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Abstract Low temperature is among the critical envi-

ronmental factors that limit soybean production. To

elucidate the genetic basis for chilling tolerance and

identify useful markers, we conducted quantitative trait

loci (QTL) analysis of seed-yielding ability at low tem-

perature in soybean (Glycine max), using artificial climatic

environments at usual and low temperatures and recombi-

nant inbred lines derived from a cross between two

contrasting cultivars in terms of chilling tolerance. We

identified a QTL of a large effect (LOD [ 15, r2 [ 0.3)

associated with seed-yielding ability only at low tempera-

ture. The QTL was mapped near marker Sat_162 on

linkage group A2, where no QTL for chilling tolerance has

previously been identified. The tolerant genotype did not

increase the pod number but maintained the seed number

per pod and single seed weight, namely, the efficiency of

seed development at low temperature. The effect of the

QTL was confirmed in a segregating population of heter-

ogeneous inbred families, which provided near-isogenic

lines. The genomic region containing the QTL also influ-

enced the node and pod numbers regardless of temperature

condition, although this effect was not primarily associated

with chilling tolerance. These results suggest the presence

of a new major genetic factor that controls seed develop-

ment specifically at low temperature. The findings will be

useful for marker-assisted selection as well as for under-

standing of the mechanism underlying chilling tolerance in

reproductive organs.

Introduction

Low temperature is among the critical environmental fac-

tors that limit agricultural production worldwide.

Therefore, a large number of studies have dealt with low-

temperature stress in plants with the final goal of improving

chilling/freezing tolerance (Mahajan and Tuteja 2005).

Extensive studies at the molecular level have advanced our

understanding of the regulatory mechanisms underlying

response and tolerance to low temperature, (for review, see

Thomashow 1999; Yamaguchi-Shinozaki and Shinozaki

2006; Chinnusamy et al. 2007; Penfield 2008). Quantitative

trait loci (QTL) analysis has also been conducted to unravel

the genetic basis for low-temperature tolerance and identify

molecular markers useful for marker-assisted selection

(MAS) (e.g., Andaya and Mackill 2003a; Jompuk et al.

2005). However, plant materials used in those works were

biased toward vegetative organs. As a next step, molecular
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genetic analysis on chilling tolerance in reproductive

organs of crop plants is important to identify key regulators

of stable seed-yielding ability under stress conditions since

the regulatory mechanisms might differ in different tissues

(Chinnusamy et al. 2007). It should also be noted that some

studies showed no correlation between tolerance to stress

in vegetative organs and seed productivity (Leipner et al.

2008), which is the final target in many crops.

Some varieties of soybean (Glycine max) in Hokkaido,

the northernmost island of Japan, are more tolerant to low

temperatures at the reproductive phase than are standard

varieties (Raper and Kramer 1987). QTL analysis has been

conducted to identify loci associated with such chilling

tolerances (Funatsuki et al. 2005). A major QTL was

identified in the vicinity of the T locus, which had previ-

ously been found to be associated with chilling tolerance

with the T allele conferring a higher level of chilling tol-

erance (Morrison et al. 1994; Takahashi and Asanuma

1996). The QTL is likely to affect every yield component

(Funatsuki et al. 2005) as well as vegetative growth at low

temperatures (Kurosaki et al. 2004). In addition, some

maturity genes, which control flowering and maturity times

(Palmer et al. 2004), have been reported to be associated

with chilling tolerance (Kurosaki et al. 2004; Funatsuki

et al. 2005; Takahashi et al. 2005). The E1e3e4 alleles at

the maturity loci conferred higher levels of chilling toler-

ance than did other genotypes. However, little is known

about other QTLs for chilling tolerance although several

cultivars without the T and E1e3e4 alleles are tolerant to

low temperatures at the reproductive phase.

In the present study, we conducted QTL analysis of

soybean chilling tolerance at the reproductive phase using

recombinant inbred lines (RILs) derived from a cross

between a chilling-sensitive variety and a chilling-tolerant

variety without the T and E1e3e4 alleles (Shirai et al. 2004;

H. Funatsuki, unpublished results). The objectives of this

study were: (1) to identify new QTL for chilling tolerance,

(2) to characterize the effects of the QTL on yield com-

ponents and (3) to clarify the genetic association between

the QTL and other traits.

Materials and methods

Plant materials

A total of 192 RILs at the F5 and F6 generations were

derived from the cross between the soybean (Glycine max

(L.) Merr.) varieties Toyomusume (TM) and Toyoharuka

(TR). TR is among the most chilling-tolerant varieties

without the T allele (Shirai et al. 2004), while TM is rel-

atively chilling-sensitive (Kurosaki and Yumoto 2003). F6

RILs were derived from the F5 plants grown in growth

chamber D, which is described below. Heterogeneous

inbred families (HIFs) segregating for the marker closest to

the putative QTL for chilling tolerance were developed as

described below and were used.

Plant growth conditions and phenotyping of RILs

A total of 156 RILs were grown in growth chambers to

estimate chilling tolerance for seed yield according to the

method developed by Funatsuki et al. (2005) with several

modifications. The F5 and F6 plants were grown in 2006

and 2007, respectively. Seeds were sown in March of both

years. Two plants of a RIL in each generation were used to

evaluate chilling tolerance of the RIL. One plant was

subjected to chilling treatment, while the other plant was

used as a control. Since one pot contained two plants,

plants from two RILs were grown in a pot. The combina-

tions of the RILs were decided randomly for the F5

generation, while RILs with similar flowering and maturing

times were grown in the same pot for the F6 generation.

Parental cultivars were planted in three pots in each tem-

perature regime in each year. A set of 84 pots were placed

in each environment in each year: 78 pots for RILs and 6

for the parental varieties.

The temperature regimes were set according to Method

III described by Funatsuki et al. (2004). Plants were grown

until first flowering at 22/17�C with 15 h light in walk-in

growth chambers A and B. One of a pair of pots was placed

in growth chamber A and the other was placed in growth

chamber B. The pots were placed randomly, but the paired

pots were set at the same position in each chamber. To

minimize the effect of possible heterogeneous climate

within these growth chambers, the positions of the pots

were changed within the chambers every week. Upon

flowering of plants, the pots in growth chamber A were

moved to the chilling environment (15/15�C) and those in

growth chamber B were transferred to the control envi-

ronment (24/17�C). For different environments, another

two walk-in growth chambers (C and D) were used.

Growth chambers C and D were used for chilling and

control environments, respectively. The placement of pots

and the rotation were carried out in the same way in growth

chambers C and D.

Plant height, flowering and maturity times, node number,

pod number, seed number, seed weight and pod wall weight

were recorded for each plant. Flowering and maturity dates

were scored at first flowering and at discoloration of 95%

pods corresponding to the developmental stages of R1 and

R8 (Fehr et al. 1971), respectively. Seeds of less than 2 mm

in diameter at maturity were excluded. Seed weight was

calibrated to contain 15% moisture content using a moisture

meter (PM-830-2, Kett Science, Tokyo, Japan), while pod

wall weight was scored as DW.
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Genotyping of RILs, HIFs and seeds

The F5 RIL plants (156 RILs grown in growth chambers C

and D and an additional 36 RILs grown in a greenhouse)

were used for genotyping. DNA was isolated from leaves

or seeds as described by Funatsuki et al. (2008).

Polymerase chain reactions (PCR) for simple sequence

repeat (SSR) markers were performed as described previ-

ously (Funatsuki et al. 2005) with a few modifications of

the use of a 384-well thermal cycler (GeneAmp PCR

System 9700, Applied Biosystems, Foster City, CA, USA)

in addition to a 96-well thermal cycler and the use of

AmpliTaq Gold polymerase (Applied Biosystems).

PCR products were separated using 3.5% (w/v) agarose,

6% (w/v) non-denaturing polyacrylamide and 6% (w/v)

denaturing polyacrylamide gel electrophoreses according

to the size difference between amplicons for the parental

cultivars as described previously (Funatsuki et al. 2005).

Map construction

TM and TR were tested with 714 simple sequence repeat

(SSR) markers previously placed on integrated soybean

genetic linkage maps (Yamanaka et al. 2001; Song et al.

2004). In the regions where markers were placed densely

and polymorphic markers had previously been found, no

more markers were screened. One hundred and five poly-

morphic markers were chosen to avoid redundancy in terms

of map position. The 192 RILs were genotyped with these

SSR markers. The F5 RIL plants grown in growth chamber

C were genotyped with SSR markers on the linkage groups

(LGs) where QTL were suggestively found using the map

constructed for plants in growth chamber D. MAPMAKER/

EXP 3.0b (Lander et al. 1987) was used to determine the

LGs and the orders of the markers with the threshold of

minimum logarithm of odds (LOD) value of 3.0. Map-

Manager QTX (Manly et al. 2001) was used to estimate

genetic distances between the markers. When unlinked LGs

and markers were located on the same linkage group of the

map of Song et al. (2004) and MapManager QTX confirmed

the linkage between the LGs/markers (P \ 0.05), these

markers were placed on the same linkage group with the

order determined by Song et al. (2004). The heterozygotes

at each marker locus were dropped from the data set

according to the programs used. The analysis employed the

default values including Haldane map function. The

nomenclature of LGs was according to Song et al. (2004),

based on the common markers mapped.

Production and growth conditions of HIFs

A HIF, which is also known as the next generation of a

residual heterozygous line (Yamanaka et al. 2005), is

developed from an RIL in which the genomic region of

interest is segregated with the other regions being fixed and

can provide plant materials equivalent to near-isogenic

lines (Tuinstra et al. 1997). HIFs were developed from

RILs that were heterozygous at Sat_162 (forward primer

50-GCG TGG TTT TTC GCT GGA TAT A-30, reverse

primer 50-GCG CAT TTC GTA ACA TAT TTT TCA C-

30), the nearest marker to the putative major QTL for

chilling tolerance. The F6 seeds in the F5 plants grown in

growth chamber D were genotyped at Sat_162 and were

sorted into TR, heterozygous and TM genotypes. Thus, the

progeny derived from an F5 plant constituted an HIF.

Seeds of 11 HIFs were sown in August 2007. Two pots

for each homozygous genotype of each HIF were placed in

growth chamber A with one pot containing two plants.

Upon flowering, one of the two pots with the same geno-

type was moved to growth chamber C and the other was

moved to growth chamber D. Consequently, a total of 22

plants with the same genotype at Sat_162 were examined

for a temperature regime. The other growth conditions

were identical to those for the RILs except for the growing

season.

Data analysis

Since it is useful to dissect a complex trait into component

traits for QTL analysis (Yin et al. 2004), total seed weight

per plant, which is equivalent to seed yield, was resolved

into its components, pod number per plant, seed number

per pod and single seed weight as follows:

Total seed weight ¼ Pod number per plantð Þ
� seed number per podð Þ
� single seed weightð Þ:

Normality test with the Shapiro-Wilk index (Shapiro and

Wilk 1965), analysis of variance (ANOVA), and correla-

tion and regression analyses were carried out using the

PROC UNIVARIATE, GLM, CORR and REG procedures,

respectively (SAS Institute 1996). The PROC GLM pro-

cedure was also used to calculate the r2 value of the marker

class in one-way ANOVA. Comparison between the

genotypes at Sat_162 in HIFs was performed by using the

pairwise t test with the mean values for the lines of the TM

and TR genotypes in the same family being a pair.

QTL analysis

QTL analysis was performed using the phenotypic trait

values of the RILs and the linkage maps constructed as

described above. The F6 generation was analyzed with the

genotypes of corresponding parental F5 plants since the

heterozygous genotype at any marker was ignored in the

programs used. Single marker regression analysis was
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performed using MapManager QTX. Composite interval

mapping (CIM) was performed using QTL Cartographer

ver. 2.5 (Wang et al. 2005). We ran CIM model 6 with a

window size of 10 cM for each trait separately. Marker

covariates for CIM were identified using a stepwise for-

ward and backward regression (P = 0.1). The genome was

scanned at 2-cM intervals. Confidence intervals for QTL

position were established as the region around the peak

location where there is one order of magnitude (1 LOD)

change in the probability of a false-positive (Lander and

Botstein 1989). One thousand permutation tests were per-

formed on each trait to establish empirical LOD thresholds

at the 5% a level for experiment-wise Type I error

(Churchill and Doerge 1994).

Results

Phenotypes of parents

All of the seed yield components of the chilling-sensitive

variety Toyomusume (TM) decreased in the chilling

environment, resulting in a drastic reduction of total seed

weight per plant (Table 1). In TM, some pods with nor-

mally developed pod walls contained no visible seeds

(Fig. 1a, c). On the other hand, the chilling-tolerant variety

Toyoharuka (TR) maintained seed number per pod and

single seed weight at high levels in the chilling environ-

ment, while the pod number per plant decreased similarly

to that in TM (Table 1, Fig. 1b, c). Total seed weight per

plant in the chilling environment was consequently much

larger in TR than in TM. TR had a plant architecture of

fewer nodes on branches, in agreement with the fact that

this variety is recognized as a low-branching type (Shirai

et al. 2004). Accordingly, TM had larger numbers of pods

in both environments than did TR. Regarding the traits of

the main stem, the two varieties were very similar in the

control environment, while large differences in seed

number per pod and single seed weight were found in the

chilling environment, indicating that the greater decrease in

seed-yielding ability of TM in the chilling environment is

not attributed simply to the nature of TM having more pods

on branches, a large part of which developed after the

exposure to low temperature. These results indicated that

alleviation of the drastic drop in seed number per pod and

single seed weight at low temperature is a major factor for

chilling tolerance of TR.

Phenotypic variation among RILs

Phenotypic variation for yield components among the F6

RILs is shown in Fig. 2. While the frequency distributions

of the RIL population for seed number per pod and single

seed weight in the control environment fitted normality

(Fig. 2c, e), those in the chilling environment significantly

deviated from normality (Fig. 2d, f), especially due to the

low values of kurtosis (-0.67 for seed number per pod and

-1.18 for single seed weight). These results suggested the

presence of major genetic factors controlling seed number

per pod and single seed weight specifically in the chilling

environment. While the frequency distributions for pod

number and total seed weight per plant were distorted

Table 1 Mean values (±standard error, n = 6) for the traits measured in the two parental soybean varieties at control and low temperatures

Trait Control temperature Low temperature CTIa

TM TR TM TR TM TR

Whole plant

No. of nodes 22.3 ± 0.9 14.5 ± 1.7**b 19.0 ± 0.5 14.2 ± 2.4* 85 98

Total seed weight (g) 27.9 ± 1.3 18.9 ± 0.9*** 1.9 ± 0.4 6.5 ± 0.3**** 7 34

No. of pods 44.7 ± 0.9 26.2 ± 1.6**** 21.5 ± 1.2 11.8 ± 0.7**** 48 45

No. of seeds per pods 1.53 ± 0.08 1.62 ± 0.14 ns 0.74 ± 0.07 1.50 ± 0.05**** 49 92

Single seed weight (mg) 408 ± 9 458 ± 10** 118 ± 11 371 ± 13**** 29 81

Main stem

No. of nodes 10.0 ± 0.3 10.0 ± 0.0 ns 9.8 ± 0.2 10.2 ± 0.3 ns 98 102

Total seed weight (g) 16.0 ± 1.4 16.4 ± 1.2 ns 1.4 ± 0.2 6.1 ± 0.4 **** 9 37

No. of pods 23.7 ± 1.7 20.3 ± 1.4 ns 13.7 ± 0.7 10.8 ± 0.9 * 58 53

No. of seeds per pods 1.59 ± 0.05 1.75 ± 0.09 ns 0.84 ± 0.04 1.54 ± 0.08 **** 53 88

Single seed weight (mg) 428 ± 13 465 ± 12 ns 119 ± 12 374 ± 15 **** 28 80

TM var. Toyomusume, TR var. Toyoharuka

aCTI ¼ Mean trait value at the low temperatureð Þ
Mean trait value at the control temperatureð Þ � 100

b Significant at the levels of 0.05*, 0.01**, 0.001*** and 0.0001**** by Student’s t test
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regardless of the environment (Fig. 2a, b, g, h), a lower

value of kurtosis was scored for total seed weight in the

chilling environment compared with that for total seed

weight in the control environment.

QTL analysis of chilling tolerance, plant architecture

and maturing habit

The resulting genetic linkage map covered 1,508 cM

(Table 2). Few or no polymorphic markers were found in

some regions, resulting in the separation of several of 20

linkage groups (LGs) constructed by Song et al. (2004).

Consequently, the markers constituted 25 LGs and seven

unlinked markers.

QTL analysis of yield components and several traits

associated with plant architecture and maturing habit was

conducted for the F5 and F6 RILs grown in the control and

chilling environments using the linkage map constructed.

Single marker regression analysis was first performed for

the unlinked markers, resulting in no significant association

of these markers with the traits examined. CIM at the

empirical threshold values for seed number per pod and

single seed weight identified a highly significant QTL near

simple sequence repeat (SSR) marker Sat_162 on LG A2

Fig. 1 Pods of soybeans grown

in the chilling environment at

maturity. Plants were grown at

15�C from the stage of

flowering to maturity. a Pods on

the uppermost node of a main

stem of chilling-sensitive var.

Toyomusume(TM). b Pods on

the uppermost node of a main

stem of chilling-tolerant var.

Toyoharuka (TR). c Insides of

the pods shown in a (left) and

shown in b (right). d Opened
pods of lines of the TM and TR

genotypes at Sat_162 from a

heterogeneous inbred family.

Pods in a row were derived from

a single plant
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Fig. 2 Frequency distributions of F6 recombinant inbred lines (RILs)

for traits associated with seed-yielding ability. Traits are pod number

per plant (a, b), seed number per pod (c, d), single seed weight (e, f)
and total seed weight per plant (g, h) at control (a, c, e, g) and low (b,

d, f, h) temperatures. The vertical axes represent number of RILs,

while the horizontal ones indicate trait values. Parental mean values

are indicated with arrows (TM chilling-sensitive var. Toyomusume,

TR chilling-tolerant var. Toyoharuka). W indicates Shapiro-Wilk

index. Deviation from normality was significant at the levels of

0.01**, 0.001*** and 0.001****

Table 2 Markers used and linkage groups

LG in IMa No. of markers No. of LGs Map length (cM)

Screened Polymorphic Mapped Unlinked Linked

A1 41 3 2 0 2 1 17

A2b 46 8 7 0 7 1 166

B1 29 8 4 1 3 1 64

B2 16 14 7 0 7 1 75

C1 32 6 4 1 3 1 41

C2 48 4 4 1 3 1 69

D1a 36 11 5 0 5 2 66

D1b 46 11 7 0 7 1 143

D2 47 10 6 1 5 2 67

E 42 5 3 1 2 1 8

F 36 14 8 1 7 1 133

G 29 11 5 0 5 1 64

H 31 8 6 0 6 1 148

I 32 5 3 1 2 1 12

J 47 5 3 0 3 1 0

K 24 5 4 0 4 1 69

L 31 9 9 0 9 2 116

M 45 8 5 0 5 2 74

N 25 15 6 0 6 1 77

O 31 17 7 0 7 2 98

Total 714 177 105 7 98 25 1,508

a Linkage groups on the integrated map constructed by Song et al. (2004)
b Markers designed in the present study are not included
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for each trait in the chilling environment in both generations

(Fig. 3, Table 3). These QTL explained over 30 and 40% of

total variance for seed number per pod and single seed

weight, respectively. At these QTL the TR alleles had

positive effects. QTL analysis for total seed weight per plant

in the chilling environment also revealed a significant QTL

near Sat_162 with the TR allele having positive effects,

although a QTL of relatively small effect for pod number

per plant was identified with the TR allele having negative

effects. In addition, significant QTL for node number and

maturity were identified near Sat_162 with the TM allele

having positive effects. The observation of plants suggested

that the effect of the TM allele at the QTL near Sat_162 on

retarding maturity in the chilling environment was attrib-

uted to the slow discoloration of the pods containing no or

small seeds. In the control environment, QTL of relatively

small effect for pod number, total seed weight and node

number were found near Sat_162 with the TM alleles

having positive effects. As for other regions, significant

QTL for several traits in the control environment were

detected near Satt519 on LG B1. In this region, a QTL of a

relatively large effect controlling maturity time was

identified, and this QTL probably influenced the other traits

as well. However, no significant QTL were detected on LG

B1 for the RILs grown in the chilling environment.

Although several QTL were identified in other regions, the

effects of the QTL were relatively small and of low repro-

ducibility. These results indicated a central role for the

genomic region near Sat_162 in chilling tolerance of TR.

No QTL for flowering time or maturity time were detected

on LGs C2, I or L, which confirmed that TR is of the same

genotype at the E1, E3 at E4 loci as TM (e1E3E4).

Since genes that have small effects could be missed to

reduce false-positive QTL declarations (Holland 2007),

comparison of mean values and ANOVA of the RILs with

the Sat_162 marker class were performed to examine

possible associations of the genomic region including

Sat_162 with traits for which no significant QTL were

identified by CIM. In the control environment, no or only a

slight difference between the genotypes at Sat_162 was

detected in flowering and maturity times, plant height, or

yield components except for pod number (Table 4). The

ovule numbers per pod were equal for both genotypes

regardless of the temperature condition.

Fig. 3 Linkage map and locations of quantitative trait loci (QTL) for

traits associated with seed-yielding ability, maturing habit and plant

architecture at control and low temperatures. Abbreviation of each

trait and temperature regime is given in the box. Numbers 5 and 6

under the abbreviated trait name indicate that the QTL were identified

in F5 and F6 generations, respectively. For example, WL56 indicates

the QTL for single seed weight at low temperature, which was

identified in the F5 and F6 generations. Open triangles indicate the

positions of the LOD peaks of QTL with the Toyoharuka (TR) allele

having a positive effect, while closed triangles represent the positions

of the LOD peaks of QTL with the Toyomusume (TM) allele having a

positive effect. Bars indicate putative regions of QTL. A reduction of

one LOD value from the LOD peaks was used to define borders of the

confidence intervals. To avoid complexity, the regions of QTL for the

same trait in F5 and F6 generations under the same temperature

condition were integrated in one bar in the case of the confidence

intervals being overlapped. Maturity time, plant height, and node

number were not recorded for the F5 RILs at low temperature.

Linkage groups (LG) were designated according to Song et al. (2004).

Linkage groups with no QTL are omitted from this figure
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Analysis with HIFs

To confirm the influence of the genomic region near

Sat_162 on the traits associated with seed-yielding ability

at low temperature and plant architecture, HIFs were

developed. Although the distances among the markers near

the QTL for chilling tolerance in this genomic region are

quite large, the Sat_162 locus was computed to be very

close to the QTL (Fig. 3). Therefore, the Sat_162 marker

class was used for the development of HIFs. Since three-

way ANOVA suggested the presence of genetic difference

in the traits examined among families with little interaction

with the genotype at Sat_162 (data not shown), a pairwise t

test was used to estimate the differences in the effects of

Table 3 List of quantitative trait loci (QTLs) identified for traits related to seed yield, maturity habit and plant architecture at control and low

temperatures

Trait Temp. Generation Thresholda Position LOD r2 Additive effectd

LGb Markerc

No. of pods per plant Control F5 2.8 B1 Satt519 6.1 0.20 -3.5

F6 2.6 A2 Sat_162 4.0 0.11 -2.9

B1 Satt519 3.1 0.08 -2.5

H Satt635 2.8 0.06 -2.3

Chilling F5 2.8 A2 Sat_162 4.2 0.10 -1.6

F6 2.7 A2 Sat_162 4.5 0.12 -2.0

No. of seeds per pod Control F6 2.8 B1 Satt519 3.6 0.17 -0.09

Chilling F5 2.8 A2 Sat_162 13.9 0.36 0.27

F6 2.8 A2 Sat_162 17.6 0.38 0.31

Single seed weight (mg) Control F5 2.9 A1 Sat_271 3.2 0.09 -15

F6 2.8 O Satt653 3.8 0.12 -21

Chilling F5 2.8 A2 Sat_162 17.7 0.41 74

F6 2.7 A2 Sat_162 19.3 0.42 70

D1a Satt184 4.8 0.06 28

Total seed weight (g) Control F5 2.7 B1 Satt519 4.0 0.10 -2.2

F6 2.7 A2 Sat_162 3.7 0.09 -2.2

B1 Satt519 4.1 0.12 -2.6

Chilling F5 2.8 A2 Sat_162 8.0 0.18 1.1

F6 2.8 A1 Sat_271 5.3 0.11 -0.9

A2 Sat_162 15.5 0.31 1.6

Flowering time (day) – F5 2.9 B1 Satt519 4.2 0.12 -0.44

O Sat_321 3.1 0.10 0.39

F6 2.8 B1 Satt519 3.6 0.11 -0.48

O Satt576 4.6 0.11 0.49

Maturity timee (day) Control F5 2.8 B1 Satt519 6.2 0.18 -5.2

F6 2.8 B1 Satt519 9.6 0.22 -3.4

Chilling F6 2.9 A2 Sat_162 6.2 0.15 -3.2

No. of nodese Control F5 2.8 B1 Satt519 4.9 0.18 -1.5

F6 2.9 A2 Sat_181 4.3 0.12 -1.4

H Satt635 3.8 0.14 -1.6

Chilling F6 2.8 A2 Sat_162 4.6 0.12 -1.5

Plant heighte (cm) Control F6 2.8 B1 Satt519 3.0 0.09 -2.1

Chilling F6 2.7 F Sat_197 4.9 0.16 2.2

a Empirical LOD threshold value at the 0.05 alpha level by 1000 permutation test
b Linkage groups (LG) were designated according to Song et al. (2004)
c The marker closest to the QTL
d The additive effect indicates the effect of Toyoharuka (TR) alleles in comparison to a Toyomusume (TM) allele. Thus, when this value is

negative, the TR allele reduces trait value
e Maturity time, plant height, and number of nodes were not recorded for the F5 RILs at low temperature

1484 Theor Appl Genet (2009) 118:1477–1488

123



the genotypes at Sat_162. Total seed weight, seed number

per pod and single seed weight were markedly different

between the genotypes at Sat_162 in the chilling environ-

ment (Figs. 4, 1d). The TM genotype showed larger

numbers of nodes and pods regardless of the temperature

condition. These results were consistent with those for the

RILs. Pod wall weight was larger for the TM genotype

even in the chilling environment in contrast to seed weight.

Similar results were obtained where the data for main

stems were analyzed (Fig. 4).

Association between chilling tolerance

and low-branching nature

To examine whether the chilling tolerance controlled by

the QTL near Sat_162 was achieved as a result of low-

branching nature and small pod number, correlation and

regression analyses were performed for the F6 RIL popu-

lation grown in the chilling environment. Significant

inverse correlations between the traits associated with

chilling tolerance and the numbers of nodes and pods were

found for the whole population (Table 5), although the r2

values were less than those computed for the Sat_162

marker class, i.e., 0.57 for seed number per pod and 0.53

for single seed weight. Separation of the population

according to the Sat_162 marker class reduced the levels of

correlation, and no significant correlation was observed for

the population composed of the TM genotypes. These

results indicated that the genomic region near the Sat_162

locus accounted for a large part of the association between

the chilling tolerance and the natures of low-branching and

setting fewer pods.

Discussion

QTL analysis for yield components revealed that the QTL

with large effects for seed number per pod and single seed

weight at low temperature are the major genetic factors

associated with the chilling tolerance of TR. The seed

number per pod should be influenced by ovule number per

pod and fertilization efficiency. In the present study, seed

abortion at early stages was also involved, since we did not

count very small seeds. Considering that pod number per

plant, which is dependent on fertilization efficiency, and

ovule number per pod were not larger in the TR genotype

at the QTL at low temperature, the genotypically differ-

ential values in seed number per pod at low temperature

should be associated with genotypic difference in seed

development efficiency. The QTL for seed number per pod

and single seed weight at low temperature were mapped at

almost the same position near Sat_162 between Sat_181

and Sat_233 on LG A2. Taken together, the results indi-

cate that the QTL for seed number per pod and single

seed weight in the chilling environment are probably

the same locus, which controls seed development at low

temperature.

In rice, several QTL associated with chilling tolerance at

the reproductive phase have been identified (Saito et al.

2001; Takeuchi et al. 2001; Andaya and Mackill 2003b;

Table 4 Mean values for the traits measured in the RILs of the Toyomusume (TM) and the Toyoharuka (TR) genotypes at SSR marker Sat_162

Temperature regime Trait F5 F6

Genotype at Sat_162 Genotype at Sat_162

TM TR TM TR

Control Days to flowering (day) 37 38 37 38*a

Days to maturity (day) 117 114 124 124

Plant height (cm) 93.4 92.4 78.4 78.5

No. of branches 1.3 0.9 2.3 1.9**

No. of pods on main stem 23.3 22.9 21.4 20.1

No. of ovules per podb ND ND 2.11 2.12

No. of seeds per pod 1.77 1.84 1.60 1.66

No. of seeds per pod on main stem 2.1 2.1 1.67 1.71

Single seed weight (mg) 412 414 478 480

Single seed weight for main stem (mg) 424 427 491 498

Total seed weight for main stem (g) 18.6 18.2 17.8 16.8

Chilling No. of ovules per podb ND ND 1.97 1.97

a Significant at the levels of 0.05* and 0.01** by one-way ANOVA
b The trait was not measured in the F5 generation
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Kuroki et al. 2007). All of them have been reported to

condition fertility of spikelets at low temperature, which is

mainly determined by tolerance of the male reproductive

organ (Satake and Hayase 1970). In soybean, the major

QTL near the T locus associated with chilling tolerance at

the reproductive phase was shown to influence every yield

component as well as the vegetative growth at low tem-

perature (Kurosaki et al. 2004; Funatsuki et al. 2005).

Other minor QTL were likely to be associated with fertil-

ization (Funatsuki et al. 2005). In contrast, the QTL near

Sat_162 found in the present study appeared to play a

crucial role specifically in seed development at low tem-

perature. The larger value in pod wall weight in the TM

genotype at Sat_162 relative to that in the TR genotype in

the HIFs suggests that even general sink strength at low

temperature is unaffected by this QTL. Thus, a new type of

chilling tolerance gene may underlie the QTL. Pyramiding

the tolerance allele at the QTL near Sat_162 and those at

the QTL reported previously may be effective to attain a

higher level of chilling tolerance.

Some genes conferring tolerance to environmental stress

have been demonstrated to influence plant growth even

under non-stress conditions (e.g., Shan et al. 2007). Anal-

yses with the RILs and HIFs in the present study revealed

the possible influence of the genomic region including

Sat_162 on other traits. The nature of fewer nodes on

branches and relatively small pod number per plant in TR

was also observed under relatively low planting-density

conditions in the field, while TR exhibits a pod number per

plant comparable to that of TM under high planting-density

conditions (Shirai et al. 2004). Analyses on the traits of

main stem in the present study indicate that the chilling

Fig. 4 Comparison of several traits between the lines of the

Toyomusume (TM) and Toyoharuka (TR) genotypes at Sat_162 in

heterogeneous inbred families at control and low temperatures.

a Node number, b pod number, c total seed weight, d pod wall

weight, e seed number per pod, f single seed weight. Solid and open
boxes in a–d indicate the mean values for main stem and those for

branches, respectively. M and R indicate the TM and the TR

genotypes, respectively. Open and solid boxes in e and f indicate the

mean values for the TM and TR genotypes, respectively. Upper and

lower asterisks in a–d represent statistic significance for the whole

plant and for the main stem, respectively. Significant at the levels of

0.05*, 0.01**, 0.001*** and 0.001**** by pairwise t test, respec-

tively. WP and MS indicate whole plant and main stem

Table 5 Relationship between traits associated with chilling tolerance and plant architecture in the F6 RIL population

Traits at low temperature Whole population (n = 156) TM genotype at Sat_162 (n = 70) TR genotype at Sat_162 (n = 70)

No. of nodes No. of pods No. of nodes No. of pods No. of nodes No. of pods

No. of seeds per pod Corr. Coeff.a -0.45**** -0.37**** -0.11 ns -0.07 ns -0.34** -0.23 ns

r2b 0.20 0.13 0.00 -0.01 0.10 0.04

Single seed weight Corr. Coeff. -0.45**** -0.34**** -0.13 ns 0.05 ns -0.21 ns -0.16 ns

r2 0.20 0.11 0.00 -0.01 0.03 0.01

a Pearson’s correlation coefficient. Significant at the levels of 0.01** and 0.0001****
b r2 represents the value of adjusted r2 that was calculated using the REG procedure (SAS Institute 1996)
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tolerance conferred by the TR allele at the QTL is not due

to the plant architecture of fewer branch nodes that develop

in a large part after flowering, i.e., the time of starting

chilling treatment. Correlation and regression analyses

suggest that pod number is not the primary factor deter-

mining the seed number per pod and single seed weight at

low temperature. Therefore, the QTL may be useful under

field conditions in which TR displays a pod number similar

to that of TM. In addition, no association between the QTL

and maturing habit is also an advantage of this QTL, unlike

other QTL found in soybean (Funatsuki et al. 2005).

However, it is possible that the same locus influences

chilling tolerance and plant architecture since some genes

such as ones involved in hormonal regulations may affect

both traits simultaneously (Penfield 2008). It would be

interesting to clarify in a future study whether the traits of

chilling tolerance and low-branching are controlled pleio-

tropically by the same genetic factor or by different tightly

linked genes. In addition, it is important to confirm the

effects of these QTLs in the field in the future.

Map-based cloning of QTL is a useful tool to unravel

molecular mechanisms underlying tolerance to environ-

mental stress (Ren et al. 2005; Xu et al. 2006). The QTL

identified in the present study could be a target for fine-

mapping and map-based cloning because of the magnitude

of its effect. However, we could not find polymorphic

SSR markers in the genomic region between Sat_181

and Sat_233 except for Sat_162, although we tested 14

SSR markers that were designed on the basis of the

public genomic sequence (DoE Joint Genome Institute,

http://www.jgi.doe.gov/News/news_1_17_08.html) in addi-

tion to the 14 markers published by Song et al. (2004) (data

not shown). Considering that TM and TR have genealog-

ically common ancestors, the genomic region between

Sat_181 and Sat_233 except for a small range including

the Sat_162 locus and the QTL may be identical in TM

and TR. It will be necessary to create a mapping popula-

tion derived from a cross between TR and another

accession displaying high polymorphism in the genomic

sequence of the region of interest. Identification of the

gene responsible will provide new insights into the mecha-

nism underlying the chilling tolerance as well as into seed

development.

Since tolerance to environmental stress is typically

controlled by multiple genetic loci (Leung 2008), QTL

analysis has been employed in many studies to identify

genetic factors associated with tolerance to environmental

stress. While most QTL had relatively small effects, a few

QTL have been demonstrated to have sufficiently large

effects for MAS (Xu et al. 2006). In the present study, we

also could identify a QTL with a large effect on chilling

tolerance at the seed-yielding level. Various environmental

stresses reduce seed number per pod and seed size in

legume plants (Desclaux et al. 2000; Awal and Ikeda 2003;

Karim et al. 2003; Rainey and Griffiths 2005; Munoz-Perea

et al. 2006). The findings in the present study may

encourage legume breeders to conduct genetic screening

and QTL analysis for tolerance to environmental stresses.
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