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ABSTRACT

Low-branching soybean cultivars have few nodes per plant, and there have been many cases in
northern Japan where growing these cultivars at high plant densities did not improve yield.
Soybean cultivar ‘Tokei 1122’ (T22), which has a long terminal raceme, was bred to improve the
yield of low-branching cultivars under dense planting conditions. To elucidate the effects of long
racemes on the suitability of T22 for dense planting, we compared the yield and yield components
of T22 and ‘Toyoharuka’ (TH), which is a low-branching cultivar, at various planting densities. There
was no significant difference in the seed yield of these cultivars at low planting densities, whereas
the seed yield of T22 was significantly greater than that of TH under dense planting conditions. The
increase in the number of seeds per unit area was greater for T22 than for TH. An analysis of
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variance revealed a significant interaction between cultivar and planting density for seed yield, branching cultivar

number of pods, and number of pods per node. Moreover, the low-branching cultivar ‘Tokei 1122’
with long terminal racemes produced a higher yield under non-lodging conditions than the
conventional low-branching cultivar at planting densities of 33 plants m™2 or higher. The greater
yield of T22 is likely because of its long terminal raceme, which increases the number of pods per
node and the sink capacity (number of seeds) at high planting densities.
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Introduction

Soybean has long been cultivated as a major protein
source in Japan. However, the soybean yield in Japan
remains low, in contrast to the corresponding yield in
the USA, which continues to increase. According to sta-
tistics available in 2005, the national average soybean
yield in the USA is 300 kg/10 a, whereas the national
average soybean yield in Japan is only 170 kg/10 a
(Katsura et al., 2009). Although there have been recent
increases in the soybean cultivation area in Japan, the
yield is unstable and 200 kg/10 a or lower (http://www.
maff.go.jp/j/seisan/ryutu/daizu/d_data/).

Soybean yield refers to the main stem yield and the
branch yield. The main stem yield is generally stable
regardless of environmental conditions, making it more
easily predicted than the branch yield, which is greatly
influenced by cultivation conditions (Frederick et al.,
2001; Horie et al., 1971). Branch yield variability is
believed to be responsible for inter-annual variations in
soybean yield as well as yield instability. Narrow-row
cultivation has been suggested in some studies as a
method for improving yield. For example, according to
Kokubun (1988), for low-branching soybean cultivars,
which tend to avoid lodging, dense planting increases
seed yield and accelerates plant growth. However, the
growth of soybean cultivars suitable for high-density
planting is relatively uncommon in Japan. Furthermore,
low-branching cultivars produce few nodes and pods
per plant. Consequently, there have been many
instances of dense planting not resulting in vyield
increases, especially in northern Japan.

Studies on the effects of planting density on soy-
bean production revealed that the number of plants
per square meter is the most influential parameter
(Agriculture Research Department Tokachi Agricultural
Experiment Station, 1998; Moore, 1991); however, the
yield also reportedly decreases substantially when the
inter-row spacing is increased and the distance
between plants is decreased (lkeda, 1992). These obser-
vations prompted additional research into the effects of
planting patterns. Some studies indicated that the yield
increases under narrow-row cultivation (Board et al.,
1992; Boerma & Ashley, 1982; Costa et al, 1980;
Heatherly, 1988; Taylor, 1980), whereas others con-
cluded that the yield does not necessarily increase
(Agriculture Research Department Tokachi Agricultural
Experiment Station, 1996; Beatty et al., 1982). Fujita et
al. (2015) reported that although narrow-row planting
facilitated weeding, it did not increase yield. Nakaseko
and Gotoh (1981) reported that the total branch dry
matter decreases substantially under dense planting
cultivation. Additionally, the proportion of main stem
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pods tends to increase in response to dense planting
(Kuroda et al, 1992; Saito et al, 2007), and yield
improvements are largely attributable to a greater pro-
portion of pods forming at lower nodes (Kuroda et al.,
1992).

Therefore, in this study, we examined the utility of
low-branching soybean cultivars with long terminal
racemes for improving yield under high planting den-
sity. Soybean lines with long racemes produce many
flowers at each node, thereby increasing the number of
pods per node. Bramel et al. (1984) demonstrated that in
semideterminate cultivars, terminal raceme length (TRL)
measurements could possibly be used to predict yield.
Kilen (1989) investigated whether the TRL could be used
to predict the number of flowers produced by a plant.
Saito et al. (1998) proved that the number of pods is
closely related to the number of flowers. Thus, generat-
ing new low-branching cultivars with long terminal
racemes may lead to enhanced yield under dense plant-
ing conditions via the increased number of pods per
node and the number of pods per plant.

Yamaguchi et al. (2014) previously mapped two TRL-
related quantitative trait loci (gTRL18-1 and gTRL11-1)
and determined that the TRL is related to the number
of main stem pods. We developed the long-raceme
cultivar ‘Tokei 1122 (T22) with two TRL-related quanti-
tative trait loci to improve yield by increasing the num-
ber of pods per node under dense planting conditions.
However, it is unclear whether T22 plants cultivated
under dense planting conditions stably produce a higher
yield than the genetically closely related low-branching
cultivar ‘Toyoharuka’' (TH). Therefore, we compared the
yield and related characteristics of T22 with those of TH
planted at five or four densities over 2 years.

Materials and methods
Planting density and cultivars

‘Tokei 1122' (T22), a soybean cultivar with long terminal
racemes, and ‘Toyoharuka’ (TH), a reference cultivar,
were grown and analyzed in 2013 and 2015.
‘Toyoharuka’ was developed from a cross between
‘Tokei 793’ and ‘Tokou 6225 F8' (T. Tanaka et al., 2015).
‘Tokei 1122' was the result of a cross between TH and
line 1532-1, which produces a long terminal raceme.
Line 1532-1 was developed from a cross between
‘Tokei 971" and ‘Tokei 793’ (Yamaguchi et al., 2014). All
of these crosses were completed at the Tokachi
Agricultural Experiment Station in Hokkaido, Japan. The
gTRL18-1 and gTRL11-1 of T22 (Yamaguchi et al., 2014)
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were derived from line 1532-1 and are associated with
the production of long terminal racemes. Both T22 and
TH are low-branching and determinate cultivars (dt1).

Trials were conducted at Rakuno Gakuen University,
under upland field conditions with gray upland soil. On
22 May 2013, the T22 and TH cultivars were planted at
five densities (16-33 plants m~2), with individual plants
separated by 5, 7.5, or 10 cm in rows separated by 60, 50,
or 40 cm. On 11 May 2015, the two cultivars were
planted at four densities (16-50 plants m™2), with indivi-
dual or paired plants separated by 10 cm in rows sepa-
rated by 60 or 40 cm. In both years, plants were treated
with a fertilizer comprising 2 g m™ N (as ammonium
sulfate), 12 g m—2 P,Os5 (as calcium superphosphate), and
8¢ m~2 K5O (as potassium sulfate) according to standard
practices for Hokkaido.

Field management and measurements

When the first trifoliate leaves emerged, the seedlings
were thinned to one plant per hill. Seedlings from hills
with multiple plants were transplanted to adjacent
vacant hills to ensure the plant community was com-
plete. In both years, weeds were removed by hand until
the flowering stage.

To evaluate soybean yield, 20 medium-sized plants in
each plot were harvested by hand at maturity (stage R8).
After air-drying the harvested plants for 3 or 4 weeks, the
main stem length and the number of blanch were mea-
sured, and the nodes and pods on the main stems and
branches were counted. After threshing by hand, the
number of seeds and the 100-seed weight were
recorded for the main stems and branches. Seed yield
was adjusted to 130 g kg™' moisture content. The har-
vest index was calculated as the ratio of seed yield to
total dry matter weight. Seed yield, yield components,
and the TRL were analyzed. The degree of lodging was
recorded in each plot as: 0 (no lodging) to 4 (completely
lodged) (Matsukawa & Banba, 1986; Saito. et al., 2012).

At the beginning of the seed filling stage (R5), the leaf area
per plant was measured using LI-3200 (Made by LI-COR
company) for four neighboring plants from each plot.

The daily average air temperature, solar radiation and
precipitation during the growing seasons were mea-
sured by meteorological observation equipment in
Rakuno Gakuen University.

Statistical analyses

In all experiments, the cultivars were arranged in a split-
plot design, with three replicates for the planting den-
sities as the main plots and the cultivars as subplots. An
analysis of variance (ANOVA) was completed to evaluate
the differences in seed yield and yield-related traits
among treatments.

Results
Climatic conditions and plant shape at maturity

Details regarding the daily average air temperature, solar
radiation and precipitation during the growing seasons
are presented in Table 1. In 2013, the amount of rainfall
was about average during the vegetative growth period
in June and July, but was above average during the
reproductive growth period in August and September.
In 2015, the amount of rainfall was below average during
the 1-month period starting in mid-June, and the tem-
perature was lower than average in early to mid-July. On
the basis of the rainfall during the branch-elongation
period from June to August, we concluded that the
elongation of branches was enhanced in 2013 by the
slightly higher than average temperatures and rainfall,
whereas it was inhibited in 2015 by the lower than
average rainfall.

Examples of plants at maturity are presented in
Figure 1. Regarding TH, at planting densities of 25
plants m™ or greater, the number of pods per node
and the number of pods per plant clearly decreased
with increasing planting density. An analysis of the T22
plants revealed that the number of pods per node and
especially the number of pods per terminal node of the
main stem remained high, resulting in relatively little
decrease in the number of pods per plant with increas-
ing planting density.

Table 1. Daily average air temperature, solar radiation and precipitation during the growing seasons.

Average air temperature(°C)

Solar radiation (MJ m-2 day-1)

Precipitation(mm)

Month 2013 2015 2004-2012* 2013 2015 2004-2012* 2013 2015 2004-2012*
5 104 124 5.5 173 240 163 20.5 18.5 14.4
6 16.6 15.2 8.8 231 186 284 257 373 299
7 20.9 19.6 12.7 201 192 328 27.0 23.0 325
8 22.1 20.6 16.7 149 180 325 68.2 317 376
9 17.9 16.7 19.5 122 133 179 65.3 61.3 38.0
10 121 9.5 214 97 109 285 385 26.2 62.9
Total 100.0 93.9 84.6 972 1039 1563 245.2 198.0 2154

* indicates mean value of 2004-2012, respectively.
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Figure 1. Plant shape at maturity in 2015.
TH: ‘Toyoharuka’, T22: ‘Tokei 1122’
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* indicates row spacing, width, and number of seedlings per hill.Arrows show terminal raceme lengths.

Effect of planting density on growth, seed yield,
total dry matter weight, and harvest index

In both years, the flowering beginning (R1) of T22 plants
started 1 or 2 days later than that of TH plants. However,
the T22 plants reached maturity (R8) 4-6 days earlier
than the TH plants (Tables 2 and 3). Thus, the ripening
days (R1-8) was 6-8 days shorter for T22 than for TH. The
seed yield in 2015 was lower than that in 2013 because
branch growth was suppressed by dry conditions from
June to August (Table 1).

The results of an ANOVA of seed yield identified cultivar
and planting density as significant main effects and
revealed a significant interaction between cultivar and
planting density in both years (Tables 2 and 3). In both
years, T22 produced a significantly higher seed yield than
TH at planting densities of 22.2 plants m™ or higher (Tables
2 and 3). For both years and both cultivars, linear regression
models indicated the seed yield increased with increasing

planting density (Figure 2(a,b)). Additionally, in both years,
the magnitude of the yield increase (i.e. the slope of the
regression line) was greater for T22 than for TH.

Subjecting the total dry matter weight to an ANOVA
indicated that cultivar and planting density were the
significant main effects and confirmed the interaction
between cultivar and planting density in both years
(Tables 2 and 3). Although the total dry matter weight
was greater for T22 than for TH at planting densities of
25 plants m™2 or higher in 2013, there were no differ-
ences between the cultivars in 2015 (Figure 2(c,d)).
Linear regression models were consistent with increases
in total dry matter weight with increasing planting den-
sity (Figure 2(c,d)), and the magnitude of the yield
increase (i.e. the slope of the regression line) was greater
for T22 than for TH in 2013, but not in 2015.

An ANOVA of the harvest index indicated the signifi-
cant main effects were cultivar and planting density and
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Figure 2. Effect of planting density on the seed yield, total dry matter weight, and harvest index.

(a and b) Seed yield, (c and d) total dry matter weight, and (e and f) harvest index (in 2013 and 2015, respectively).
e :‘Toyoharuka' (TH), A: ‘Tokei 1122’ (T22)1, * and ** indicate significant at the 10, 5% and 1% levels, respectively.

revealed the interaction between cultivar and planting
density in both years (Tables 2 and 3). In both years, the
harvest index was greater for T22 than for TH at all plant-
ing densities (Tables 2 and 3, Figure 2(e,f)). Moreover, the
decrease in the harvest index with increasing planting
density was greater for TH than for T22 in both years.

Responses of seed yield-related traits and
morphological characteristics to planting density

An ANOVA of the number of pods indicated the signifi-
cant main effects were cultivar and planting density and

revealed the interaction between cultivar and planting
density in both years (Tables 2 and 3). In both years, T22
produced more pods than TH at planting densities of 25
plants m™ or greater (Tables 2 and 3). Additionally, for
both cultivars, the number of pods increased with
increasing planting density. On the basis of a linear
regression model, the increase in the number of pods
with increasing planting density was greater for T22 than
for TH in both years, with a clearer difference in 2013
than in 2015 (Figure 3(a,b)).

An ANOVA of the number of seeds indicated that
cultivar and planting density were significant main



PLANT PRODUCTION SCIENCE (&) 241

2013 2015
1200 - .
- a y=16.1 x+423 b
“ r=0.97**
g 1000 - T22 .
s y=145x+273
r=0.98*
B 800 - |
R ./':‘/4 TH
o 3 | TH
g '90e s Zf) ‘;;’,‘180 y=132x+ 283
7z ' r=0.99%*
400 L] L] L] L] L} L] ] Ll T L LJ T 1
2.0 H -
2 Cc d
o 1.8 A Y
) A
S 16 A A T2 14 T22
B ‘ A
2 14 {%e 5 ] A
kS e, T o ‘
2’ 1.2 A . ® ®
TH
1-0 T T T Ll Ll Ll L] T T .l L] L} 1
35 - 1
C St *™ ooz |f
vy 33 A - 1
— ® y=0.11x+31 ’ L]
) r=0.88* TH 2
°§ 31 1 1C ®
.E 29 = 9 A
B /‘/ T22 A 4
o 271 4.-% y=0.12x+25 - T22
S A r= 083t
25 L) T T T T T ] L\ ] L) T ) 1

15 20 25 30 35 40 45 50

15 20 25 30 35 40 45 50

Planting density (m™)

Figure 3. Effect of planting density on the number of pods, number of seeds per pod, and 100-seed weight. (a and b) Number of pods,
(c and d) number of seeds per pod, and (e and f) 100-seed weight (in 2013 and 2015, respectively). ®: ‘Toyoharuka’ (TH), A: ‘Tokei
1122' (T22) 1, ¥, and ** indicate significant at the 10%, 5%, and 1% levels, respectively.

effects and there was interaction between these two
components (Tables 2 and 3). In contrast, the results of
an ANOVA of the number of seeds per pod implied that
cultivar and planting density were not significant main
effects and there was no interaction between these two
components (Tables 2 and 3). Moreover, there were no
differences in the number of seeds per pod between the
cultivars at any planting density (Tables 2 and 3, Figure 3
(c,d)). Although the number of seeds per pod tended to
decrease with increasing planting density, there were no
clear differences between cultivars (Figure 3(c,d)).

Subjecting the 100-seed weight to an ANOVA con-
firmed that cultivar and planting density were significant
main effects, but there was no significant interaction
between cultivar and planting density in both years
(Tables 2 and 3). In both years, TH had a higher 100-
seed weight than T22 at all planting densities (Tables 2
and 3). The 100-seed weight tended to increase with
increasing planting density. However, there were no
clear differences between cultivars (Figure 3(e,f)).

On the basis of an ANOVA of the number of nodes per
unit area, cultivar and planting density were identified as
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the significant main effects, but there was no significant
interaction between these two components in both
years (Tables 2 and 3). In both years, TH had more
nodes per unit area than T22 at all planting densities
(Tables 2 and 3). Additionally, in both years and for both
cultivars, the number of main stem nodes per unit area
increased with increasing planting density, as revealed
by linear regression models (Figure 4(a,b)), and the mag-
nitude of the increase was greater for TH than for T22.

The results of an ANOVA of the number of pods per
node indicated planting density was a significant main
effect in both years, whereas cultivar was confirmed as a
significant main effect only in 2013. There was no signifi-
cant interaction between planting density and cultivar in
both years (Tables 2 and 3). In both years, T22 produced
significantly more pods per main stem node than TH
regardless of planting density (Tables 2 and 3). The number
of pods per node on the main stem tended to decrease
with increasing planting density (Figure 4(c,d)). The magni-
tude of the decrease was greater for TH than for T22 in
2015 (Figure 4(c,d)).

Subjecting the main stem length to an ANOVA indi-
cated that cultivar and planting density were the

significant main effects and confirmed the interaction
between cultivar and planting density only in 2015
(Tables 2 and 3). In both years, TH tended to have the
higher main stem length than T22 at all planting densities
(Tables 2 and 3).

On the basis of an ANOVA of the number of nodes on
the main stem per unit area, cultivar and planting den-
sity were identified as the significant main effects, there
was significant interaction between cultivar and plant-
ing density only in 2015 (Tables 2 and 3).

Subjecting the number of branch to an ANOVA indi-
cated that cultivar and planting density were the signifi-
cant main effects and confirmed the interaction between
cultivar and planting density only in 2015 (Tables 2 and 3).

About degree of lodging, there was no lodging in
both years and both cultivars (Tables 2 and 3).

Relationship between terminal raceme length and
the number of pods per node on the main stem

The relationship between the TRL and the number of pods
per node on the main stem is presented in Figure 5(a,b). The
TRL and the number of pods per node on the main stem
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Figure 4. Effect of planting density on the number of pods and number of pods per node on the main stem.

(a and b) Number of pods on the main stem and (c and d) number of pods per node on the main stem (in 2013 and 2015, respectively).®: ‘Toyoharuka’ (TH),
A ‘Tokei 1122’ (T22)t and * indicate significant at the 10% and 5% levels, respectively.
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Figure 5. Relationship between terminal raceme length and the number of pods per node on the main stem.
(a) 2013 and (b) 2015e: ‘Toyoharuka' (TH), A: ‘Tokei 1122’ (T22)* indicates significant at the 5% level.

were greater for T22 than for TH at all planting densities in
both years. Regarding T22, the TRL and the number of pods
per node were positively correlated in both years, which
was in contrast to TH, for which there was no positive
correlation between these two traits.

Relationship between planting density and leaf
area per plant as well as the relationship between
the leaf area index and seed yield

The relationship between planting density and leaf area
per plant is presented in Figure 6(a,b). A linear regression
model suggested the leaf area per plant tended to
decrease with increasing planting density. The magni-
tude of the decrease was greater for TH than for T22.
Seed yield tended to increase with increasing leaf area
index in both cultivars (Figure 6(c,d)).

Discussion

Factors influencing the high yield of densely planted
T22 based on yield-related traits and the sink
capacity

The TRL of T22 was greater than that of TH even at high
planting densities, which increased the number of pods
per node and the number of seeds (i.e. sink capacity).
Consequently, T22 produced more pods and a higher
seed yield than TH at high planting densities. According
to Yamaguchi et al. (2014), the long-raceme cultivars
produce more flowers on the terminal raceme during
the flowering period and more total pods at maturity
than the conventional low-branching cultivars. However,
according to Saito et al. (1998), the number of pods is
influenced more by the number of flowers than the pod-

setting rate. Although we did not evaluate the pod-
setting rate in this study, the increase in the number of
pods in T22 is likely due to an increase in the number of
flowers. Future studies should investigate the flowering
characteristics and evaluate the increase in the number
of pods per node on long terminal racemes based on
flowering characteristics.

Factors affecting the high yield of densely planted
T22 based on the leaf area as source ability

Seed yield does not increase without increases in the
source ability or dry matter partitioning ability along
with increases in the sink capacity. Regarding source
ability, there was no significant difference in the total
dry matter weight of the two analyzed -cultivars.
According to Duncan (1986), the tendency for the seed
yield to increase with increasing planting density is due
to three phases. Specifically, during phase 1, there is no
competition for light between fully developed plants,
and seed yield increases with planting density. In
phase 2, the light is completely intercepted by the
canopy, and the seed yield increases with planting den-
sity. During phase 3, the seed yield per unit area is
maximized for the planting patterns and is independent
of planting density. On the basis of the observed ten-
dency for the seed yield to increase with planting den-
sities between 33 and 50 plants m~2 in the current study,
we speculate that TH and T22 differ regarding their
tendency to transition from phase 2 to phase 3.
However, indeterminate US cultivars, which produce
many small leaflets, exhibit a smaller decrease in the
relative illumination of the under structure of the plant
community than the determinate Hokkaido cultivars
(Agudamu & Shiraiwa, 2015). Therefore, T22 likely
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seed yield.

(a and b) Relationship between planting density and the leaf area per plant and (c and d) relationship between the leaf area index and the seed yield (in 2013

and 2015, respectively).

e: ‘Toyoharuka' (TH), A: ‘Tokei 1122 (T22)* and ** indicate significant at the 5% and 1% levels, respectively.

maintains the leaf area of the plant community better
than TH, even under high-density planting conditions. In
the current study, the magnitude of the decrease in the
leaf area per plant at stage R5 with increasing planting
density was smaller for T22 than for TH (Figure 6(a,b)).
Future studies on the factors mediating the high seed
yield of T22 in densely planted fields will need to evalu-
ate the light interception during the reproductive stage.

Other factors related to the high yield of T22

The seed-filling period for T22 was 6-8 days shorter than
that for TH, but the seed yield of T22 was significantly
greater than that of TH under dense planting conditions
(Tables 2 and 3). At high planting densities, the harvest
index was greater for T22 than for TH, and the

magnitude of the decrease in the harvest index with
increasing planting density was smaller for T22 than for
TH. The T22 pedigree includes ‘Harosoy’, which is a
Canadian cultivar. According to Y. Tanaka et al. (2010),
US cultivars tend to have a higher gas exchange capacity
and photosynthetic capacity than Japanese cultivars.
Additionally, Kawasaki et al. (2016) revealed that the
radiation use efficiency of US cultivars tends to be higher
than that of Japanese cultivars. These previous studies
confirmed that the source ability of US cultivars tends to
be greater than that of Japanese cultivars during the
seed-filling period. Similarly, another study determined
that Canadian cultivars produce a higher seed yield than
Japanese cultivars (Yamaguchi et al., 2019). Moreover,
the radiation use efficiency during the seed-filling period
is also greater for Canadian cultivars than for Japanese



cultivars (Ihara & Yoshihira, 2018). These studies indicate
that the source ability of Canadian cultivars tends to be
greater than that of Japanese cultivars during the seed-
filling period. Environmentally induced changes to the
dry matter partitioning and the harvest index were smal-
ler for T22 than for TH, even when the sink capacity
increased but the source ability did not. We speculate
that a stable dry matter partitioning and harvest index
increases the seed yield at high planting densities.

Conclusion

The results described herein suggest that low-branching
soybean cultivar ‘Tokei 1122" with long racemes likely
produce higher yields than the conventional low-
branching cultivar ‘Toyoharuka’ at planting densities of
25 plants m™2 or higher under non-lodging conditions.
This yield improvement is likely because long terminal
racemes produce many pods per node, which increases
the number of seeds and the sink capacity. Additionally,
we speculate that the source ability of T22 is greater
than that of TH at high planting densities because the
magnitude of the decrease in the leaf area per plant at
stage R5 with increasing planting density was smaller for
T22 than for TH. Because the sink capacity and source
ability are greater for T22 than for TH, the seed yield of
T22 is likely higher than that of TH at high planting
densities. In conclusion, this study revealed that T22,
which has a long terminal raceme, produces more
pods on the main stem and has a higher seed yield
than TH under dense planting conditions. Thus, we spec-
ulate that the TRL is an important index for the breeding
of new high-yielding varieties.
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