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Genetic and Physiological Diversity in the
Leaf Photosynthetic Capacity of Soybean
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ABSTRACT

Enhancement of leaf photosynthetic capac-
ity can lead to greater biomass productivity
in crop plants. Targets for improving leaf pho-
tosynthetic capacity in soybean [Glycine max
(L.) Merr], however, remain to be elucidated.
The objective of this study was to identify the
physiological and morphological factors under-
lying the diverse photosynthetic capacities of
different soybean genotypes. Light-saturated
CO, assimilation rates ranged from 18.1 to 27.6
pmol m=2 s=! under controlled conditions among
34 genotypes. Pl 594409 A (Line no. 13) and
Pl 603911 C (Line no. 14) showed extremely
high photosynthetic rates. Line no. 14 consis-
tently showed greater photosynthetic rates than
other lines under field conditions and reached
34.8 umol m=2 s~', which was 11% greater than
that of a reference genotype, Tachinagaha. The
analysis of the CO, response curve of Line no.
14 showed greater CO, fixation activity, repre-
sented by the maximum rates of carboxylation
(Ve,.,,) and electron transport (J,_ . ). The leaf
ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) content of Line no. 14 tended
to be higher than that of other lines, which is
suggested to contribute to high CO, fixation
activity. We attribute the high photosynthetic
capacity that was observed among soybean
genotypes to high CO, fixation activity.
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INCREASES in food production are needed to meet the demand of
the rapidly growing human population (Cohen, 2003). Soybean
is one of the world’s most important crops, and its production is
the fourth largest after maize (Zea mays L.), rice (Oryza sativa L.),
and wheat (Triticum aestivum L.). Soybean is the main source of
protein and oil for humans and livestock (USDA, 2012). There
have therefore been numerous attempts to improve soybean seed
yield around the world.

It has been reported that improvements in leaf photosynthetic
capacity, defined as the photosynthetic rate per unit of leaf area
under light-saturated conditions, can contribute to increased pri-
mary production and crop yield (Long et al., 2006; Zhu et al,,
2010). In previous studies, elevated CO, was found to enhance the
leaf photosynthetic rate and the seed yield in C3 crops, including
soybean (Mitchell et al., 1999; Ainsworth and Long, 2005). It has
also been reported that improvements in energy conversion effi-
ciency, mainly determined by the sum of the leaf photosynthesis
in the canopy, have been among the major factors historically in
increasing biomass productivity in soybean (Koester et al., 2014).
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These results imply that leat photosynthetic capacity can
be a key trait for increasing the productivity of soybean.

There is natural variation in leaf photosynthetic capac-
ity within a single C3 crop species. Although this varia-
tion has often been overlooked, there is great potential for
improving leaf photosynthetic capacity by detecting the
mechanism that underlies it (Raines, 2011). This natural
variation in leaf photosynthetic capacity is caused by physi-
ological and morphological properties that are regulated
by environmental and genetic factors (Flood et al., 2011).
‘Takanari’, the high-yielding rice cultivar, shows great leaf
photosynthetic capacity (Kanemura et al., 2007). NALI,
the first gene that accounts for the natural variation in leaf
photosynthesis in rice, was identified by QTL analysis with
map-based cloning using Takanari (Takai et al., 2013). Two
rice lines with extremely high photosynthetic capacity
were selected from among backcrossed inbred lines derived
from Takanari and ‘Koshihikari’, a Japanese elite cultivar
(Adachi et al., 2013). The high photosynthetic capacity of
these lines was attributed to greater mesophyll conductance
because of the higher density and better developed lobes of
the mesophyll cells. There have been few studies, however,
that identify the dominant factors responsible for high pho-
tosynthetic capacity in soybean.

Leat photosynthetic capacity is determined by the
CO, supply from the atmosphere to the chloroplast and
by CO, fixation in the chloroplast. Stomatal conductance,
which represents the efficiency of the CO, supply via the
stomata, is regulated by stomatal movement (Lawson and
Blatt, 2014). It is also affected by morphological traits such
as stomatal density and size (Franks and Beerling, 2009).
Leaf N content (LNC) is often correlated with leaf photo-
synthetic capacity within plant species (Evans, 1989; Hiko-
saka, 2004). This is because a large amount of leaf N is allo-
cated to the photosynthetic apparatus, especially to ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (Rubisco).
In previous studies, a significant correlation between LNC
and leaf photosynthetic capacity was observed under dif-
ferent N application regimes in soybean, rice, and maize
(Sinclair and Horie, 1989). However, the genetic basis of
the relationship between these traits remains to be eluci-
dated under controlled conditions in soybean.

To cover the genetic diversity in the leaf’ photosyn-
thetic capacity of soybeans, 216 genotypes were randomly
selected from the population developed by Ray etal. (2015).
Most of the population was occupied by the Asian local
varieties. We conducted the preliminary selection based on
the leaf temperature measurements as described by Tanaka
et al. (2013) to establish a subcollection for the present
study. This collection contains 34 genotypes and consists
of 16 genotypes with high leaf temperature, 16 genotypes
with low temperature, and two commercial varieties. The
collection was expected to cover the large diversity of the
leaf photosynthetic capacity among soybeans.

In the present study, an initial screening based on
photosynthetic rate was conducted under controlled con-
ditions among 34 soybean genotypes, and two unique
genotypes were selected for their extremely high photo-
synthetic rate. Further physiological and morphological
analyses were conducted with these genotypes and two
commercial cultivars. Through these analyses, we aimed
to evaluate the genetic diversity of photosynthetic capac-
ity in soybean and to clarify its physiological and morpho-
logical basis to improve future soybean breeding.

MATERIALS AND METHODS

Materials and Cultivation of Plants

We conducted two principal experiments. In Exp. 1, 34 soybean
genotypes were sown in 3-L pots containing potting soil (Sun-
shine Mix #1 LC1, SunGro Horticulture) with a top dressing of
Osmocote (Scotts Miracle-Gro). It was reported that the typical
Japanese cultivar Tachinagaha (Tc) showed lower photosynthetic
capacity than the US cultivar, Stressland (Tanaka et al., 2008).
The US commercial cultivar, UA4805 (UA) had higher bio-
mass productivity than Japanese cultivars (Kawasaki et al., 2016).
UA4805 also showed the higher stomatal conductance, which
could cause high photosynthetic capacity (Tanaka et al., 2010).
Based on these previous studies, Tc and UA were used as refer-
ence cultivars in all the experiments in the present study. The
34 soybean genotypes belong to maturity group four to five and
have a determinate stem growth habit (Table 1). Five pots were
prepared per each genotype and each of pot had one plant. The
plants were placed randomly and grown in a growth chamber
(Conviron, Winnipeg, Manitoba, Canada) with the day—night
temperature set to 26 and 20°C and a photoperiod of 14 h. The
light intensity was set to a photosynthetic photon flux density
(PPFD) of 1200 pmol m™2 s™'. Plants were watered as needed.

In Exp. 2, PI 594409 A (Line no. 13) and PI 603911 C (Line
no. 14) were planted with the Japanese commercial cultivar Tachi-
nagaha (Tc) and the US commercial cultivar UA4805 (UA) at the
Experimental Farm of the Graduate School of Agriculture, Kyoto
University, Kyoto, Japan (35°2' N, 135°47’ E, 65 m asl; Fluvic
Endoaquepts soil type). Cultivars Tc and UA were used as refer-
ence cultivars in both experiments. The sowing date was 25 June
2014. The row and plant spacing distances were 0.7 and 0.2 m,
respectively. Nitrogen, P,O;, and K,O fertilizers were applied at
3, 10, and 10 g m™2, respectively, before sowing. Two replicates
of the experimental plot were established for each genotype in a
randomized complete block design. Each experimental plot was
composed of 33 plants in three rows and each row had 11 plants.
The date was recorded when the plants reached to the beginning
of the flowering (R1) and to the beginning of the seed filling (R5).

Gas Exchange Measurement

Leaf gas exchange was measured with a portable gas-exchange
system (LI-6400, LI-COR). In Exp. 1, the CO, assimilation
rate (A,,,) and the stomatal conductance were measured at a
CO, concentration of 380 pmol mol™, a PPFD of 2000 pmol
m~2s7!, and an air temperature of 26°C from the youngest fully
expanded leaf at 26 d after planting (DAP). The plants were at

the fourth trifoliate stage.
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Table 1. List of line number, plant introduction (Pl) num-
ber, the stem growth habit, and maturity group of 34 soy-
bean genotypes.

Pl no. Line no. Growth habit Maturity group

Pl 360848 15 D-type 4
PI 398200 16 D-type 4
Pl 398334 17 D-type 4
Pl 398406 18 D-type 4
Pl 398695 19 D-type 4
Pl 398915 20 D-type 4
Pl 399027 1 D-type 4
Pl 399094 2 D-type 4
Pl 404159 21 D-type 4
Pl 407832 B 22 D-type 4
Pl 407959 A 3 D-type 4
Pl 408073 23 D-type 4
Pl 408111 24 D-type 4
Pl 408131 B 25 D-type 4
Pl 408140 B 4 D-type 4
Pl 408269 A 5 D-type 4
Pl 417107 6 D-type 4
Pl 417345 A 26 D-type 4
Pl 423888 7 D-type 4
Pl 424149 27 D-type 4
Pl 424296 A 28 D-type 4
Pl 424381 8 D-type 4
Pl 424402 A 9 D-type 4
Pl 424489 B 10 D-type 4
Pl 424511 29 D-type 4
Pl 424549 A 1 D-type 4
Pl 442012 B 30 D-type 4
Pl 458098 31 D-type 4
Pl 592940 12 D-type 4
Pl 594287 Tc D-type Not available
Pl 639187 UA D-type 4.8
Pl 567174 C 32 D-type 4
Pl 594409 A 13 D-type 4
PI 603911 C 14 D-type 4

In Exp. 2, the CO, assimilation rate (A4,,) and the stomatal
conductance were measured in the field at a CO, concentration
of 400 pmol mol™!, a PPFD of 2000 pmol m™2s™', and an air
temperature of 33°C from the upper-most fully expanded leaf
at 33, 57, 65, and 72 DAP (from R1 to R5). The CO, assimila-
tion rate (A) at several intercellular CO, concentrations (C,) was
also measured at the upper-most fully expanded leaf at 57, 69,
and 71 DAP. The CO, concentration in the chamber was set to
100, 200, 300, 400, 500, 600, 750, and 1000 pmol mol'. The
light intensity was a PPFD of 2000 pmol m™2 s™! and the air
temperature was 33°C in the chamber. The A-C, curves were
analyzed to estimate Ve and J . defined as the maximum
rates of carboxylation and electron transport, respectively, using
the biochemical model described by Farquhar et al. (1980) with
modifications by Bernacchi et al. (2001) and McMurtrie and

Wang (1993) (Eqn. [1] and [2]):

Ve (C —T*
A = crnAX( : ) - Rlll [1]
C +K.|1+ o
KO
C -TI
A — JIIIQX( 1 ) _ R]n [2]
4C, + 8T

where I'* is the CO, photocompensation point, R is the rate
of daytime mitochondrial respiration, and K_and K is Michae-
lis-Menten constant of Rubisco for CO, and O,, respectively.
The values of these parameters were applied from Bernacchi
et al. (2001).

Quantification of Leaf Components

The total soluble protein, chlorophyll, Rubisco, and N con-
tents were determined at the same leaf position as the leaf gas
exchange measurement used in Exp. 2. A leaf tissue area of 4.52
cm? was collected from the leaf and the area of the remain-
der was measured. The remainder was dried at 60°C for 72 h,
weighed, and ground for the measurement of LNC. The LNC
was determined by Kjeldahl digestion followed by an indophe-
nol assay. Leaf tissues were homogenized using a cold mortar
and pestle in the extraction buffer, containing 50 mM Hepes-
KOH, 5 mM MgCl,, 1 mM EDTA, 0.1% (w/v) PVPP, 0.05%
(v/v) Triton X-100, 5% glycerol, 4 mM amino-n-caproic acid,
0.8 mM benzamidine-HCI, and 5 mM DTT at pH 7.4 with a
small amount of quartz sand. A 200-pL aliquot was set aside
for the chlorophyll quantification. The homogenate was cen-
trifuged at 14,500 ¢ for 5 min at 4°C. The supernatant was used
for the quantification of total soluble protein and Rubisco with
bovine serum albumin as the standard. The total soluble protein
content was determined by the Bradford assay (Bradford, 1976).
The Rubisco content was quantified as described by Makino
et al. (1986). The chlorophyll content was determined spectro-
photometrically as described by Porra et al. (1989).

Leaf Anatomy

In Exp. 2, the leaf anatomical structure was analyzed in a resin
section prepared as follows. Leaf samples (5 by 5 mm) were col-
lected from the leaf from which the A—C, curves were obtained
on 67 and 71 DAP. They were fixed in FAA solution (etha-
nol/water/formalin/acetic acid, 12:6:1:1 v/v). Subsequently, the
leaf tissues were dehydrated in a graduated ethanol series and
the ethanol inside the leaf tissues was replaced by Technobit
7100 resin (Heraeus Kulzer). The solidified resin including the
leaf tissue was prepared following the manufacturer’s protocol
and cut into 5 pm sections using a motorized rotary micro-
tome (RM2155, Leica). 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 micro-
scope (Olympus CX31 and Olympus DP21, Olympus). The leaf
thickness and the palisade layer thickness were measured using
the image analysis software Image] (Schneider et al., 2012).

Statistical Analysis
In Exp. 1, the variation of leaf gas exchange capacity among
34 genotypes was evaluated by Tukey’s multiple comparison.
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Table 2. Phenology of the materials.

Days after planting

Pl no. Line no. R1t R5%t
Pl 594287 Tc 33 54
PI 594409 A 13 40 63
PI1603911 C 14 33 54
PI 639187 UA 42 63

T R1, beginning of the flowering.
I R5, beginning of the seed filling.

In Exp. 2, one-way ANOVA was applied for statistical analysis
of leaf gas exchange capacity. The variation of the leaf mor-
phological property among four genotypes was evaluated by
Tukey’s multiple comparison in Exp. 2. All analyses were con-
ducted using R (R Development Core Team, 2010).

RESULTS

Phenology of the Materials

In Exp. 2, Line no. 14, Tc, Line no. 13, and UA reached to
R1 at 33, 33, 40, and 42 DAP, respectively (Table 2). Line
no. 14, Tc, Line no. 13, and UA reached to R5 at 54, 54,
63, and 63 DAP, respectively.

Leaf Gas Exchange Capacity

In Exp. 1, leaf photosynthetic capacity was analyzed in the
34 genotypes at the fourth trifoliate stage under controlled
conditions. The A, value ranged from 18.1 pmol m s~
in Line no. 18 to 28.7 pmol m 25! in Line no. 13 (Fig. 1A).
The A, value of Line no. 14 was 27.2 pmol m™ s™!, and
it was the second highest among all the genotypes. There
was the significant difference of A, between Line no. 13
against Lines no. 1, 2, 11, 18, 19, 21, and 22 (P < 0.05).
The significant difference was also observed between Line
no. 14 against Lines no. 18 and 22. The A, values of
Lines no. 13 and 14 were more than 10% greater than the
two reference cultivars, Tc and UA. Stomatal conductance
varied from 0.43 mol m™ s™! in Line no. 8 to 0.80 mol
"in Line no. 24 but there was no significant differ-
ence of the stomatal conductance among all the genotypes
(Fig. 1B). The stomatal conductance of Line no. 13 was
the second highest among all the genotypes, while that of
Line no. 14 was intermediate.

In Exp. 2, leaf photosynthetic capacity was measured
in four genotypes from the flowering to the seed filling
stage under field conditions. The A, , value was stable
within each of four genotypes from 33 to 65 DAP, but it
drastically decreased at 72 DAP (Fig. 2A). The A, value
of Line no. 14 was consistently higher than that of the
others in all measurements. At 65 DAP, the A 400 of Line
no. 14 was 34.8 pmol m™2 s™!, which was 11% higher than
that of the reference cultivar Tc. The A,
13 was similar to that of UA. However, there was no clear
trend in the variation in stomatal conductance among the
four genotypes (Fig. 2B). The value of A, divided by C,
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Fig. 1. CO, assimilation rate and stomatal conductance among
34 soybean genotypes. The CO, assimilation rate (A,,,) and the
stomatal conductance at a CO, concentration of 380 pmol mol-
were measured under controlled conditions at 26 d after planting
(the fourth trifoliate stage) in 34 soybean genotypes. The asterisk
(*) and dagger (1) symbols following each bar indicates the signifi-
cant difference at P < 0.05 against Pl 594409 A (Line no. 13) and
Pl 603911 C (Line no. 14), respectively. The letters ns indicate no
significant difference at P < 0.05 among 34 soybean genotypes.
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the field from the upper-most fully expanded leaf at 33, 57, 65, and 72 d after planting (DAP) of PI 639187 (UA) (open triangle), Pl 594287
(Te) (open circle), Pl 594409 A (Line no. 13) (gray triangle), and Pl 603911 C (Line no. 14) (gray circle). Asterisks, * and **, indicates the
significant difference among four soybean genotypes at P < 0.05 and 0.01, respectively.

(the simple indicator of CO, fixation activity) in Line no.
14 was consistently higher than that of the others through-
out all the measurements (Fig. 2C). There was a signifi-
cant variation of A, , stomatal conductance, and 4, ,/C,
among four genotypes throughout all the measurements
except that of stomatal conductance at 33 DAP (P < 0.05).
The A—C, curve analysis showed that Line no. 14 exhib-
ited the highest A4 under all the CO, conditions except for
59 DAP (Fig. 3). The Ve and ]  values of Line no. 14
were 129.1 and 232.0 pmol m™2 57!, respectively, and were
highest among four genotypes at 67 DAP (P < 0.01; Fig.
4). The changing pattern of Vc___and J  in Lines no. 13
and 14 and UA was similar, while that of Tc was different.

Leaf Anatomy

In Exp. 2, the leaf structure was analyzed in the same leaf
from which the A-C. curves were obtained on 67 and 71
DAP (Fig. 5; Supplemental Fig. S1). Leat thickness varied
from 164.4 pm in Line no. 13 to 248.0 pm in Line no. 14 at
67 DAP (Table 3). It ranged from 188.7 pm in UA to 235.9

pwm in Line no. 14 at 71 DAP. Leaf thickness of Line no. 14
was significantly higher than that of the others at 67 DAP
(P < 0.05). The palisade layer thickness varied from 95.5
pm in Line no. 13 to 150.5 pm in Line no. 14 at 67 DAP.
It ranged from 101.8 pm in UA to 141.5 pm in Line no. 14
at 71 DAP. The palisade layer thickness of Line no. 14 was
significantly higher than that of Line no. 13 and UA at 67
DAP and UA at 71 DAP (P < 0.05) The ratio of the pali-
sade layer thickness to the leaf thickness (palisade/leaf ratio)
ranged from 0.53 in UA to 0.62 in Tc at 67 DAP and 0.54
in UA to 0.6 in Line no. 14 at 71 DAP. There was a signifi-
cant difference of palisade/leaf ratio between Line no. 14
and UA at 67 DAP (P < 0.05). The palisade/leaf ratio of
all the genotypes was stable across the two measurements.

Quantification of Total Soluble Protein,
Chlorophyll, Rubisco, and Nitrogen

In Exp. 2, the total soluble protein, chlorophyll, Rubisco,
and N contents were determined with the same leaf from
which leaf gas exchange was measured. The levels of these
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Fig. 3. Response curve of CO, assimilation rate (A) to intercellular CO, concentration (C) in four soybean genotypes. A-C, curves were
obtained from the upper-most fully expanded leaf at (A) 59 d after planting (DAP), (B) 67 DAP, and (C) 71 DAP of Pl 639187 (UA) (open
triangle), P1 594287 (Tc) (open circle), Pl 594409 A (Line no. 13) (gray triangle), and PI 603911 C (Line no. 14) (gray circle).

components drastically increased around R5, but it was
relatively stable during the other stages in all four geno-
types (Fig. 6). The total soluble protein content ranged
from 4.56 g m~2in Line no. 13 to 6.19 g m™? in UA before
R5 and from 8.46 ¢ m™2 in UA to 11.0 g m 2 in Tc after
R5 (Fig. 6A). The chlorophyll content ranged from 268
mg m "~ in Line no. 13 to 392 mg m ™2 in Tc before R5 and
from 458 mg m 2 in Line no. 14 to 610 mg m ™2 in Line no.
13 after R5 (Fig. 6B). The Rubisco content ranged from
1.51 gm ™2 in Tc to 2.41 g m™? in Line no. 14 before R5
and from 3.88 ¢ m2 in UA and 5.31 g m 2 in Line no. 14
after R5 (Fig. 6C). The N content ranged from 1.60 g m™>
in Line no. 13 to 2.05 g m™? in UA before R5 and from
2.38 gm?in Line no. 13 to 3.13 g m 2 in Line no. 14 after
R5 (Fig. 6D). There was no clear trend in the content of
each component among the four genotypes before R5.
After R5, the chlorophyll content in Line no. 13 and the
Rubisco and N content in Line no. 14 tended to be higher
than the equivalent values in other genotypes.

DISCUSSION

Several studies have reported on the natural variation in
leaf” photosynthetic capacity in soybean (Dornhoff and
Shibles, 1970; Ojima, 1972; Buttery et al., 1981; Morrison

et al., 1999; Jin et al., 2010). The linear increase of the
soybean photosynthetic rate was reported against year of
release, and newer cultivars had up to 23% greater pho-
tosynthetic rate than older cultivars (Koester et al., 2016).
In this study, the photosynthetic rate varied more than
50% among 34 soybean genotypes under controlled con-
ditions (Fig. 1). These results suggest that there is a con-
siderable variation of the leaf photosynthetic capacity not
only among historical soybean cultivars but also among
the Asian local genotypes. This variation can be exploited
for the further genetic improvement of leaf photosynthetic
capacity in soybean. In the present study, high photosyn-
thetic capacity was attributed to the greater CO, fixation
activity partly sustained by the higher Rubisco content
and thicker leaf structure. On the other hand, the histori-
cal improvement of the photosynthetic capacity mostly
depends on the greater stomatal conductance (Koester et
al., 2016). Hence, the present study demonstrates the dif-
ferent path to the improvement of the leaf photosynthesis
than the one occurred during the historical improvement.

The relative levels of leaf photosynthetic capacity
among Line no. 14, Tc, and UA were conserved across
Exp. 1 and 2. Line no. 14 consistently showed greater
photosynthetic capacity than the others throughout the
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Fig. 5. Microscopic images of the leaf anatomical structure of four soybean genotypes. Microscopic images of the leaf anatomical struc-
ture were obtained in the same leaf at which A-C, measurements were conducted on 71 with (A) PI 5694409 A (Line no. 13), (B) PI 603911
C (Line no. 14), (C) P1 5694287 (Tc) and (D) Pl 639187 (UA). Scale bars in each figure are equal to 100 pm.
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Table 3. The leaf thickness, the palisade layer thickness, and the ratio of the palisade layer thickness to the leaf thickness. The
leaf anatomical structure was analyzed in resin sections to measure the leaf thickness, the palisade thickness and the ratio of
the palisade thickness to the leaf thickness in Pl 639187 (UA), Pl 594287 (Tc), Pl 594409 A (Line no. 13) and PI1 603911 C (Line
no. 14). The value of the leaf thickness, the palisade thickness, and the ratio of the palisade thickness to the leaf thickness are

the means forn = 3.

67 d after planting

71 d after planting

UA Tc Line no. 13 Line no. 14 UA Tc Line no. 13 Line no. 14
Leaf thickness, pm 194.5bct  204.6b 164.4c 248.0a 188.7a 226.7a 197.5a 235.9a
Palisade layer thickness, pm 102.7bc 125.9ab 95.5¢ 150.5a 101.8b 132.1ab 116.5ab 141.5a
Palisade/leaf 0.53b 0.62a 0.58ab 0.61a 0.54a 0.58a 0.59a 0.60a
1 Different letters following each value mean they are significantly different.
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Fig. 6. Total soluble protein, chlorophyll, Rubisco, and nitrogen (LNC) content. The content of (A) total soluble protein, (B) chlorophyll, (C)
Rubisco, and (D) nitrogen, measured at the same leaf position as the measurement of leaf gas exchange, on 33, 57, 65, and 72 d after
planting (DAP) from PI 639187 (UA) (open triangle), PI 594287 (Tc) (open circle), Pl 594409 A (Line no. 13) (gray triangle), and Pl 603911 C

(Line no. 14) (gray circle). Vertical bars indicate the standard error (SE) of seven to 10 replicates for each genotype.

flowering and seed filling stages in the field (Fig. 2A). This
confirms that Line no. 14 is useful candidate for identi-
fying the mechanism underlying high photosynthetic
capacity in soybean. The A, values of Line no. 13 were
the highest among all the soybean genotypes in Exp. 1
because of that strain’s high stomatal conductance. On the
other hand, the Ay values of Line no. 13 were similar to
those of UA, the reference cultivar in Exp. 2. This was
because there was no clear difference in stomatal conduc-
tance among the four genotypes in Exp. 2, and Line no.
13 had no advantage that would allow it to achieve a high
photosynthetic rate. Differences in the environmental

conditions or in the growth stage of the plants between
Exp. 1 and 2 might be the cause of this inconsistency.
Leaf photosynthetic capacity is determined by both the
CO, supply from atmosphere to the chloroplast and also
by CO, fixation at the chloroplast (Farquhar et al., 1980).
It is well known that stomatal conductance strongly affects
leat photosynthetic capacity (Farquhar and Sharkey 1982).
Ohsumi et al. (2007) reported that stomatal conductance
was one of the major factors determining the natural varia-
tion in leaf photosynthetic capacity in rice. A correlation
between leaf photosynthetic rate and stomatal conductance
was also observed among soybean genotypes under field
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Fig. 7. Ratio of total soluble protein to N and Rubisco to total soluble protein. The ratio of total soluble protein to N and the ratio of Rubisco
to total soluble protein were calculated at 33, 57, 65, and 72 d after planting (DAP) in PI 639187 (UA) (open triangle), PI 594287 (Tc) (open
circle), PI 594409 A (Line no. 13) (gray triangle), and PI 603911 C (Line no. 14) (gray circle). Vertical bars indicate the standard error (SE)

of seven to 10 replicates for each genotype.

conditions (Tanaka et al., 2008). This correlation, how-
ever, was not observed among the 34 soybean genotypes
in Exp. 1 (data not shown). There was no clear relation-
ship between A4, and stomatal conductance in Exp. 2 (Fig.
2A-B). These results suggest that stomatal conductance did
not regulate the variation in the leat photosynthetic capac-
ity among the soybean genotypes used in the present study.

In Exp. 2, the stomatal conductance of Line no. 14 was
similar to that of UA, while the 4, /C,, Vc__,and J
values of Line no. 14 were consistently the highest among
the four genotypes throughout the reproductive stage (Fig.
2B-C, 4). These results showed that greater CO, fixation
activity contributed to the high leaf photosynthetic rate of
Line no. 14. Leaf N content 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 kinetics of Rubisco limit CO, fixation activ-
ity. 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 condi-
tions in soybean (Jiang et al., 1993). In the present study,
the N and Rubisco content in Line no. 14 tended to be
higher than in other genotypes (Fig. 6C-D). The leaves
of Line no. 14 was also thicker than the leaves of the other
genotypes (Table 3). It has been reported that leaf pho-
tosynthetic capacity is correlated with leaf thickness and
nitrogen content in soybean (Ojima, 1972). These results
imply that a thicker leaf can accumulate a large amount
of nitrogen and photosynthetic apparatus, and have an
advantage in achieving high photosynthetic capacity.

Tc showed the similar value of V¢ and J  to Line
no. 14 at 59 DAP (Fig. 4). Tc and Line no. 14 reached R5
at 54 DAP (Table 2). These results indicated that Tc had
the potential to archive high CO, fixation activity parallel

with that of Line no. 14 at R5. Line no. 14 maintained
higher total soluble protein, Rubisco, and N content
than Tc after R5 (Fig. 6A, 6C—D). It might be, therefore,
related to the difference of the changing pattern of CO,
fixation activity between these genotypes.

The ratio of total soluble protein to N in Line no. 14
was similar to or lower than that seen in the other geno-
types (Fig. 7A). On the other hand, the ratio of Rubisco to
total soluble protein in Line no. 14 was higher than in the
other genotypes (Fig. 7B). This shows that the large amount
of Rubisco in Line no. 14 can be attributed to the greater
distribution of total soluble protein. Kawasaki et al. (2014)
reported that there was considerable variation in the ratio
of Rubisco to N in soybean under field conditions. Thus,
protein distribution in the leaf can also be a target to select
soybean genotypes with high photosynthetic capacity.

The Rubisco content of Tc was similar to that of UA
and Line no. 13, while the leaf photosynthetic capacity
and the CO, fixation activity of Tc was lower than that of
the other genotypes in Exp. 2 (Fig. 2A, 2C, 4, 6C). This
suggests that factors other than Rubisco content, such as
Rubisco kinetics and its activation state, can also affect
variation in leaf photosynthetic capacity. In addition,
Ve and ] were estimated based on C. in this study. It
is assumed that mesophyll conductance is infinite in all the
genotypes. Evidence has accumulated, however, showing
that mesophyll conductance is highly variable and affects
leaf” photosynthetic rate (Flexas et al., 2008). Thus, the
inconsistency between Rubisco content and CO, fixa-
tion activity found in Exp. 2 might also reflect variation
in mesophyll conductance among these genotypes. In a
future study, the effect of Rubisco activity, its activation
state, and mesophyll conductance on leaf photosynthetic
capacity in soybean have to be elucidated.
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In conclusion, considerable variation in leaf photosyn-
thetic capacity was observed among 34 soybean genotypes,
and a high photosynthetic genotype, PI 603911 C (Line
no. 14), was identified. Carbon dioxide fixation, rather
than CO, supply, was the major factor responsible for the
high photosynthetic capacity of this genotype. Line no.
14 accumulated a large amount of Rubisco because of the
greater allocation of total soluble protein to Rubisco. These
results demonstrate the considerable potential for genetic
enhancement of leaf photosynthetic capacity in soybean.
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Supplemental information is available with the online
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