in Calvin

cycle can be feasible targets. Rubisco is considered as the key enzyme to enhance leaf

photosynthesis in C3 plants, since it can limit leaf photosynthesis at the current

atmospheric CO2 concentration (Farquhar et al., 1980). The limitation of photosynthesis

by Rubisco results from the low catalytic turnover rate (kcat) and competing oxygenation

reaction of Rubisco in C3 plants. On this background, the modification of the kinetic

properties has been attempted in plant species (Suzuki et al, 2007; Whitney and Andrew,

2011). Altering the protein distribution among the photosynthetic proteins in Calvin cycle

can be also a promising strategy (Raines, 2011). A modeling analysis suggested that the

increase in the amount of sedoheptulose-1,7-bisphosphatase (SBPase) and ADP glucose
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pyrophosphorylase and the decrease in that of photorespiratory enzymes can achieve

greater A in C3 plants (Zhu et al., 2007). Lefebvre et al., (2005) reported that the transgenic

line with the increased SBPase activity showed higher A and biomass yield than wild-

type line in tobacco. In soybean, the soybean line expressing the cyanobacterial Fructose

1,6-bisphospatase (FBPase)/SBPase showed greater A and stability of the seed yield to

the environmental changes predicted in the future than the wild-type line of soybean,

indicating the manipulation of the photosynthetic carbon reduction cycle by the genetic

engineering can be effective to improve the soybean production (Kéhler et al., 2017).

Moreover, concentrating [COz] in the chloroplast can be the other pathway to enhance

leaf photosynthesis by introducing the Cs pathway and Kranz anatomy in C3 plants or the

[COz2] concentrating system of cyanobacteria (Hibberd et al., 2008; Lieman-Hurwitz et

al., 2003). It can, theoretically, result in the inhibition of photorespiration, which can

reduce the energy loss in photosynthesis among C3 plants.

The gas diffusion resistance from the atmosphere to the chloroplast can be the limiting

factors for leaf photosynthesis in plants (Sharkey, 1982). The gas diffusion conductance

via the stomata (gs) has been shown to correlate with A among crop species (Fischer et

al., 1998; Kanemura et al., 2007; Ohsumi et al., 2007; Tanaka et al., 2010). The potential

of gs can be determined by the size, depth, opening of a single stoma, and its density
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(Franks and Breeling, 2009). Previous studies have provided the advanced insight into

the genetic mechanisms underlying stomatal development and movement, which provides

the opportunity to manipulate the stomatal characteristics. Stomatal opening is regulated

by at least three key components, blue right receptor phototropin, plasma membrane H*-

ATPase and plasma membrane inward rectifying K* channels in the guard cell (Inoue and

Kinoshita, 2017). The activation of H*-ATPase induced by blue light as the initial signal

facilitates the K™ uptake through the inward rectifying K* channel to increase the turgor

pressure of guard cells, which results in stomatal opening. It was shown that the

overexpression of AHA2, coding Araibdopsis H"-ATPase in the guard cell, and that of

PATROLI, controlling the translocation of a major H*-ATPase to plasma membrane,

increased gs, A and biomass yield in Arabidopsis (Wang et al., 2014; Hashimoto-Sugimoto

et al., 2013). Stomatal development is tightly regulated by various signals influenced by

plant hormones and environmental stimuli in plants. An SDDI knockout line of

Arabidopsis with the increased stomatal density (SD) was reported to show greater gs than

wild-type line, depending on the light condition (Schliiter et al., 2003). In addition, Tanaka

et al., (2013b) suggested that the increased SD by overexpressing STOMAGEN, the

positive intercellular signaling factor for stomatal differentiation, contributed to the

increase in gs and A under the saturated-light condition in Arabidopsis. In soybean, it was
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shown that the variation in SD would be a major determinant of that in the potential for

the gs among 77 soybean varieties (Tanaka et al., 2010). These facts suggest that the

manipulation of the stomatal opening and development can be the promising pathway to

enhance leaf photosynthetic capacity in crop plants.

The gas diffusion conductance from the intercellular spaces to the chloroplast (gm) can

attribute the significant limitation to A with the similar extent to gs (Pons et al., 2009).

The gas diffusion pathway inside the leaf is composed of the gaseous and liquid phases,

and the resistance in the liquid phase can be relatively large in general. It was shown that

gm was correlated with the surface area of chloroplasts exposed to intercellular spaces,

indicating that chloroplast allocation in the mesophyll cell can largely affect CO2

diffusion efficiency inside the leaf (Evans, 1999). The thickness of the mesophyll cell

wall is known to have the large resistance for CO2 diffusion, accounting for up to 50% of

total resistance (Evans et al., 2009). In addition, the CO2 permeability via plasma

membrane and chloroplast envelope can be a major component of the resistance. It was

reported that two aquaporins, AQP1 and PIP1 which have the function as a water channel,

facilitated the COz transportation via the membranes (Flexas et al., 2006). Hanba et al.,

(2004) identified the increase in gm as well as A and gs due to the overexpression of the

barley aquaporin, HvPIP2;1, in rice. Interconversion between CO: and bicarbonate
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catalyzed by carbonic anhydrase (CA) can facilitate the CO2 transport across the

chloroplast. Overall, gm can be determined by these morphological and biochemical

characteristics of the leaf, which can be the target to enhance leaf photosynthetic capacity.

The large variation in A within or among crop species can be exploited to improve A by

elucidating the mechanisms underlying such variation (Flood et al., 2011). That variation

is attributable to the variation in the physiological traits mentioned above. These

physiological traits have been attempted to be modified by manipulating the expression

level of the relevant genes or introducing those genes from different or same species. The

genetic engineering has been utilized to introduce the foreign genes to a plant species,

which can realize the drastic change in the plant phenotype. However, the implementation

of the genetic engineering for the crop breeding program faces the significant barrier from

the point of view of technical, ethical and social problems, and, thus, seems to be a long-

time goal.

5.2 Promising strategies to enhance leaf photosynthesis of soybean by utilizing the

natural variation

In the crop breeding, marker-assisted selection (MAS) has been an efficient and practical

method for the introgression of the useful alleles associated with important agronomical
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traits (Wang et al., 2012). The genetic analysis, such as QTL analysis and genome-wide

associate study, enables us to identify the causal genes and alleles for the variation in traits

of interest among a single or relative crop species, which provides the target with the

breeding program based on MAS. Previous studies elucidated the genetic factors related

to the variation in A among the varieties of several crop species (Flood et al., 2011). In

rice, two causal genes for such variation were identified (Takai et al., 2013; Adachi et al.,

2017), which achieves the enhancement of leaf photosynthetic capacity by the

introgression of the superior allele by MAS (Adachi et al., 2013). Thus, the combining

method of the genetic analysis and MAS can be the effective strategy to enhance leaf

photosynthetic capacity directly towards the yield improvement in crop species. In the

present study, I identified two novel QTLs, gLPC13 and gLPC?20, related to the variation

in A between Enrei and Peking (Chapter 4). This is the first report of QTLs affecting leaf

photosynthesis in field-grown soybeans, and will enable the genetic improvement of leaf

photosynthesis through the breeding program based on MAS in soybean.

Previous studies reported the several QTLs related to the seed yield in soybean,

although the causal genes in these QTLs are still unrevealed (Orf et al., 1999; Yuan et al.,

2002; Kabelka et al., 2004; Guzman et al., 2007; Han et al., 2012). Concibido et al., (2003)

identified the QTL from Glycine soja enhancing the seed yield by 9% in the genetic
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background of soybean. However, the effect of this QTL was confirmed in only the

limited soybean varieties, which requires the characterization of the causal gene and the

physiological mechanism underlying the gene function. The QTL, gLPC20 identified in

the present study, is close to or overlapped with one of the yield-related QTLs detected in

several soybean populations with different genetic backgrounds (Yuan et al., 2002,

Kabelka et al., 2004, Han et al., 2012, Watanabe et al., 2018). It suggests that the causal

gene in gLPC20 can have a significant effect on leaf photosynthetic capacity and the seed

yield among soybean varieties with various genetic backgrounds. I already have narrowed

down the candidates to less than 30 genes existed in gLPC20 (data not shown). The

identification of the causal gene can provide an advanced insight into the genetic and

physiological basis underlying the determination of the soybean yield.

5.3 Ideal characteristics related to leaf photosynthesis of soybean under the future

environment

The global CO2 concentration in the atmosphere has been continuously risen from 280

ppm in 1750 before the industrial era to 405 ppm in 2018, and it is projected to reach up

to 550-950 ppm by 2100 (IPCC, 2018). Under such elevated [CO:] condition, leaf

photosynthesis can be limited by the regeneration of RuBP or the availability of
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triphosphate in the chloroplast (Farquhar et al., 1980; Sharkey et al., 1985). It indicates

that the typical amount of Rubisco adapting the current [CO2] condition can be excessive

in the plant leaves under the future environmental condition. It was suggested that 65%

of the Rubisco content comparing with wild-type line could be optimum in rice to realize

the greater N use efficiency for leaf photosynthesis under the CO2 concentration of 100-

115 Pa (Makino et al., 1997). Kanno et al., (2017) showed that the even 10-20% decrease

in the Rubisco content resulted in the improvement of A and the biomass yield under such

elevated [CO2] condition. These results evidence that the optimization (i.e. the reduction)

of the Rubisco content can be a possible strategy to enhance the crop production in the

future.

In the present study, I showed that the N and Rubisco content per unit leaf area

increased drastically, while A and A/Ci were relatively constant throughout the

reproductive stage in soybean (Chapter 3). This inconsistency could be attributed to a

decrease in the activation state of Rubisco with the increase in the N and Rubisco content

during this stage. The activation state of Rubisco ranged 80-100% in other crop plants

under high-light and ambient [CO2] condition, whereas it decreased to 50—60% during

the reproductive stage among soybean varieties in the present study (Fukayama et al.

2012; Carmo-Silva et al. 2012). It implies that the Rubisco amount in soybean leaf can
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be excessive as compared to that of other components related to the RuBP regeneration

during the later growth stage even under the current CO2 concentration. Thus, the

optimization of the Rubisco content can improve leaf photosynthetic capacity as well as

the N use efficiency due to the superior N allocation among the photosynthetic proteins

in soybean leaves under the current and future [CO2] conditions. At present, I am

developing the soybean mutant lines with the decreased Rubisco content in the leaf (data

not shown). Further study using these mutant lines will explore the potential to enhance

the biomass productivity and N use efficiency by optimizing the Rubisco content in

soybean, which will contribute to the sustainable production of soybean in the future.

The soybean production can be threatened by severe stresses from high temperature

and drought under the future environment, which requires the enhancement of the water

use efficiency (WUE) in soybean breeding. The enhancement of gm can improve WUE

unless gs and gm changes in parallel (Flexas et al., 2013). It was, on the other hand,

reported that the variation in gs and gm among soybean varieties was positively correlated,

unlike among wheat varieties (Barbour et al., 2016; Tomeo et al., 2017). In addition, both

of gs and gm tended to be higher in the soybean varieties with greater A among soybean

varieties in the present study. These results suggest that the determination of gs and gm

can be highly correlated in soybean. The elucidation of the mechanism underlying the
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relationship between the gs and gm determination is crucial to improve WUE by the gm

enhancement in soybean. Another pathway to improve WUE include the reduction in SD

in soybean (Tanaka et al., 2010). It was shown that the decrease in SD improved the

tolerance to drought and high temperature stresses since the exceeded water loss via the

stomata could be suppressed in rice (Caine et al., 2018). It suggests that the reduction in

SD can be an adapted anatomical character of the leaf to the future environmental

condition, whereas it should take into the consideration that any reduction of stomatal

conductance causes the declines in the COz assimilation and transpiration which has the

function to transport of solutes in different parts of the plant body and to maintain

appropriate leaf temperature by the cooling effect (Caird et al., 2007).

5.4 Temporal characteristics of leaf photosynthesis in nature

There are not a few studies that showed no clear or even negative correlation between

leaf photosynthetic capacity and the seed yield among several crop species, although such

relationship was observed among the varieties differing in many physiological aspects

beyond leaf photosynthesis (Evans, 1993). This inconsistency can reflect the complexity

of the yield determination in crops under the field condition. A large portion of the studies

for photosynthesis have focused on the photosynthetic capacity under the steady-state
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condition on a specific leaf position at the limited growth stages in the crop development

(Long, 1998). However, environmental conditions, such as light intensity, temperature

and humidity, are constantly and drastically changing and crop plants are growing with

adapting such changing conditions during their growth period. Therefore, the

understanding of spatial and temporal characteristics of photosynthesis through the crop

development should be important to suggest a novel strategy for the yield improvement

in crop species.

Under the field condition, light intensity can be fluctuated with the scales from a few

seconds to minutes over the course of a day due to the changing in the solar radiation,

cloud cover or self-shading in the crop canopy. Leaf photosynthetic rate gradually

increases after the transition from low to high light intensity, and this phenomenon is

called as ‘photosynthetic induction response’. The rapidity of photosynthetic induction

response can be mainly limited by both the Rubisco activation and the stomatal opening

among several plant species (Soleh et al., 2016). It was suggested that Rubisco activase,

which regulates the ATP-dependent Rubisco activation, can be the promising target for

the improvement of photosynthetic induction response (Yamori et al., 2012; Carmo-Silva

and Salvucci, 2013). In addition, the overexpression of PATROLI resulted in the faster

response of gs to the changing light intensity in Arabidopsis, which can also achieve the
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faster response of A (Hashimoto-Sugimoto et al., 2013). Further study is expected to

investigate the induction response of gm since it has never elucidated, although gm

attributes the significant limitation to A in plants. A simulation analysis demonstrated that

the loss of the potential cumulative amount of CO2 assimilation can reach at least 21%

due to the slow response of photosynthetic induction to the fluctuating light (Taylor and

Long, 2017). The enhancement of photosynthetic induction response can achieve the

more efficient carbon gain under the field condition, which will open a new pathway to

improve the biomass production in crop species.

Previous studies investigated the diurnal change of A in soybean and reported the

declining of A in midday even under the high-light intensity (Kokubun and Shimada,

1994a; Koester et al., 2016). The diurnal change in A and gsis often correlated, indicating

that the stomatal behavior can be a major determinant of the diurnal change in A among

several plant species (Matthews et al., 2017). The stomatal behavior can be mainly

regulated by the water status in the leaf, the aqueous signals from mesophyll cells and the

sucrose metabolism to maintain the balance between the CO2 assimilation and water use

in plants (Fujita et al., 2013). Kokubun and Shimada (1994a; 1994b) reported that Peking

showed the lower seed yield than the other commercial varieties. Peking is a landrace

from China and might have not experienced the severe selection for the seed yield
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throughout the breeding process, which might be one of the reasons for the low yield of

Peking. On the other hand, these studies reported that Peking showed higher gs and A by

maintaining the higher water potential of the leaf over a day than the other soybean

varieties including Enrei, which might contribute to the greater stability of the seed yield

under the field condition. In the present study, Peking showed greater gs and A than the

other varieties after the reproductive stage. These results suggest that Peking can maintain

the high level of leaf water potential independently of environmental conditions, which

can be beneficial to stabilize the biomass productivity, especially under drought stress.

The QTL, gLPC13 identified in the present study, can relate to this advantage in Peking

since the Peking allele at gLPC13 significantly increased gs after the flowering stage (Fig.

4.4).

5.5 Conclusion

The present study identified three soybean varieties with the high capacity for leaf

photosynthesis among soybeans. The high photosynthetic capacity of these varieties can

be attributed to high gs, gm, or Vemax, demonstrating that the several physiological traits

can be the promising targets to enhance leaf photosynthetic capacity in soybean. In

addition, the genetic analysis using the CSSLs revealed two novel QTLs related to leaf
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photosynthetic capacity of soybean. The understandings obtained in the present study
give us the advanced insight into the physiological and genetic mechanisms underlying
leaf photosynthetic capacity of soybean and will open a novel pathway enhancing the

photosynthetic capacity towards the yield improvement in soybean breeding.
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