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Single seed weight (SSW), or seed size, is a seed yield components (SYC) in soybean, and it is suggested that
the genetic factors regulating SSW are involved in the control of other SYCs. The quantitative trait loci
(QTLs) for SSW and their effects on the other SYCs were investigated using a recombinant inbred line popu-
lation derived from typical small- and large-seeded cultivars that were cultivated in two different environ-
ments. QTL analysis detected four environmentally stable QTLs for SSW, two of which coincided with the
defined loci, gSw17-1 and Ln. The effects of the other loci, gSwi2-1 and gSwi3-1, were confirmed by analyz-
ing residual heterozygous line progenies derived from the recombinant population. These four QTL regions
were also involved in the control of an additional SYC, namely the large-seeded allele at each locus that re-
duced either the number of pods per plant or the number of ovules per pod. These results suggest the presence
of at least two different regulatory mechanisms for SSW. Isolation of genes responsible for these QTLs pro-
vides an important tool in the understanding and utilization of SSW diversity for soybean breeding.
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trade-off.

Introduction

Single seed weight (SSW), or seed size in soybean [Glycine
max (L.) Merrill] is a heritable trait (Burton 1987) and soy-
bean germplasm exhibit wide variation in SSW, ranging from
30 to 775 mg (Kaga et al. 2012). Seed size is a quality crite-
rion for specific soy-based food products (Cui ef al. 2004,
Gandhi 2009). In general, large-seeded cultivars are used
for boiled soybean (nimame), green soybean (edamame),
soymilk, and soybean curd (tofu), while small-seeded culti-
vars are suitable for fermented soybean (natto) and sprout
production. Thus, soybean cultivars with considerably di-
versified seed sizes are cultivated in East Asian countries
where there is a tradition of soybean food culture (Cui et al.
2004).

SSW is also a component of seed yield, together with

Communicated by Hideyuki Funatsuki

Received August 18, 2017. Accepted October 23, 2017.
First Published Online in J-STAGE on March 24, 2018.
*Corresponding author (e-mail: ishimoto@affrc.go.jp)

177

plant density and the number of seeds per plant (NS). NS is
divided into the number of pods per plant (NP) and the
number of seeds per pod (NSP). Furthermore, NSP is sub-
divided into the number of ovules per pod (NOP) and the rate
of seed-set (RSS), and thus the seed yield per plant (SY) is
the product of SSW, NP, NOP, and RSS. Although a positive
correlation between SSW and SY has been reported in pre-
vious studies (Burris ef al. 1973, Smith and Camper 1975),
mass selection for small seed with reduced seed weight did
not affect SY (Cober and Voldeng 2008) and the correlation
between SY and SSW was generally low in several segre-
gating populations (Review by Burton 1987). Hence, the
difference in SSW between small- and large-seeded cultivars

Abbreviations: LOD, logarithm of odds; NOP, number of ovules per
pod; NP, number of pods per plant; NS, number of seeds per plant;
NSP, number of seeds per pod; PIC, polymorphism information con-
tent; QTL, quantitative trait locus; RHL, residual heterozygous line;
RIL, recombinant inbred line; RSS, rate of seed-set; SSR, simple
sequence repeat; SSW, single seed weight; SY, seed yield per plant;
SYC, seed yield component.
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could be compensated for by the change in NS through
other seed yield components (SYCs). The narrow leaflet
phenotype, controlled by the Ln locus (Bernard and Weiss
1973, Jeong et al. 2012), is associated with both decreased
SSW and increased NOP (Dinkins et al. 2002, Jeong et
al. 2011). The induced mutant line for the Gm-JAGI
(Glyma20g25000) gene clearly demonstrated the increase
in NSP compensated reductions of SSW (Sayama et al.
2017). Therefore, it is likely that SSW and other SYCs are
regulated by common loci and share regulatory mecha-
nisms. However, other regulatory genes for SSW have not
been identified; thus, the genetic architecture of SSW regu-
lation remains poorly understood.

In the present study, we detected four significant and en-
vironmentally stable quantitative trait loci (QTLs) for SSW
in a recombinant inbred line (RIL) population derived form
a cross between the typical Japanese small- and large-seeded
cultivars ‘Natto-shoryu’ and ‘Tachinagaha’ (Supplemental
Fig. 1), and examined these QTLs using their effects on oth-
er SYCs. Subsequently, the effects of two notable QTLs
were verified in the progeny of the residual heterozygous
lines derived from the RIL population. Our results suggest
the presence of at least two different regulatory mechanisms
for SSW through trade-offs among other SYCs, such as be-
tween SSW and NP, and between SSW and NOP.

Materials and Methods

Plant materials

An RIL population consisting of 181 lines was devel-
oped by single seed descent from a cross between ‘Natto-
shoryu’ (NARO Genebank JP29161) and ‘Tachinagaha’
(NARO Genebank JP67666), and designated as NsT-RILs.
DNA samples were taken from leaflets of single Fs seed-
lings from each line for linkage map construction and geno-
typing for the E3 (Buzzell 1971), a major flowering locus
segregating in the NsT-RILs (see below), and the F¢ popula-
tion was used for trait evaluation for QTL analysis. The
residual heterozygous lines (RHLs; Yamanaka et al. 2005)
derived from the NsT-RILs were used to verify the effects
of environmentally stable and notable QTLs for SSW. The
RHLs for the QTLs were selected based on the genotypes of
the Fs RIL population, and genotypes for seeds derived
from heterozygous Fs plants were determined using DNA
markers and segregating progenies for each QTL.

Field experiments

The NsT-RILs and their parental cultivars were evaluat-
ed by field experiments at two locations, Mito (Plant Bio-
technology Institute, Ibaraki Agricultural Center, located at
36°26'N, 140°26'E) and Tsukuba (National Institute of
Agrobiological Sciences, located at 36°01'N, 140°06'E) in
2012. A starter fertilizer was applied at 3, 10, and 10 g m™2
of N, P,0s, and K,O, respectively. Experimental plots for
the NsT-RILs and parental cultivars were arranged accord-
ing to the £3 genotypes, because flowering time (maturity)
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loci affect plant size and E3 genotypes differ between the
two parental cultivars (Tsubokura et al. 2014). Therefore,
the £3 (n = 84 including ‘Natto-shoryu’) and e3 (n = 89 in-
cluding ‘Tachinagaha’) genotype groups were planted in
separate blocks, and the heterozygous genotypes (n = 10)
were placed between the two homozygous genotype groups.
Within the groups, each line or cultivar was planted in sin-
gle row plots following a randomized block design with one
and two replicates at Mito and Tsukuba, respectively. Each
row was placed 0.6 and 0.8 m apart, and each plot was com-
posed of five plants that were spaced 0.15 and 0.2 m apart
for the Mito and Tsukuba experimental conditions, respec-
tively. Seeds were sown on June 20, 2012, at Mito and July
2,2012, at Tsukuba. Three plants in each plot, excluding the
plants at both plot ends, were individually harvested.

The RHL progeny and the parental cultivars were grown
at Tsukuba in 2014. Seeds were sown in nursery beds on
June 19, and robust seedlings were transplanted into the
field on June 30. Starter fertilizer with the same composition
used in the RIL evaluation was applied before transplanta-
tion. The plot was composed of seven plants placed 0.2 m
apart, in rows spaced 0.8 m apart, arranged according to a
completely randomized block design with four replicates.
Three plants, excluding the two plants at both ends of the
plots, were individually harvested for further analysis.

Phenotypic measurements

Trait evaluation for SYCs was conducted on the basis of
individual plants. SSW, SY, NP, NOP, and RSS were mea-
sured in individual plants from the RIL F¢ population, the
RHL progenies, and the parental cultivars. Pods were cut off
from the stem and classified based on ovule number per pod
by visual inspection as previously reported (Jeong et al.
2011). After threshing the pods, seeds were counted and
weighed. Immediately after weighing, seed water content
was measured using a grain moisture tester (TB-2, OGA
Electric, Tochigi, Japan). Pest-damaged seeds were re-
moved from SSW evaluation in order to decrease experi-
mental error, and SY was also corrected by multiplying the
SSW and the total number of seeds per plant. The SSW and
SY values were displayed to reflect 15% moisture content.
NOP was calculated by dividing the number of ovules per
plant by NP, and RSS by dividing the number of seeds per
plant by the number of ovules per plant.

Linkage map construction

A whole-genome simple sequence repeat (SSR) marker
panel (WGSP) developed by Sayama et al. (2011) was mod-
ified, and applied to the construction of our linkage map.
WGSP was originally developed to construct linkage maps
by a simple procedure and at a low cost, using a selection of
publicly available SSR markers according to their positions
on soybean linkage maps and polymorphism information
content (PIC) values (Cregan et al. 1999, Hisano et al.
2007, Hwang et al. 2009, Song et al. 2004, Xia et al. 2007).
This original WGSP is comprised of 304 SSR markers and
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has been applied in various genetic studies (Hirata et al.
2014, Kato et al. 2014, Yamaguchi et al. 2014), but some
SSRs rarely showed polymorphisms. Therefore, 24 low-
polymorphic markers were removed from the original
WGSP and 72 novel markers were added to cover whole
genomic regions with high polymorphisms. Sixty-eight
additional public markers were selected according to the
published information (Cregan et al. 1999, Hisano et al.
2007, Hwang et al. 2009, Song et al. 2004, 2010, Xia ef al.
2007), along with four other novel markers designed in
reference to the genome sequence published by Schmutz et
al. (2010) because there were no alternative public markers
associated with those chromosomal regions. A fluorescent
dye (6-FAM, VIC, PET, or NED) was attached to the 5" end
of one primer in each primer pair to determine the fragment
length using DNA sequencers. The primer pairs of 64 public
SSR markers were redesigned from the target sequences to
adjust PCR product sizes in order to analyze two different
markers with the same fluorescent dye simultaneously.
Then, eight SSR markers (i.c., four dyes with two different
fragment sizes) were organized into a multiplex analysis
unit. The updated WGSP was composed of a total of 352
SSR markers and released as WGSP ver. 2 (Supplemental
Table 1). The WGSP ver. 2 newly assigned ID numbers to
respective SSR markers.

In addition to WGSP ver. 2, two DNA markers were used
to recognize the alleles of the Ln and E3 loci. The ‘Natto-
shoryu’ parental cultivar of the NsT-RILs exhibited an ovate
leaflet phenotype (Ln), while the ‘Tachinagaha’ parent had
narrow leaflets (/n). For genotyping single nucleotide poly-
morphisms (SNPs) between the Ln and /n alleles (Jeong et
al. 2012), the tetra-primer amplification refractory mutation
system (ARMS)-PCR method was used (Ye et al. 2001),
and an M13-tailed primer sequence was added to 5" ends of
the Ln locus-specific primers so that the polymorphism
could be detected using a DNA sequencer (Oetting et al.
1995). Additionally, preliminary evaluation showed that the
RILs segregated at £3, which is a major locus controlling
flowering time (Buzzell 1971) and thus, influences plant
size and growing period. Sequencing analysis showed that
‘Natto-shoryu’ and ‘Tachinagaha’ had late-flowering (£3-
Mi) and early-flowering (e3-tr) alleles at the E3 locus,
respectively (Watanabe et al. 2009, Tsubokura et al. 2014).
A fluorescent primer set for distinguishing the different £3
alleles was designed using the nucleotide sequence length
polymorphism between the alleles. The Ln and E3 marker
primer sequences are shown in Supplemental Table 2.

Linkage map construction

Total DNA from each genotype was extracted from ap-
proximately 10 mg fresh weight of leaflet or cotyledon tis-
sue using an automatic DNA isolation system (BioSprint 96
DNA Plant Kit, Qiagen, Hilden, Germany). Polymerase
chain reaction (PCR) was performed in a GeneAmp PCR
System 9700 (Thermo Fisher Scientific, Waltham, USA) in
conjunction with the Qiagen Multiplex PCR Kit (Qiagen).
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The cycling program consisted of 15 min at 95°C for activa-
tion, followed by 35 cycles: 30 s at 95°C for denaturation,
1.5 min at 50°C for primer annealing, and 1.5 min at 60°C
for extension. At the end of the cycles, the reaction mixtures
were held at 60°C for 30 min, and then cooled to 4°C. The
lengths of PCR products were determined using a 3730
DNA Analyzer equipped with POP-7 polymer separation
matrix and 36-cm capillaries (Thermo Fisher Scientific),
and allele calling and binning was performed with
GeneMapper software v5.0 (Thermo Fisher Scientific).
Linkage analysis was performed with MAPMAKER/EXP
3.0b software (Lander et al. 1987), and genetic distance was
calculated with Kosambi’s map function (Kosambi 1943).

Data analysis

Statistical analyses for SY and its components, SSW, NP,
NOP, and RSS, were performed using R statistical software
ver. 3.1.3 (R Core Team 2015). The effects of experimental
factors (genotype/allele, experimental condition, or interac-
tion between genotype/allele and experimental condition)
influencing the trait values were assessed by analysis of
variance (ANOVA) using type-I sum of square (SS); then
the effect size (°) of a given factor was presented as the
calculated proportion of SS for the factor to the total SS.
Hence, the #° of the genotype factor of each trait in the RIL
population, reflected in a broad sense heritability for that
trait. The correlation coefficient is a proportion of the geno-
typic covariance between two traits to the square root of the
product of genotypic variances of the two traits. Trait values
between two genotypes were compared by Welch’s #-test.

QTL analysis was performed using the Windows QTL
Cartographer ver. 2.5 (Wang et al. 2013). The composite in-
terval mapping (CIM) method was applied to detect the
position and effects of QTLs. The genome was scanned at
1-cM intervals and additive effects and logarithm of odds
(LOD) were estimated. A permutation test was conducted
1,000 times for each trait and experiment, and the threshold
value of the LOD peak was set at P =0.05. The QTL posi-
tion with the 1- and 2-LOD significant intervals (van Ooijen
1992) on the linkage map was depicted using MapChart
software (Voorrips 2002).

Phenotypic variation of SYCs in the NsT-RILs

The SSW and other SYCs were evaluated in the NsT-RIL
population and their parental cultivars for two different ex-
perimental conditions (Fig. 1). Other measures of SYCs,
including NS and NSP, and additional statistic data are also
shown in Supplemental Table 3.

SSW values in ‘Natto-shoryu’ were 128 and 148 mg, and
365 and 400 mg in ‘Tachinagaha’ at Mito and Tsukuba ex-
perimental conditions, respectively. These values indicated
significant differences in SSW between the two parental
cultivars for each experimental condition. SSW values in
the NsT-RILs ranged from 145 to 339 mg and 161 to
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Fig. 1. Frequency distributions of seed yield components in the recombinant inbred line population derived from a cross between ‘Natto-shoryu’
and ‘Tachinagaha’ (NsT-RILs) at Mito and Tsukuba experimental conditions. Single seed weight (SSW), number of pods per plant (NP), number
of ovules per pod (NOP), rate of seed-set (RSS), and seed yield per plant (SY) were evaluated for each individual, and values are averaged within
each line. Open and filled triangles represent trait values in ‘Natto-shoryu’ and ‘Tachinagaha’; and arrows represent mean values of the NsT-RILs.

326 mg at Mito and Tsukuba, respectively. These values
were intermediate in comparison to the parental SSW mea-
surements, and the effect of genotype on SSW in the NsT-
RILs was as high as 0.753. The NP values measured in the
RIL population were also intermediate in comparison to the
values measured in their parents, where the small-seeded
parent produced considerably larger NP than any other geno-
types (Fig. 1, Supplemental Table 3). In contrast to SSW
and NP, NOP in the RILs displayed transgressive segrega-
tion at both environments; the range was from 1.89 to 2.70
at Mito, and 2.00 to 2.79 at Tsukuba. ‘Tachinagaha’ had sig-
nificantly larger NOP than ‘Natto-shoryu’ and the average
difference of NOP between the parents was as small as 0.18.
The effect of the genotype on NOP in the NsT-RILs was as
high as 0.889. RSS was the only trait that produced no sig-
nificant difference between the parental cultivars; however,
RSS in the RILs and their parental cultivars varied remark-
ably in individuals, and the experimental condition substan-
tially influenced RSS in the RIL population. SY was signifi-
cantly larger in ‘Natto-shoryu’ compared to ‘Tachinagaha’,
and SY in the RILs also showed transgressive segregation
for both experimental conditions. SY varied considerably in
individual plants (Supplemental Table 3), and therefore
genotype, experimental condition, and their interactive fac-
tor had a limited effect on this trait.

We next analyzed the possible correlations between SSW
and other SYCs in the NsT-RIL population (Table 1). SSW
negatively correlated with NP, NOP, and RSS at both Mito
and Tsukuba and positively correlated with SY at Tsukuba,
but did not associate with SY at Mito. For the other SYCs,
NP and RSS were positively correlated with SY but NP and
RSS exhibited opposite correlations between the two exper-
imental conditions. Correlation coefficients between other
SYC measurements are also shown in Supplemental
Table 4.
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Table 1. Correlation coefficients between seed yield components in
the NsT-RIL population at Mito and Tsukuba experimental conditions

it Experimental

Trai .. SSwW NP NOP RSS
condition

NP Mito —0.440 ***
Tsukuba  —0.211 **

NOP  Mito -0.396 ***  (0.076 NS
Tsukuba  —0.511 *** —0.23] **

RSS  Mito —0.339 ***  0.401 *** —0.004 NS
Tsukuba  —0.362 *** —0.172 * 0.101 NS

SY Mito —0.071 NS 0.820 *** 0.090 NS  0.610 ***
Tsukuba 0.157 * 0.838 *** —0.199 **  —0.066 NS

SSW, single seed weight; NP, number of pods per plant; NOP, number
of ovules per pod; RSS, rate of seed-set; SY, seed yield per plant.

* ¥ and *** represent statistical significance at P < 0.05, 0.01, and
0.001, respectively; NS = not significant.

Construction of the genetic linkage map of the NsT-RILs
by WGSP ver.2

WGSP ver. 2 was used to construct a linkage map of the
NsT-RIL population with a total of 352 SSR markers. Frag-
ment analysis identified polymorphisms between the paren-
tal cultivars of the RIL population at 221 loci; 210 of these
loci were co-dominantly segregated. Of the 72 new markers
that were added in the updated WGSP, 45 were segregated
between the parental cultivars and 41 were co-dominant
(Supplemental Table 1). These co-dominant SSR markers,
as well as the two additional genic markers for the Ln and
E3 loci, were used to genotype the NsT-RILs and calculate
the genetic distance with Kosambi’s map function (Kosambi
1943) (Supplemental Table 1). The genetic linkage map
covered a total of 2,824.3 cM over the 20 soybean chromo-
somes with an average marker interval of 14.7 cM. The
marker order and distance between loci for the constructed
linkage maps, including Ln and the E3, accorded well with
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those of the previous linkage maps (Hwang et al. 2009, Table 5. Two QTLs for NP were located at the correspond-
Jeong et al. 2012, Sayama et al. 2011, Watanabe et al.  ing regions for gSwi2-1 and E3, and were stable at both of
2009). The Ln and E3 genotypes of each line agreed with  the experimental conditions. Both the alleles that increased
phenotypic data from the preliminary evaluation in the Fs NP were derived from ‘Natto-shoryu’. Two QTLs that con-

generation (data not shown). trolled NOP were mapped to the same chromosomal regions
as the gSw13-1 and ¢gSw20-1. These two QTLs had signifi-
OTL mapping of SSW and other SYCs cant effects on NOP and explained nearly 50% of the pheno-

Our QTL analysis detected a total of five QTLs that con-  typic variation at both experimental conditions. The small-
trol SSW (Fig. 2, Supplemental Table 5). Of these, the ef- seeded allele at these QTLs was associated with a positive
fects of the QTLs on Chr. 12, 13, 17, and 20 were stable effect on NOP. The QTLs for RSS were closely mapped to
across the two experimental conditions, and the four QTLs  the ¢gSwi/2-7 and E3 loci. The QTL close to the E3 locus
explained a total of 34.6% and 43.5% of the phenotypic var-  was consistently detected in the RIL population grown at
iations at Mito and Tsukuba, respectively. The small-seeded  the experimental conditions, but the effect on RSS was
alleles at the QTLs on Chr. 12, 13, and 17 were derived entirely different between these conditions. For example,
from ‘Natto-shoryu’, while the small-seeded allele on Chr.  the allele from ‘Natto-shoryu’ increased RSS at Mito, but
20 was derived from ‘Tachinagaha’. The QTLs on Chr. 13,  decreased RSS at Tsukuba. The QTLs for SY were mapped
17, and 20 mapped to the corresponding regions of gSwil3-  to Chrs. 12 and 19, and located near gSw/2-1 and E3, re-
1, gSwli7-1, and gSw20-1, which were identified from an  spectively. The QTL on Chr. 19 was stable across the exper-
RIL population that also had ‘Tachinagaha’ as a parent imental conditions. The late flowering allele at £3 from
(Kato et al. 2014). Thus, we also designated these environ-  ‘Natto-shoryu’ increased SY and NP at both conditions. The
mentally stable QTLs as gSwi2-1, gSwi3-1, gSwi7-1, and  QTLs for NS and NSP are also shown in Supplemental
qSw20-1 based on the previous nomenclature system; the  Table 5.
designations represent the initials of trait names with chro-
mosome number and the rank of the additive effect among  Effect of the SSW OTL on other SYCs
the QTLs on the same chromosome. The proximal markers The effects of the chromosomal regions regulating SSW
of these QTLs were Sat469 or Sat 206 for gSwi2-1, on the other SYCs were investigated by ANOVA in the NsT-
CSSR535 for gSwi3-1, CSSR172 for gSwi7-1, and Ln for  RILs (Table 2). The genotype of each line was estimated
qSw20-1 (Fig. 2). based on the allele genotypes of the flanking markers of the

QTL analyses of NP, NOP, RSS, and SY were also con- QTLs. Although the flanking markers for gSwi2-1 were
ducted and the detailed results are listed in Supplemental  different between the experimental conditions, Sat 206 was

Chr.12 Chr.13 Chr.17 Chr.20
(LG_H) (LG_F) (LG_D2) (LG))
0.0
g:ggg —%4 1.1 Sat_039 —— 0.0 Sat_333 —— 0.0 GMES1405 ——— 0.0
vos4os | [N 34 ” -
® »
w 2 g2 8
2 - 235 Satts71  —|— 254 =
o = zE CSSR535  —— 344 % ; B S £ Sattd19 27 g
BN 2 o & £ Hin z Z S e satt614  ~| |- 443 -
Satt192 49 = £ £ Satt663 444 TR S g sat 219 [ 503
£ g 2323 satt372 | |- 555 Satf496 50.6
oa3 &2 2 =53¢ CSSR172 ~{ |- 61.8 g satt3s4a  — 633
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Fig. 2. Mapping of QTLs associated with single seed weight (SSW) and other seed yield components (SYCs) in the recombinant inbred line
population derived from a cross between ‘Natto-shoryu’ and ‘Tachinagaha’ (NsT-RILs) at Mito and Tsukuba experimental conditions. Environ-
mentally stable QTLs associated with SSW were detected on four chromosomes (Chr. or LG: linkage group); detailed information is noted in
Supplemental Table 3. Box and line symbols indicate 1- and 2-LOD significant intervals, respectively. Triangles indicate LOD peak positions.
Regular and inverted triangles represent that the ‘Natto-shoryu’ allele has positive and negative effects on the trait, respectively.
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Table 2. Effects of each QTL allele detected for single seed weight (SSW) on other seed yield components in the NsT-RILs grown at Mito and

Tsukuba experimental conditions

QTL Allele Experimental condition SSW (mg) NP NOP RSS (%) SY (g)
qSwi2-1 ‘Natto-shoryu” Mito 216 +£36 155+39 2.274+0.17 71.6 +8.0 53.6+£15.8
(Sat_206) (n=90) Tsukuba 220+ 30 165 +£32 2.31+0.19 85.2+4.7 702 +£12.0
‘Tachinagaha’  Mito 244 +31 130 +28 2.29+0.19 67.8 +10.1 48.7+12.2
(n=174) Tsukuba 242 +£29 139 +28 2.324+0.20 83.5+ 53 63.7+11.3
ANOVA Allele ¥Rk (0.130)  *** 0 (0.132) NS (0.003) FEE - (0.017)  ***F o (0.034)
Experimental condition NS (0.000) **  (0.018) NS (0.009) *** (0.492) *** (0.261)
Interaction NS (0.002) NS (0.000) NS (0.000)0 NS (0.002) NS (0.001)
qSwi3-1 ‘Natto-shoryu” Mito 219+39 143 + 37 2.38+0.14 68.7+9.4 503+ 14.1
(CSSR535) (n=89) Tsukuba 218 +31 151 +£35 2.42+0.17 85.1+52 65.9+12.9
‘Tachinagaha’ Mito 238 +32 144 £ 36 2.17+0.14 70.2+9.7 51.7+154
(n="18) Tsukuba 241 +28 157+ 31 221+0.15 84.3+5.1 689+11.5
ANOVA Allele *¥*¥% 0 (0.093) NS (0.002) *** (0.321) NS (0.000) NS (0.005)
Experimental condition NS (0.000) *  (0.020) *  (0.010) *** (0.499) *** (0.266)
Interaction NS (0.001) NS (0.002) NS (0.0000 NS (0.003) NS (0.001)
qSwli7-1 ‘Natto-shoryu” Mito 222 +36 146 + 38 2.26+0.18 69.7+9.9 50.1+14.2
(CSSR172) (n=96) Tsukuba 223 +30 156 +34 2.29+0.18 853+4.7 66.5+12.5
‘Tachinagaha’  Mito 240+ 35 132+£29 2.27+0.17 68.5+9.0 48.6 +12.1
(n="170) Tsukuba 239+ 32 148 +£29 2.31£0.20 84.1+54 67.1+11.1
ANOVA Allele % (0.062)  **  (0.024) NS (0.001) NS (0.003) NS (0.000)
Experimental condition NS  (0.000) *** (0.032) NS (0.009) *** (0.510) *** (0.317)
Interaction NS (0.000) NS (0.002) NS (0.0000 NS (0.0000 NS (0.001)
qSw20-1 ‘Natto-shoryu” Mito 240 +34 139 £33 2.16+0.13 68.9+9.6 49.0+13.2
(Ln) (n=179) Tsukuba 241 +£28 159 £33 2.17£0.12 85.1+£5.0 69.5+£12.1
‘Tachinagaha’  Mito 218 +£35 147 +£39 2.39+0.14 69.9+9.2 52.8+15.7
(n=91) Tsukuba 218 £31 147 +£32 2.45+0.15 84.5+49 65.0+11.8
ANOVA Allele *¥*% 0 (0.109) NS (0.001) ***  (0.465) NS (0.000) NS (0.000)
Experimental condition NS (0.000)  * (0.018)  *  (0.009) F** (0.511) ***  (0.262)
Interaction NS (0.000) ** (0.0200 NS (0.003) NS (0.001) ** (0.017)

The genotype at each environmentally stable QTL for SSW was estimated by the alleles of the flanking markers; Sat 206 for gSw12-1, CSSR535

for gSwi3-1, CSSR172 for gSwi7-1, and Ln for gSw20-1.

SSW, single seed weight; NP, number of pods per plant; NOP, number of ovules per pod; RSS, rate of seed-set; SY, seed yield per plant.

Trait value of each genotype group is shown as mean + standard deviation.

*, %% and *** represent statistical significance at P < 0.05, 0.01, and 0.001 by ANOVA, respectively; NS = not significant.

Values in parentheses indicate effect size (5°) of each factor calculated as a proportion of the sum of squares of the factor to the total sum of

squares.

adopted because the estimated effect of the locus on SSW
was more evident than that of the other flanking marker
(data not shown). Thus, Sat_ 206, CSSR535, CSSR172, and
Ln were employed to estimate gSwi2-1, gSwi3-1, gSwi7-1,
and gSw20-1 allele types, respectively.

The effects of four environmentally stable QTLs on
SSW, gSwi2-1, gSwi3-1, gSwi7-1, and gSw20-1, were also
detected by ANOVA (Table 2). These four QTLs exhibited
effect sizes of 0.062—0.130 individually and of 0.394 in total
for SSW in the NsT-RILs. The chromosomal regions associ-
ated with SSW also contributed to the variation of the other
SYCs. The chromosomal regions for gSw/i2-1 and gSw17-1
contained QTLs for NP, and the small-seeded genotypes at
both these QTLs had increased NP. The QTL for NP was not
detected in the gSwi7-1 region, but the effect of this locus
on NP was significant according to an ANOVA including
trait data measured at both the experimental conditions.
These two QTLs showed an effect size of 0.156 in total for
NP in the NsT-RILs. The chromosomal regions for gSw/3-1
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and gSw20-1 contained QTLs for NOP, and the small-seeded
alleles were associated with increased NOP. The effect size
of these two QTLs was as large as 0.786 in total for NOP in
the NsT-RILs. In addition, the chromosomal region around
qSwi2-1 also related to RSS and SY; at this locus, the allele
derived from ‘Natto-shoryu’ increased both traits. This anal-
ysis indicated the genotype-experimental condition interac-
tions of the gSw20-1 region on NP and SY, but the effect
sizes of these interactions were as small as 0.002 and 0.017,
respectively.

Confirmation of the effects of qSwi2-1 and qSwi3-1 on
SYCs using RHL progenies

The effects of the chromosomal regions containing
qSwi2-1 and gSwi3-1 on SYCs were verified in the RHL
progenies, which were selected from the NsT-RIL popula-
tion as being heterozygous around each locus based on the
genotype of the flanking markers. NsT-RILs 086 and 103
had heterozygous genotypes around the gSwi2-1 regions,
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while NsT-RILs 018 and 111 were selected as RHLs for
qSwi3-1. Those RILs did not segregate at the other QTL
regions that affected SYCs in the F5 generation. The ‘Natto-
shoryu’ and ‘Tachinagaha’ genotypes in the gSwi2-1 or
qSwli3-1 regions were developed from the corresponding
RHLSs, and then applied for the evaluation of each trait.

For ¢gSwi2-1, ‘Tachinagaha’ genotypes had significantly
larger SSW than the ‘Natto-shoryu’ genotypes in the
RHL-086 and RHL-103 genetic backgrounds (Table 3).
NP in the ‘Natto-shoryu’ genotype was higher than in the
‘Tachinagaha’ genotype in RHL-103. Similarly, the ‘Natto-
shoryu’ genotype had higher NP than the ‘Tachinagaha’
genotype in RHL-086, although this difference was not sig-
nificant at P < 0.05. The genotypes in the gSw/2-1 region did
not affect NOP and SY in either background. The effects of
the chromosomal regions that contain gSw/2-/ on SSW and
NP were consistent with the results from the QTL analysis.

SSW and NOP differed among the genotypes in the
qSwli3-1 region in both RHL-018 and RHL-111 back-
grounds (Table 4). The ‘Natto-shoryu’ genotype decreased
SSW and increased NOP. RSS was significantly different
between the ‘Natto-shoryu’ and ‘Tachinagaha’ genotypes in
RHL-018, but the difference was not observed in RHL-111
backgrounds. The effects of the ¢gSw/i3-1 region on SSW
and NOP were uniquely identical to the results of the QTL
analysis.

The ‘Natto-shoryu’ and ‘Tachinagaha’ cultivars differed
substantially in SSW and the RIL population derived from
these cultivars, NsT-RILs, exhibited a wide variation in
SSW, which ranged from 145 to 339 mg (Fig. 1, Supple-
mental Table 3). As no obvious correlation between SSW
and SY was observed (Table 1), the impact of the difference
in SSW on SY would be compensated for by the change in
NS (Supplemental Table 4). All the components of NS,
namely, NP, NOP, and RSS, negatively correlated with SSW
(Table 1). Therefore, the effects of the genetic factors regu-
lating SSW on other SYCs could be dissected using this RIL
population.

Composite interval mapping detected four significant
and environmentally stable QTLs for SSW from the NsT-
RILs that mapped to Chr. 12, 13, 17, and 20; designed as
qgSwi2-1, qSwi3-1, gSwli7-1, and gSw20-1, respectively
(Fig. 2, Supplemental Table 5). The four environmentally
stable SSW QTLs explained approximately 40% of the
phenotypic variance in SSW, and the other part of the
phenotypic variance is probably controlled by many other
undefined QTLs with smaller effects on SSW. Although the
large-seeded allele at gSw20-1 was derived from the
small-seeded parent, the NsT-RILs did not exhibit trans-
gressive segregation in SSW. This suggested that the small-
or large-seeded parents accumulated negative or positive
effect alleles at most of the SSW QTLs, other than ¢gSw20-1;
it was extremely difficult to accumulate an adequate number

183

Breeding Science
Vol. 68 No. 2

BS

of positive or negative effect alleles in order to achieve the
transgressive segregation because approximately half of the
chromosomal segments of each recombinant line was de-
rived from one parental cultivar. The difficulty in achieving
extreme allele combination has also been discussed in other
reports (Alt et al. 2002, Cober and Voldeng 2008, Johnson
etal 2001).

The stable QTL on Chr. 17, gSwi7-1, was mapped to al-
most the same position as that previously reported by Kato
et al. (2014), which was identified using two different RIL
populations derived from crosses between Japanese large-
seeded and US conventional soybean cultivars. The ¢gSw20-
1 is closely linked to the Ln locus; whose recessive allele
governs narrow leaflet morphology. Previous studies indi-
cated a relationship between small seed and narrow leaflet
phenotypes controlled by the Ln locus (Dinkins et al. 2002,
Jeong et al. 2011, Sayama et al. 2017). ‘Tachinagaha’ is a
narrow leaflet cultivar and the small-seeded /n allele at
qSw20-1 was certainly derived from this narrow leaflet par-
ent in the NST-RIL population (Supplemental Table 5).
Previously mapped QTLs for SSW were located around the
chromosomal regions where ¢gSwi2-1 and the gSwi3-1
were detected (Hoeck et al. 2003, Hyten et al. 2004, Kato et
al. 2014, Mian et al. 1996, Specht et al. 2001), but the pres-
ence of these QTLs has not been corroborated to date.

Confirmation of the effect of QTLs in different environ-
mental conditions or genetic backgrounds is an important
process because there are several cases of QTLs that are in-
effective in subsequent practices, such as marker-assisted
selection (Diers et al. 1992, Fasoula et al. 2004). This is
caused by confounding factors such as the genetic structure
of tested populations, environmental effects, and differences
in marker sets used for genotyping (Beavis 1994). Fasoula
et al. (2004) verified QTLs for seed protein, seed oil, and
SSW in soybean using independent sets of RIL populations
derived from the same parental cultivars. As a result, only
one third of the QTLs for those traits were verified and the
effects of other QTLs were not observed. The effects of the
qSwli7-1 and the gSw20-1 on SSW were confirmed in sever-
al genetic studies (Dinkins ef al. 2002, Hirata et al. 2014,
Jeong et al. 2011, Zhou et al. 2015); however, gSwi2-1 and
qSw13-1 have not been corroborated. We have successfully
verified the effects of these QTL regions on SSW using seg-
regants of residual heterozygous lines (RHLs; Yamanaka et
al. 2005) derived from the NsT-RIL population (Tables 3,
4). For the ¢gSwi2-1 region, the ‘Natto-shoryu’ allele de-
creased SSW, and the effects of the gSw/3-1 allele were in
agreement with the QTL mapping results. Therefore, the re-
sponsible gene(s) for these traits was expected to be located
in the chromosomal region that commonly segregated in the
two sets of RHLs.

In the NsT-RILs, SSW was negatively correlated with
NP, NOP, and RSS with respect to their genetic variation,
indicating that the impact of increased SSW might be large-
ly compensated for by decreases in the other SYCs, which
are components of NS (Table 1, Supplemental Table 4).
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Fig. 3. Schematic illustration of the corresponding relationships be-
tween the four single seed weight (SSW) QTLs detected in this study
and the three seed yield components; SSW, the number of pods per
plant (NP), and the number of ovules per pod (NOP). The large seed
alleles at gSwi2-1, gSwi3-1, and gSwi7-1 were derived from the
large-seeded parental cultivar ‘Tachinagaha’, while the large seed al-
lele at gSw20-1 was derived from the small-seeded parent ‘Natto-
shoryu’. These four QTLs had inverse effects on SSW and other seed
yield components where gSwi2-1 and gSwi7-1 loci were associated
with SSW and NP, and ¢Sw13-1 and gSw20-1 loci were involved in the
regulation of SSW and NOP.

The QTL analysis and ANOVA suggested genetic control of
the potential trade-offs between SSW and other SYCs by
the SSW QTL regions, since at each locus the large-seeded
allele decreased in either NP or NOP (Fig. 2, Table 2). In
addition, the effects of gSwi2-1 and gSwi3-1 were verified
by our evaluation of the RHL (Tables 3, 4). The four stable
QTLs for SSW detected in the present study could be classi-
fied into two different groups according to their genetic
effects on SYCs (Fig.3). The chromosomal regions of
qSwi2-1 and gSwi7-1 were involved in the regulation of
SSW and NP, whereas the gSwi3-1 and ¢gSw20-1 regions
were associated with the inverse relationship of SSW and
NOP. Additionally, the chromosomal region around gSw/2-
1 influenced RSS and SY. However, it is not clear whether
the co-regulation of these components was mediated by a
single genetic factor or by independent factors located
closely to each other.

The trade-off between seed/egg size and number is a
well-accepted concept in both plant and animal species
(Sadras 2007, Smith and Fretwell 1974, Venable 1992). The
trade-off takes place under resource-limited conditions, and
changes in allocation patterns of the available resources re-
sult in an inverse relationship between the size and number
of seeds. The present study showed that the large-seeded al-
lele at each QTL for SSW was associated with a decrease in
either NP or NOP (Tables 2—4). These findings suggest that
genetic factors governing the allocation of resources are ca-
pable of pleiotropic properties; if these SYCs are controlled
through the allocation of resources, then the regulation of
SSW could consist of at least two independent mechanisms
that mediate the trade-offs between SSW and NP, as well as
between SSW and NOP.

Despite the negative correlation between SSW and RSS
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(Table 1), genetic regulation of this trade-off relationship
was less evident, in contrast to trade-offs between SSW and
NP, and between SSW and NOP; this is possibly because
the trade-off between SSW and RSS might be regulated by
small-effect genetic factors. Alternatively, there may be no
strict genetic control for this trade-off, but potentially heavy
SSW might be more vulnerable to decline in RSS. This indi-
cates that the large-seeded genotype carries a greater repro-
ductive sink capacity than the small-seeded genotype but
that the resource availability adjusts the actual sink size
through RSS. This supposition can also explain the positive
correlations between RSS and SY at Mito and between
SSW and SY at Tsukuba (Table 1), given that resource
availability was limited only in the Mito experimental con-
dition. The positive effect of the £3 allele on RSS at Mito
(Supplemental Table 5) may also reflect increased resource
availability in the E3 genotype, while the inverse relation-
ship at Tsukuba might indicate that RSS is susceptible to the
environment to which the plant exposed. More research is
needed to better understand the detail of the trade-off rela-
tionships between SYCs.

This study shows that the chromosomal regions that reg-
ulate SSW also control other SYCs, and thus selection for
SSW involves changes in these other SYCs. Deeper under-
standing of the genetic architecture of SSW regulation
would facilitate the manipulation of SSW, and help us un-
derstand the genetic basis of seed yield formation. The
QTLs detected in the present study are attractive targets for
functional analysis, and will contribute to elucidating a
more complete picture of SSW regulation.
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