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Abstract Narrow leaflet cultivars tend to have more
seeds per pod than broad leaflet cultivars in soybean [Gly-
cine max (L.) Merr.], which suggests that the leaflet-shape
trait locus is tightly linked to or cosegregates with the trait
locus controlling the number of seeds per pod (NSPP).
Here, we attempted to further elucidate the relationship
between leaflet shape and NSPP. A BC,F, population from
a cross between the ‘Sowon’ (narrow leaflets and high
NSPP) and ‘V94-5152’ (broad leaflets and low NSPP) vari-
ants was used. The results of the molecular genetic analyses
indicated that, although the NSPP characteristic, in particu-
lar, the occurrence of 4-seeded pods, is governed by addi-
tional modifying genes that are likely present in Sowon, the
two traits cosegregate in the BC5F, population. The map-
ping results generated using public markers demonstrated
that the narrow leaflet-determining gene in Sowon is an
allele of the previously highly studied /n gene on chromo-
some 20. A high-resolution map delimited the genomic
region controlling both the leaflet shape and NSPP traits to
a sequence length of 66 kb, corresponding to 0.7 cM.
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Among the three genes annotated in this 66 kb region,
Glyma20g25000.1 appeared to be a good candidate for the
Ln-encoding gene, owing to its 47.8% homology with the
protein encoding for the JAGGED gene that regulates lat-
eral organ development in Arabidopsis. Taken together, our
results suggested that phenotypic variations for narrow
leaflet and NSPP are predominantly from the pleiotropic
effects of the In gene. Thus, our results should provide a
molecular framework for soybean breeding programs with
the objective of improving soybean yield.

Introduction

The selection of stable genotypes with increased seed yield
is one of the most important goals of different breeding pro-
grams. Seed yield is determined by the number of seeds per
unit area and seed weight. In the case of the soybean, the
number of seeds per unit area is a product of the number of
plants per unit area, the number of pods per plant, and the
number of seeds per pod. Among these soybean yield
components, the number of seeds per pod has long been
suggested to be tightly associated with the soybean /n gene,
which controls leaflet shape (Takahashi 1934; Domingo
1945).

Domingo (1945) studied crosses between broad (ovate)
and narrow (lanceolate) leaflet types and suggested a cross-
over percentage of approximately 7.9 between the narrow
leaflet gene and a gene presumed to control the number of
seeds per pod (NSPP). On the other hand, Johnson and
Bernard (1962) identified a high NSPP and narrow leaflet
as pleiotropic effects of the same allele. Weiss (1970) con-
cluded that the narrow leaflet allele exerts a major pleiotro-
pic effect in increasing the frequency of 4-seeded pods, but
the expression of the 4-seeded trait was decidedly affected
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by the vigor of the plant and its modifying genes. Bernard
and Weiss (1973) attributed the control of soybean leaflet
shape to a single gene (In), with broad dominant over nar-
row (Sawada 1988).

Due to an association between NSPP and leaflet shape,
a number of studies have been performed to evaluate the
effects of the narrow leaflet gene on seed yield. Mandl and
Buss (1981) reported that broad and narrow leaflet soy-
bean isolines showed the same seed yield, but narrow
leaflet plants consistently showed smaller seeds than
broad leaflet plants. Thus, it has been implied that the nar-
row leaflet plants produced a greater number of seeds,
because they possessed more seeds per pod. You et al.
(1995) also reported that, in an examination of 72 soybean
cultivars to determine the effects of leaflet shape on seed
yield and its components, no significant difference was
observed between the broad and narrow leaflet lines in
terms of average seed yield or number of pods per plant.
However, significant differences for seed size and number
of seeds per pod were noted. Dinkins etal. (2002)
reported that, when yields and yield components within
broad (Ln/Ln), heterozygous (Ln/In), and narrow (In/In)
leaflet types were compared in a population derived from
crosses between broad and narrow leaflet soybean culti-
vars, the heterozygous leaflet plants generated signifi-
cantly more pods per plant and higher plant yields in
general than plants with either broad or narrow leaflets;
they concluded that the heterozygous condition at the
locus for leaflet morphology resulted in heterosis for plant
yield. Although soybean yield has generally been
described in terms of the total soybean seed weight per
unit area (Pedersen and Lauer 2004), the result that the
narrow leaflet plants tend to produce a greater number of
seeds is particularly interesting because the number of
seeds is a critical yield component for specialty soybean
markets. For example, quantitative trait loci for soybean
sprout yield are associated negatively with seed-weight
loci (Lee etal. 2001), supporting the observation that
small-seeded soybean cultivars tend to have higher soy-
bean sprout yields (Kwon et al. 1981).

Collectively, narrow leaflet cultivars tend to have
more seeds per pod than broad leaflet cultivars. The
causes of this association might include either the tight
linkage of genes that control independent traits or pleio-
tropic effects of the target gene for both of the traits. The
principal objective of this study was to construct a high-
resolution map of a chromosomal region that controls the
narrow/broad leaflet trait, in order to elucidate in detail
the genetic relationship between leaflet shape and NSPP.
The results of molecular genetic analyses of NSPP, one
of the components of soybean yield, should facilitate the
development of novel soybean cultivars with high yield
potential.
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Materials and methods
Plant materials

A BC;F, population from a cross between the soybean cul-
tivars ‘Sowon’ and ‘V94-5152° served as a segregating
population for the establishment of linkage relationships
between molecular markers and the narrow leaflet-shape
trait presumed to be determined by the In gene (hereafter,
referred to as the SV population). Sowon was released for
soybean sprouts in 1999, has a narrow leaflet shape, and
generates approximately 70% 3-seeded pods and 5-10%
4-seeded pods (Park et al. 2000). V94-5152 was registered
as a resistant germplasm that contains the Rsv4 allele con-
ferring resistance to a broad range of soybean mosaic virus
strains (Buss et al. 1997). V94-5152 has a broad leaflet
shape and generates approximately 80% 2-seeded pods and
0% 4-seeded pods.

The SV population was developed in an effort to transfer
the dominant Rsv4 allele from the donor parent, V94-5152
(Rsv4), to the recurrent parent, Sowon (rsv4). Sowon as
females was crossed with V94-5152 as males to produce F,
seeds in summer 2002 in the field at Suwon, Korea. Con-
firmed F, plants were backcrossed to Sowon as females to
produce BC,F, seeds in a greenhouse at Suwon during the
winter of 2002/2003 and then the backcrossing of the
BC,F, to Sowon was repeated to produce BC,F, seeds.
During backcrossing, we made sure that, in addition to the
Rsvé4 gene, the narrow leaflet trait (the /n gene) of Sowon,
which has been shown to be tightly linked with the
increased NSPP trait, was retained. All F; and BC,F, plants
were screened with molecular markers (including Satt558
and Satt634) linked to Rsv4 (Hwang et al. 2006) and a few
markers randomly chosen from the 20 soybean linkage
groups (Song et al. 2004) in order to confirm that they are
true crosses containing the Rsv4 gene. Their leaflet shape
trait was assessed by visual inspection. All BC,F, plants
and their progeny were screened with the molecular mark-
ers linked to Rsv4 and a total of 80 molecular markers ran-
domly chosen from each of the 20 soybean linkage groups
(Song et al. 2004) for a background selection purpose and
their leaflet shape trait was assessed by visual inspection
(J.-K. Moon, unpublished data). Finally, the Sowon plants
were crossed with a BC,F, plant that was found to harbor
the homozygous broad leaflet trait and Rsv4 gene based on
the analysis of their progeny. Four families of F, plants
derived from four BC;F, seeds were segregated for both
narrow/broad leaflet shapes and Rsv4/rsv4. The four fami-
lies, which contained 60 (PM340), 64 (PM341), 72
(PM342) and 113 (PM343) F, plants, respectively, were
combined into the SV population, which consisted of a total
of 309 F, individuals. The F, seeds were spaced at 15-cm
intervals in consecutive hill rows separated by 1 m in the
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Ochang field of the Korea Research Institute of Bioscience
and Biotechnology in 2007.

Measurement of leaflet shape

The leaflet shape of each of the F, plants was determined on
the basis of the leaflet length/width ratio of the F, plant
itself, as well as 15-20 F; plants from each of 309 F,,
lines, as recommended by previous studies (Sawada 1992;
Chen and Nelson 2004). The selected representative leaflet
of each F, plant was the center leaflet of a fully expanded
leaf at the third or fourth node on the main stem from the
top of the reproductive phase 1 plant (Fehr and Caviness
1977). Fifteen seeds from each F,.; line were planted in
18-cm plastic pots containing a 1:1 mixture of top soil and
commercial potting soil in a greenhouse in the winter of
2007/08. The length/width ratio is the ratio between the
maximum length to width of the leaflet. As the selected
leaflet might not be a representative of the plant, additional
visual inspections, including occasional measurements, of
the shapes of many leaflets in each plant were conducted
for verification purposes at each week over the next
3 weeks. The leaflet shapes were recorded as either narrow
or broad.

Measurement of number of seeds per pod

When the plant growth reached reproductive phase 8, in
which 95% of the pods had reached their mature (brown or
tan) color, the numbers of 1-, 2-, 3-, and 4-seeded pods
were recorded for each of the plants. The number of poten-
tial seeds for each plant was obtained by summing the num-
bers of 1-, 2-, 3-, and 4-seeded pods multiplied by one, two,
three, and four, respectively. Pods having seeds that did not
develop perfectly and even the pods that dropped were all
included in the total number calculated. The seeds-per-pod
value for each plant was calculated for each plant by divid-
ing the total number of potential seeds by the total number
of pods.

In order to precisely determine the exact genotype (in
particular, heterozygous genotype) of each F, plant, the
seeds-per-pod phenotypes were collected from 15 F; plants
from each of 309 F,.; lines grown at the Ochang field in
2008. Fifteen seeds from each F,.; line were planted in the
same fashion as were the F, seeds. The ends of the rows
were bordered by 10 seeds of each of two parents.
Although several poorly grown F,.; lines posed some diffi-
culty, visual inspections almost always allowed us to deter-
mine the seeds-per-pod phenotypes of the F,.; lines. The
phenotyping of those poor-grown F,.; lines and the lines
that contained a recombination within a distance of approx-
imately 1 centiMorgan (cM) from the /n locus was repeated
in 2009.

DNA extraction and marker analysis

Young trifoliolate leaf tissues were collected from the 309
field-grown F, individuals of the SV population and soy-
bean parents. Soybean genomic DNA was isolated as
described previously by Saghai-Maroof et al. (1984). For
quick preparation from the F,.; line plants, soybean geno-
mic DNA was isolated using a FastDNA® Kit in accor-
dance with the manufacturer’s protocols (MP Biomedicals,
Solon, OH, USA).

DNA from the SV population was genotyped using pub-
licly available markers (Cregan etal. 1999; Song et al.
2004; Yang et al. 2008), as well as primers designed for
this study, which were derived from the microsatellite
sequences observed in the Williams 82 whole genome shot-
gun (WGS) sequence (Schmutz et al. 2010; also released at
http://www.phytozome.net). For the markers designed in
this study, SSR regions were identified via visual inspection
of microsatellite repeats on the targeted sequence region
using the ‘Search’ option in a text format, and primers were
designed using the web-based Primer3 platform (Rozen and
Skaletskyv 2000).

Amplification using microsatellite and allele-specific
PCR primer sets was conducted as described by Jeong and
Saghai Maroof (2004) and Cregan et al. (1999). In brief,
the polymerase chain reaction (PCR) mixture contained
20 ng of total genomic DNA, 1x PCR buffer (10 mM
Tris—HCI, 50 mM KClI, pH 8.3), 2.5 mM MgCl,, 100 nM
of each forward/reverse primer, 0.16 mM of each dNTP
and 0.25 unit of Taq polymerase for a total volume of
20 pl. Standard PCR was conducted as follows: a denatur-
ation step at 94°C for 5 min, 34 cycles at 94°C for 30 s,
43-58°C for 30 s and 72°C for 30 s and an extension step
at 72°C for 5 min and followed by a 4°C soak. The PCR
products were separated on either 6.25% denatured poly-
acrylamide gel electrophoresis (PAGE) with silver stain-
ing or on 2-3% agarose gel electrophoresis with ethidium
bromide staining.

Heredity and linkage analysis

Chi-square analyses were performed to test for the good-
ness of fit to the expected ratios of the allele frequencies of
leaflet shape trait, NSPP trait, and molecular marker data.
Normality was evaluated using the QQ-plot computation
in Excel (Bremer and Doerge 2010). The associations
between markers and NSPP and leaflet length/width ratio
traits were evaluated using the single-factor analysis of var-
iance of the SAS® software version 9.2 (SAS Institute,
Cary, NC, USA). Genetic map distances were calculated
using the MAPMAKER 3.0b computer program (Lander
et al. 1987), at a log likelihood of 5.0, with a maximum hal-
dane distance of 50 cM.
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Fig. 1 The differential leaflet and pod shapes of the individuals of the
BC;F, population derived from the cross ‘Sowon’ x ‘V94-5152°.
a Representative trifoliolate leaves that show narrow leaflet shape in
the Sowon type (left) and broad leaflet shape in the V94-5152 type

Results
Genetic segregation of leaflet shape

The results of measurements of the length/width ratios of
the representative leaflets allowed the precise leaflet-shape
phenotyping of most F, plants, with a few intermediate rep-
resentative leaflets. However, subsequent visual observa-
tions of the shapes of many leaflets in each plant over
3 weeks allowed us to unambiguously distinguish between
the broad and narrow leaflet lines in the SV population,
thereby indicating that those intermediate leaflets repre-
sented atypical ones on those plants. Thus, the F, plants
from the SV population could be divided into broad or nar-
row leaflet lines on the basis of the leaflet length/width
ratios of the selected representative leaflets (Fig. 1a), in
addition to visual observations conducted over the 3 weeks
of the study. The mean value of the narrow leaflet type for
the length/width ratio among F, plants from the SV popula-
tion was 2.62 %+ 0.2 (Table 1). The mean length/width ratio
of the broad leaflet type was 1.84 + 0.19. Thus, the differ-
ence of the mean values between the two leaflet types is
comparable to the difference of the leaflet length/width
ratios between Sowon and V94-5152 (Table 1). The leaflet
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(right). b Representative pod shapes that exhibit many more 3-seeded
pods (marked with arrow heads) in the Sowon type and many more
2-seeded pods (marked with arrows) in the V94-5152 type

shape of the Sowon (In) type was categorized as the narrow
(lanceolate) class and the leaflet shape of the V94-5152
(Ln) type was categorized as the broad (ovate) class. The
segregation of the leaflet shapes of F, plants fitted a ratio of
3 broad:1 narrow (Table 2). The segregation of the leaflet
shapes of F, plants obtained from 15 F; plants from each of
309 F, ., lines displayed a 1:2:1 ratio (broad leaflet: hetero-
zygous: narrow leaflet) (Table 2).

Genetic segregation of the number of seeds per pod

Initially, we attempted to phenotype the seeds-per-pod trait
of the F, plants in the PM340 and PM343 populations, on
the basis of the presence/absence of the 4-seeded pod, as
suggested previously by Zhu and Sun (2006), assuming that
the 4-seeded pod would exist predominantly in the narrow
leaflet-type plants. The segregation ratio of absence to pres-
ence of the 4-seeded pod appeared to fit a ratio of 1:3
(Table 2). These results seemed to indicate that, in contrast
to the widely accepted hypothesis that both the seeds-
per-pod and leaflet-shape traits are recessive, the presence of
the 4-seeded pod was governed by a single dominant locus.
When the obtained phenotype data were compared with the
leaflet shape data in addition to the molecular marker data
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Table 1 Means of Sowon and V94-5152 plants for leaflet- and seed-related traits combined over 2 years, 2007 and 2009

Soybean Leaflet  Leaflet length/ Number of Number of Percentage of 1-, 2-, 3, and 4-seeded pods Weight of

parent shape width ratio seeds per pod  seeds per plant® 100 seed (g)
1-seeded 2-seeded 3-seeded 4-seeded

Sowon Narrow 2.93 273 707 19 71 7 13.87

V94-5152  Broad 1.93 1.98 687 13 78 9 0 16.36

# Except the number of seeds per plant, all other trait means were significantly different at the 0.05 significance level between Sowon and V94-

5152 in paired 7 test analysis

Table 2 Segregation and chi-square tests for leaflet length/width ratios, numbers of seeds per pod, and presence/absence of 4-seeded pods of

BC;F, and BC5F, .5 progeny from Sowon x V94-5152

Trait* Generation Observed number of plants Expected Goodness-of-fit
ratio

V94-5152 type Heterozygote Sowon type 7 P
Leaflet length/width ratio F, 241 - 68 3:1 1.48 0.78
F, 78 163 68 1:2:1 1.58 0.55
Number of seeds per pod F, 132 38 3:1 0.635 0.58
F, 78 163 68 1:2:1 1.58 0.55
Presence/absence of 4-seeded pods F, 32 - 139 1:3 3.60 0.06

? For leaflet length/width ratio, V94-5152 type is broad and Sowon type narrow; for number of seeds per pod, V94-5152 type is low and Sowon
type high; for presence/absence of 4-seeded pods, V94-5152 type is absence and Sowon type presence

(described below), approximately two-thirds of the F, indi-
viduals with the 4-seeded pods comprised the heterozygous
leaflet-shape plants with a majority of 2-seeded pods. The
4-seeded pods were also observed in 22 of the homozygous
broad leaflet-shape plants. Regardless of this observation,
because only one or two of the 4-seeded pods were detected
in many heterozygous individuals, correct phenotyping of
the seeds-per-pod trait solely on the basis of the presence/
absence of the 4-seeded pod was clearly problematic.
Therefore, the seeds-per-pod trait was phenotyped based on
the number of seeds per plant divided by the number of
pods per plant rather than the presence/absence of 4-seeded
pod, as suggested previously by Domingo (1945) and
Dinkins et al. (2002).

The seed traits of the Sowon cultivar was compared with
those of V94-5152 (Table 1). The Sowon plants contained
3% one-, 19% two-, 71% three-, and 7% 4-seeded pods.
V94-5152 contained 13% one-, 78% two-, 9% three-, and
0% 4-seeded pods. Thus, the 3-seeded pod was identified as
the principal seeds-per-pod characteristic of the Sowon cul-
tivar and the 2-seeded pod was the major characteristic of
the V94-5152 variant (Fig. Ib). However, because V94-
5152 contained a far greater number of 2-seeded pods than
the Sowon cultivar, the total numbers of seeds per plant of
the Sowon cultivar was not significantly different from that
of the V94-5152 cultivar. The weight per 100 seeds of V94-
5152 was greater than that of Sowon. Thus, yield analyses
including the total seed weight per unit area or the total
number of seeds per plant, which were reported by Mandl

and Buss (1981) using the broad and narrow leaflet soybean
isolines, could not be applied to the SV population.

The number of seeds per pod and the number of pods of
170 F, individuals in the PM340 and PM343 subpopula-
tions of the SV population were thoroughly counted
(Fig. 2). A significant and positive correlation was found to
exist between the NSPP values and the length/width ratios
of the representative leaflets of the 170 F, individuals
(Pearson’s correlation coefficient = 0.64, P < 0.0001). The
frequency distributions of the NSPP values for each plant in
those subpopulations are shown in Fig. 2. The distribution
tended toward bimodality with high values constituting the
smaller portion of the curve, as would be expected in cases
of single dominant gene inheritance. When these data were
divided by the genotypes of the leaflet-shape trait already
established for the F, individuals, the frequency of each
genotype was distributed normally. The two unimodal dis-
tributions appeared to be normal distributions on the nor-
mality tests. The modal distribution with high NSPP values
contained homozygous narrow leaflet individuals, and the
modal distribution with low values harbored homozygous
and heterozygous broad leaflet individuals, with a single
exception. The NSPP value of the single exceptional
individual was rather low, owing to the unusually high
number of 1-seeded pods. Although the average number of
1-seeded pods for a plant was 13.5 in the total population,
the plant contained 76 one-seeded, 120 two-seeded, 143
three-seeded, and 15 four-seeded pods. The NSPP value of
the V94-5152 was located at the lower end of the modal

@ Springer



870 Theor Appl Genet (2011) 122:865-874
Fig. 2 Bimodal distributions of 50 1
the number of seeds per pod P OLn/In BLn/in B ln/in
(NSPP) for a total of 170 F, indi-
viduals in the ‘Sowon’ x ‘V94- “ 40 1
5152’ population. The NSPP =
values were normally distributed =
when they were divided by & 30 -
Ln/Ln and Ln/In genotype and =]
In/In genotype groups ] %
= —
E 20 - v
<
8 2
10 4 l
| = N

1.85 1.95 2.05

distribution with low NSPP values, thereby suggesting the
presence of additional modifying genes likely from the
Sowon cultivar. The means and standard deviations of the
larger and smaller normal distributions were 2.31 £ 0.12
and 2.78 &£ 0.21, respectively. The number of segregates in
the larger and smaller normal distributions showed a good
fit to a 3:1 ratio (Table 2).

The NSPP phenotypes of the rest of the F, individuals in
the SV population, as well as those from each of the 309
F,.; lines, were determined via visual inspection. The segre-
gation for the NSPP genotypes of F, plants obtained from
the 15 F; plants derived from each of 309 F,.; lines dis-
played a 1:2:1 ratio (Table 2). Comparisons between the
leaflet-shape and NSPP genotypes of each of the 309 F,
plants in the SV population demonstrated that, in every
case, the broad leaflet-shape individuals corresponded with
the low NSPP individuals, the leaflet-shape heterozygotes
with the NSPP heterozygotes, and the narrow leaflet-shape
individuals with the high NSPP individuals. The results
demonstrated that the two traits cosegregated in the SV
population.

Linkage mapping of In

The genotyping results of 309 F, individuals of the leaflet
shape were cosegregating with those of the NSPP trait deter-
mined from the F,.; lines. Because our mapping population
was an advanced backcrossed BC;F, population, 6.25% of
the polymorphic markers between Sowon and V94-5152
would be hypothesized to be polymorphic in the BC;F, pop-
ulation. In other words, a portion of the polymorphic mark-
ers that were originally polymorphic between Sowon and
V94-5152 ought to be linked to the leaflet shape and NSPP
traits segregating in the BC;F, population. Therefore, we
attempted to screen the public soybean microsatellite mark-
ers reported in the studies of Cregan et al. (1999), Song et al.
(2004), and Yang et al. (2008), as part of a broader effort to
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select polymorphic markers between the Sowon, BC,F,
obtained by pooling genomic DNAs from the BC,F, plants
(progeny of the BC,F, donor parent harboring the homozy-
gous Ln gene on the basis of the phenotyping of its F, prog-
eny), and V94-5152 plants. At the time at which the nearly
50 microsatellite markers were screened, Sat_105 and
Satt270 on the soybean molecular linkage group I (chromo-
some 20) were found to be polymorphic between the BC,F,
and Sowon plants. Interestingly, Sat_105 and Satt270 have
been previously identified as markers linked to the /n gene
(Song et al. 2004). Then, Sat_105 and Satt270 were geno-
typed in the 309 individuals of the SV population. As a
result, Sat_105 and Satt270 were mapped 3.1 and 3.6 cM
from the /n locus, respectively, on one side of /n in the SV
population (Fig. 3). Single-factor analysis of variance also
identified significant associations (P <0.0001) between
these markers and the quantitative NSPP values and leaflet
length/width ratios of the F, individuals in the SV popula-
tion (Table 3). To further corroborate the chromosomal
region on chromosome 20 and also to map markers on the
other side from /n, additional public markers, which were
expected to delimit the /n locus detected by Sat_105 and
Satt270 on the basis of the maps constructed by Song et al.
(2004) and Yang et al. (2008), were mapped in the SV popu-
lation. We mapped a total of three public microsatellite
markers (SM315, Satt270, and Sat_105) to one side of the
vicinity of the /n locus and mapped the four public microsat-
ellite markers (Sat_268, Satt049, Satt671, and Sat_418) to
the other side of In (Fig. 3). The results showed that the nar-
row leaflet-determining gene in Sowon is an allele of the
previously established In gene.

Construction of the high-resolution map
The sequences of the public molecular markers delimiting

In were used in BLAST searches against the soybean
whole-genome sequence. The results demonstrated that,



Theor Appl Genet (2011) 122:865-874

871

Fig. 3 High-resolution genetic
map of the chromosomal region
around the /n on molecular link-
age group I (chromosome 20),
encoding for a leaflet shape reg-
ulator. Markers were mapped in
a 309-individual BC;F, popula-
tion of the ‘Sowon’ (In) x ‘V94-
5152’ (Ln). Map distances of
markers from SM315 are given
in centiMorgans (cM). For this
particular genetic map, a genetic
distance of 0.2 cM represents a
single recombination event
between two loci

1 (Chromosome 20)

0.0 ~A—SM315
0.3 ——Satt270

0.8 ——Sat_105

~ | Ln_at001
\_ /' Ln_at003

N}/ Ln_at004

\' / Ln_attre, In

R Ln_atre04, Ln_atre06
[T |Ln_at006, Ln_at008
437 M n_at013

6.8 —1— Sat_268
10.8 —— Sati049
e
-
26.1 —-— Satt671

27.3 —o— Sat_418

based on the positive hits containing the most significant
alignment, Sat_105 and Sat_268, the closest markers on
both sides of /n, delimit 0.94 Mb between the nucleotide
positions 34.23 Mb (Sat_105) to 35.17 Mb (Sat_268) on
chromosome 20 of the soybean plant.

In order to develop markers linked more closely to the /n
gene, primers were designed to target microsatellite regions
in this chromosome sequence (Table 4). As a result, we
mapped nine new microsatellite markers in the vicinity of
In (Fig. 3). Ln_atre04, Ln_atre06, Ln_at006, and Ln_at008
were cosegregating in our mapping population; however,
Ln_atre04 is the marker located closest to In on the soybean
chromosome sequence. In our mapping population, a
genetic distance of 0.2 cM represented a single recombina-
tion event between two loci. Among the markers,
Ln_at004, the closest markers to [n on the Sat_105 side, is
located 0.5 cM from [n; Ln_atre04, the closest marker on
the Sat_268 side, is located 0.2 cM from In; and Ln_attre
cosegregates with /n. Single-factor analysis of variance also
identified significant associations (P < 0.0001) between
these markers and the quantitative NSPP values and leaflet
length/width ratios of the F, individuals in the SV popula-
tion (Table 3). The markers accounted for approximately
30% more phenotypic variation for the leaflet length/width
ratio trait than for the NSPP trait. Ln_attre, which cosegre-
gates with In, showed the highest R> values for both the
NSPP (55.4%) and leaflet length/width ratio (83.7%) traits
(Table 3). Mapping the two markers Ln_at004 and
Ln_atre04 to the soybean whole genome shotgun sequence
(Schmutz etal. 2010), we determined that this 0.7-cM
region corresponded to a sequence length of approximately
66 kb, giving rise to a recombination rate of 93 kb/cM. This
recombination rate is approximately 4.5-fold higher than

Table'3 Single-factor analysis Trait Marker p R? (%)  Allelic means®
of variance between the leaflet
length—width ratio and number SS SV vV
of seeds per pod and markers
mapped between Satt270 and Leaflet length/  Satt270 <0.0001  68.5 256 (67) 1.92(166)  1.66 (76)
Sat_268 on soybean chromo- widthratio gy 105 <0.0001 70.1  2.56(68) 1.96(163) 1.66 (78)
some 20 in a BC;F, population
from the cross of Sowon and Ln_at001 <0.0001  77.3 259(69) 1.95(162)  1.65(78)
V94-5152 Ln_at003 <0.0001  79.1 259 (70)  1.94(161)  1.65(78)
Ln_at004 <0.0001  80.3 2,60 (69) 1.94(162) 1.65(78)
Ln_attre <0.0001  83.6 2.62(68) 1.94(163) 1.65(78)
Ln_atre04, Ln_atre06,  <0.0001  83.6 262(68) 1.94(164) 1.64(77)
Ln_at006, Ln_at008
Ln_at013 <0.0001 826 261(69) 1.94(163) 1.64(77)
Sat_268 <0.0001  74.1 258 (70) 1.94 (163)  1.65(73)
Number of Satt270 <0.0001  43.6 271(37) 237095  2.22(39)
seeds perpod g1 105 0.0089 455 271 (38) 236(94)  2.22(39)
Ln_at001 <0.0001 483 281 (37) 234(96)  2.22(38)
Ln_at003 <0.0001  50.9 2.73(38) 2.35(95)  2.22(38)
Ln_at004 <0.0001  50.9 2.73(38) 2.35(95)  2.22(38)
Ln_attre <0.0001  55.4 275(38) 235095  2.22(38)
Numbers of F, individuals are Ln_atre04, Ln_atre06,  <0.0001  55.4 275(38) 235(95)  2.22(38)
presented in parentheses Ln_at006, Ln_at008
* 58 homozygous Sowon, Ln_at013 <0.0001 554  275(38) 235(95)  2.22(38)
vV homozygous V94-5132, Sat_268 <0.0001 530  274(38) 235(90)  2.23(39)

SV heterozygous
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Table 4 List of PCR primer sequences, core repeat motifs, and nucleotide positions on the soybean whole genome shotgun sequence of micro-
satellite markers linked to the /n locus developed in this study

Marker Primer Primer sequence (5" — 3') Core repeat Nucleotide position
name specificity motif on chromosome 20 (kb)
Ln_at001 Forward CAAGATACACTTAGCCTTTT AT 34586
Reverse TTATATTCAATCCTTATCGTG
Ln_at003 Forward TTCTATCGATTTGTCATTTT AT 34616
Reverse TTATGTCTTAGTATAAGAATTTGA
Ln_at004 Forward AAAAGAATATATATCTGTGATGA AT 34638
Reverse TATTTATGCTGTTTCATAAT
Ln_attre Forward GTTTCTTTTTGCCATTTAC ATT 34687
Reverse GAATATGCAGAAGCAATTAAC
Ln_atre04 Forward GATTTGATCTCTTTTCATTCA AT 34704
Reverse GAAATCCAACTACGTACACTG
Ln_atre06 Forward GAATCATGAATATGGGAATA AT 34709
Reverse GCAAATCCACCATACATACAT
Ln_at006 Forward AAATGATAATCGAATTGCT AT 34726
Reverse TTCAAAAACATTTTCCTTTA
Ln_at008 Forward AGTTGTGAAGTGTGTTCAAT AT 34750
Reverse TAAATGAAAATTTCGGATAA
Ln_at013 Forward AAAAATATCAAAGGGAGATT AT 34842
Reverse TTATGCTAGTTGCTTCTTTT

the genome average of approximately 440 kb/cM. We also
observed two ambiguous sequence components presented
by N in this 66-kb region. Thus, the exact size of the DNA
fragment between Ln_at004 and Ln_atre04 could not be
predicted.

According to the soybean gene annotation database
accessible at Phytozome v5.0 (http://www.phytozome.net,
as of March 2010), only three predicted genes (Glyma20g
24980.1, Glyma20g24990.1, and Glyma20g25000.1) exist
within this 66-kb region. Glyma20g24980.1 may encode
for a hypothetical protein, Glyma20g24990.1 for a ribo-
somal protein L15, and Glyma20g25000.1 for another
hypothetical protein. Of particular interest, the predicted
peptide sequence of Glyma20g25000.1 is 47.8% homolo-
gous to the zinc finger (C2H2 type) family protein encoded
for by the JAGGED gene, which is necessary for the proper
shaping of lateral organs and is sufficient to induce the pro-
liferation of lateral organ tissue (Dinneny et al. 2004; Ohno
et al. 2004).

Discussion

The first step in establishing a marker-assisted selection
scheme for leaflet shape-regulating genes would be to con-
struct a high-resolution genetic linkage map in the vicinity
of the In gene. Sat_105 and Sat_268 have been previously
identified as markers linked to the In gene (Song et al.

@ Springer

2004). Our results demonstrated that the narrow leaflet-
determining gene in the Sowon cultivar is located between
Sat_105 and Sat_268, thereby indicating that the gene in
Sowon is an allele of the previously highly studied /n gene.
We then constructed a high-resolution map by locating
additional markers developed from the soybean genome
sequence (Schmutz et al. 2010). The high-resolution map
delimited the Ln chromosomal region to a sequence length
of approximately 66 kb. The results showed that one of
the predicted genes, which is 47.8% homologous to the
JAGGED gene that regulates lateral organ development
(Dinneny et al. 2004; Ohno et al. 2004), is located within
the same chromosomal region as the Ln locus. Although
further experimental tests including a complementation test
will be required in the near future, the gene is likely a good
candidate gene regulating the broad/narrow leaflet shape, as
well as the NSPP trait.

Phenotyping methods of the number-of-seeds-pod trait
have been inconsistent in previous studies. Takahashi
(1934) divided the phenotypes of the NSPP trait into two
classes, according to whether less than 10% or more than
10% of the pods from a given plant were 4-seeded. More
recently, Zhu and Sun (2006) divided the F, plants into two
classes based on the presence/absence of the 4-seeded pod.
By contrast, Domingo (1945) and, more recently, Dinkins
et al. (2002) divided the phenotypes of the NSPP trait into
two classes, using the values obtained by dividing the total
number of potential seeds by the total number of pods. In
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our initial attempt to assess the phenotype of the NSPP
trait, we followed the former, simpler method. The compar-
ison of the obtained 4-seeded-pod phenotype data with the
leaflet shape and molecular marker data demonstrated that,
in addition to plants with a homozygous narrow leaflet
shape (In/ln), the majority of the plants heterozygous in the
leaflet shape (Ln/ln) and some of the homozygous broad
leaflet-shape (Ln/Ln) plants with the low NSPP values con-
tain more than one 4-seeded pod. The results indicated that
the presence of the 4-seeded pod predominated in our map-
ping population. By way of contrast, when we compared
the leaflet shape genotypes with the genotypes of the NSPP
trait obtained via the latter method, the high NSPP pheno-
type appeared to be recessive and both the leaflet shape and
the NSPP genotypes cosegregated in our mapping popula-
tion. Our findings suggested that, consistent with the con-
clusions by Weiss (1970), the seeds-per-pod trait, or at least
the presence/absence of the 4-seeded pod, is governed not
only by a single In or a gene tightly linked with In, but also
by additional modifying gene(s) that are probably present
in the Sowon cultivar. This modifying gene hypothesis is
supported to some degree by the location of the NSPP value
of the V94-5152 at the lower end of the modal distribution
with low NSPP values (Fig. 2), the poor fit of the presence/
absence of the 4-seeded pod to a 3:1 ratio (Table 2), and the
lower explained phenotypic variation for the NSPP trait
than for the leaflet length/width ratio trait observed in the
single-marker analysis (Table 3).

A long-debated hypothesis in soybean research involves
whether the leaflet trait (narrow or broad) and the NSPP
trait are determined by independent genes, or represent
pleiotropic effects of a single gene. This study demonstrated
that these traits cosegregate in the Sowon x V94-5152
BC;F, population. In flowering plants, new lateral organs
including leaves and flowers develop continuously via a
reiterative organogenesis process that occurs at the shoot
apical meristem. Leaf development mutations frequently
induce pleiotropic phenotypes and this phenomenon is par-
ticularly salient in the process of flower development
(Johnson and Bernard 1962; Weiss 1970; Hofer et al. 1997,
Dinneny etal. 2004; Ohno etal. 2004; Tattersall et al.
2005). For examples, LEAFY/UNIFLOLIATA regulates
both leaf and flower morphogenesis in the pea (Hofer et al.
1997). The pea mutant crispa, which is defective in the
PHANTASTICA gene and evidences a reduced leaflet
width-to-length ratio similar to that of the soybean In
mutant, exhibited pleiotropic phenotypes in several aspects
of flower development (Tattersall et al. 2005). Conversely,
combinations of floral homeotic mutations result in the con-
version of floral organs to leaf-like structures (Bowman
etal. 1993). These results indicated that common regula-
tory processes are operant during the production of leaves
and flowers. Interestingly, seed production per pod, one of

the relevant characteristics of mature flowers, was lower in
cri-2 mutants than in the the wild-type cultivar, due to
lower numbers of ovules and less frequent fertilization in
cri-2 mutant carpels than in the wild-type cultivar (Tattersall
et al. 2005). In this study, we demonstrated that, unlike the
crispa mutant, the /n mutant most likely induces a pleiotro-
pic phenotype, increasing the NSPP, with a lack of comple-
mentation test.

Obtaining greater insights into the inheritance of the nar-
row leaflet trait may prove beneficial in breeding efforts for
specialty small-seeded soybeans, including soybean sprouts
(Lee etal. 2001). We have constructed a high-resolution
map of a chromosomal region controlling the narrow leaflet
trait for the eventual cloning of the /n gene, thus suggesting
that yield, like other traits, may be improved by individu-
ally manipulating the component traits using molecular
genetic tools. This research provides a leading example of
the exploitation of the soybean whole genome sequence to
elucidate an economically important soybean gene at the
molecular level. The molecular markers that resulted from
this research are expected to benefit soybean breeders in a
fairly direct way. The future cloning and functional elucida-
tion of this yield-regulating locus is expected to provide
fundamental knowledge useful in efforts to improve the
yields of soybean and other crops.
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