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Physiological and Genetic Studies on Soybean Chilling Tolerance

Introduction

 Many of the world’s important crops are now widely 
distributed beyond their original zones of natural selec-
tion and hence their yields are constrained by what have 
been termed thermal thresholds for optimal growth8.  The 
cultivation of soybean, which prefers a warm climate, has 
continued its expansion into cool areas, including Cana-
da, Sweden, Siberia, and Hokkaido, the northernmost is-
land of Japan, where low temperature is a major con-
straint for seed yield (Fig. 1).  Low temperature during 
the period of reproductive growth also causes deteriora-
tion of seed quality by inducing browning and cracking 

in seed coats (Fig. 2A). 
 Since it is difficult to overcome chilling injury by 
modification of cultivation conditions, many breeding ef-
forts have been made in cool areas.  In the course of 
breeding chilling-tolerant cultivars, breeders and related 
researchers have developed methods to screen genetic re-
sources and to evaluate the degrees of chilling tolerance 
of lines/cultivars as well as to elucidate the physiological 
and genetic mechanisms underlying chilling tolerance.  
Intensive studies have continuously been conducted at 
the Hokkaido Prefectural Tokachi Agricultural Experi-
ment Station (TAES) in Hokkaido, Japan.  Breeders at the 
station have made contributions not only by conducting 
physiological and genetic studies but also by providing 
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attractive plant materials for fundamental research, which 
have activated this research area in Japan.
 Here, we review recent advances in physiological 
and genetic studies on soybean chilling tolerance, focus-
ing on those conducted in Japan. 

Chilling tolerance for seed yield

1. Physiology and evaluation methods
 Low temperatures in the field reduce every yield 
component (total pod number, seed number per pod, sin-
gle seed weight) of soybean, resulting in drastic reduction 

in seed yield21.  To reproduce this phenomenon, called 
cool injury or chilling injury, along with the genetic vari-
ations in chilling tolerance among cultivars under de-
fined climatic conditions, many temperature regimes and 
evaluation methods for chilling tolerance have been test-
ed since growth chamber facilities called phytotrons were 
established at TAES and Hokkaido Agricultural Experi-
ment Station (present name: National Agricultural Re-
search Center for Hokkaido Region).  Chilling tolerance 
has been evaluated by monitoring how small the reduc-
tion of seed yield and yield components in the chilling en-
vironment is relative to those in the control environment.  
Therefore, the experiments have basically involved con-
trol plants, which are grown under conditions identical to 
those for chilled plants except for the temperature during 
low-temperature treatment.  Although low-temperature 
(12–15°C) treatment was applied for approximately two 
weeks in early studies, a low level of genetic correlation 
between the growth chamber and the field conditions, 
which may be due to the relatively long flowering period 
and the compensation ability in soybean, has been point-
ed out to be problematic20.  Kurosaki et al.13 clearly 
showed that there was no genotypic difference in total 
number of pods even between cultivars typically differ-
ing in chilling tolerance after two weeks of treatment, al-
though short-term exposure may be used to evaluate pod 
setting ability during the low-temperature treatment.
 Kurosaki and Yumoto12 established a method for 
evaluating chilling tolerance with long-term exposure to 
a low temperature (four weeks at 18°C/13°C) starting at 
the time of flowering (Table 1, method A).  This condi-
tion was proven to reproduce quite well the genetic dif-
ferences seen in the field under the growth chamber con-
dition34,40.  Under this condition, all of the yield components 
in a sensitive cultivar, Toyomusume, decreased more se-

Fig. 1. Relationship between soybean yield and summer 
temperature 

 Bars indicate the mean yields in Hokkaido. Closed 
squares indicate the mean temperatures at Obihiro, 
Hokkaido from July to September.  The values were 
calculated using Amedas data compiled by the Ja-
pan Meteorological Agency and data obtained by a 
survey by the Ministry of Agriculture, Forestry and 
Fisheries, Japan (http://www.maff.go.jp/soshiki/
nousan/hatashin/daizu/siryo/index.html).

  : Yield,  : Temperature.

Fig. 2. Effect of low temperatures on appearance of soybeans 
 A: Seeds of a chilling-sensitive cultivar, Toyomusume.  B: Seeds of a chilling-tolerant cultivar, Toyoharuka.
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verely than did those in a tolerant cultivar, Hayahikari12.  
Among the yield components, the greatest genotypic dif-
ference was found in the decrease in total pod number.  
A responsible factor was determined to be the lower fer-
tilization percentage in Toyomusume13, although this did 
not explain all of the difference.  Shading, which simu-
lated typical cloudy weather in cool summer in Hokkai-
do, enhanced the chilling injury, regardless of the culti-
var12.
 Although method A is very useful for evaluating 
lines in the breeding program for the development of cul-
tivars adapted to Hokkaido, a few modified methods 
have been devised to improve reproducibility and versa-
tility5.  In these methods, plants including control ones 
were grown under controlled temperature regimes for 
their entire lifetimes (Table 1).  While method B in Table 
1 resembles method A, method C can reveal latent chill-
ing tolerance in plants with a wide variation in flowering 
time and maturity, since the treatment began at the same 
developmental stage of first flowering and was complet-
ed at maturity.  Despite the long-term low-temperature 
exposure, genetic correlation in chilling tolerance be-
tween the field and this condition was observed5.  Al-
though natural light, which is variable, was used as the 
light source in methods B and C, it was shown that the 
genotypic difference in chilling tolerance was main-
tained, regardless of the growing season (spring-summer 
or summer-autumn), which is consistent with the results 
obtained in the shading experiment described above.
 Very recently, Ohnishi and Shirai17 proposed a 
method for determining fertilization ability using low-
temperature treatment for plants before anthesis (Table 1, 
method D).  In rice, the major factor reducing seed yield 
at low temperatures is known to be the low seed fertility 
resulting from decrease in the number of normal fertile 
pollens.  The most sensitive stage was found to be the 
booting stage or, more precisely, the beginning of the mi-
crospore stage22.  Fertilization of soybean flowers has 
also been examined in some studies.  However, precise 
monitoring of pollen fertility at low temperatures seems 
to have been hindered by several characteristics of soy-
bean such as little trace of flowers after shedding, natu-
ral dropping of flowers even under favorable conditions 
and pod shedding in the course of maturation.  To realize 
uniform stages of flowers and maximum fertilization 
percentage estimated by the ratio of the mature pod num-
ber to the flower number in a control environment, 
Hashimoto & Yamamoto9 developed a method in which 
only a few flowers on a few nodes were left for analysis 
with the others being removed.  Although their studies 
revealed that nitrogen nutrition influences fertilization 
efficiency at a low temperature, their method is not cur-
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rently used, probably due to the small number of flowers 
for estimation and the unusual physiological state of 
plants.  Ohnishi and Shirai17 proposed a method for accu-
rate estimation of fertilization percentage by the use of a 
new index; they monitored the percentage of elongated 
pods per flowers several days after anthesis, instead of 
the conventional index of pod set percentage at maturity.  
By using this method, they determined that the most sen-
sitive stage during pollen development is around the tet-
rad stage.  It is interesting that the degree of chilling tol-
erance determined by method D was different from that 
determined by method A in some cultivars, suggesting 
the existence of different genetic factors responsible for 
chilling tolerance at the two developmental stages and the 
possibility of pyramiding the chilling tolerance genes for 
higher stability of the yield level.

2. Genetic loci associated with chilling tolerance
 Soybean breeders and researchers have identified 
several genes associated with chilling tolerance.  They 
started by searching for genes that are commonly present 
in chilling-tolerant cultivars, based on the correlation be-
tween the traits controlled by known genetic loci and the 
response of genotypes to variable temperatures in differ-
ent locations and years.  Using this approach, several loci 
such as P1/p1 (glabrous/pubescent surface)21 and APX1 
(ascorbate peroxidase 1)4 have been identified as possible 
loci associated with chilling tolerance.  Recently, several 
other loci have been examined using more advanced re-
search resources, including near-isogenic lines and mo-
lecular markers.  The genomic locations of these loci are 
summarized in Table 2.
 Among the loci, locus T/t (tawny/gray pubescence) 
has been characterized most intensively.  Yumoto and 

Tsuchiya39 found that cultivars with tawny pubescence 
that also harbored a brown hilum encoded by the i-i allele 
at another independent locus displayed higher degrees of 
chilling tolerance than those of cultivars with gray pubes-
cence that also harbored a yellow hilum encoded by the I 
allele.  Takahashi and Asanuma32 subsequently revealed 
by comparing near-isogenic lines using a method similar 
to method A that the locus associated with chilling toler-
ance was T/t.  Superior chilling tolerance associated with 
the T allele was also proved in Canada in the field15.  Re-
cently, a line of evidence showing that the T allele en-
codes flavonoid-3’-hydroxylase (F3’H)16,35,36 has been pre-
sented.  The antioxidant activity of the product of F3’H is 
considered to contribute to conferring chilling toler-
ance35, although direct evidence remains to be provided.
 The T locus is closely linked to the E1 locus, which 
is known as a major maturity locus among the eight loci 
controlling flowering and maturity time, E1–E7 and J19.  
Since representative chilling tolerance cultivars such as 
Kitamusume were known to harbor the T and E1 alleles, 
the E1 locus also drew scientists’ attention.  Kurosaki et 
al.14 used four near-isogenic lines segregating for the T 
and E1 loci, namely, T-E1, t-E1, T-e1, and t-e1.  A compar-
ison of these lines under the growth chamber condition 
using method A and under field conditions revealed the 
advantage of the E1 allele over the e1 allele with regard to 
chilling tolerance as well as that of T over t.  The associa-
tion of maturity loci with chilling tolerance was also 
demonstrated using more complex near-isogenic lines33.  
Lines with two genotypes at multiple maturity loci, 
E1e3e4 and e1E3E4, exhibit similar flowering and matu-
rity times when they are grown in a field in Hokkaido.  
Chilling treatment with method A revealed a difference 
in seed yield between these lines, suggesting that matu-
rity loci affect chilling tolerance not by merely avoiding 
exposure to low temperatures at sensitive stages33. 
  The recent advent of molecular markers based on 
PCR technology for soybean genomics2,25,37 has enabled 
QTL analysis for a population derived from a cross be-
tween relatively closely related accessions.  The first QTL 
analysis of chilling tolerance in soybean was conducted 
using recombinant inbred lines derived from a cross be-
tween two cultivars from Hokkaido, Toyomusume and 
Hayahikari6.  Using chilling treatment with method C, 
QTLs for chilling tolerance were detected in the genomic 
regions containing the E1 and T loci and the E3 locus in 
addition to a new locus with minor effect on linkage 
group H (Table 2).  The QTL on linkage group H affected 
seed number per plant at a low temperature.  Although 
the logarithm of odds scores of the region including the 
E4 locus did not exceed the significant level, this region 
displayed epistatic interaction with that including the E3 

Table 2. Genetic loci associated with chilling tolerance 
and their genomic location

Linkage Group1) Position2) Locus Reference

B1 60 APX1 4
C2 110 T 6, 14, 15, 29, 30

115 E1 14, 30
H 5 Satt635 6
I 40 E4 6, 30

50 Ln 19
K 110 P1 19
L 90 Dt1 19

100 E3 6, 30

1)2): The linkage group and the approximate position (cM) 
are based on the linkage map constructed by Song et al.26
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locus.  The Hayahikari genotype, E1e3e4T, appeared to 
have the effect of promoting chilling tolerance.  These 
findings seemed to confirm the association of the T and 
maturity loci with chilling tolerance.  However, the intro-
duction of E1e3e4 into Toyomusume by marker-assisted 
selection and backcrossing did not improve the chilling 
tolerance (H. Funatsuki and S. Ohnishi, unpublished 
data), suggesting the involvement of other loci near the 
maturity loci.  Further investigation is needed to reach a 
conclusion.

Chilling tolerance for seed quality

 Chilling temperatures at the early reproductive 
phase cause a brown pigmentation and cracking in the 
seed coat around the hilum (Fig. 2A)26,27,29,31.  The unfa-
vorable heat-resistant pigmentation reduces the commer-
cial value with Japanese traditional cooking like “Ni-
mame”, a whole shape use.  Cracking causes poor storage 
stability by allowing rapid entry of moisture and provid-
ing an easy access to microorganisms. 
 A method for evaluating browning in seed coats at 
low temperatures was developed by Oka et al.18.  They 
found that immature seeds approximately eight days after 
anthesis are the most sensitive to low temperature.  Ten-
day treatment from this stage was sufficient to induce 
browning in seed coats in the chilling-sensitive genotype, 
while this treatment had little effect on pod and seed de-
velopment.  Using a similar method, Takahashi28 revealed 
that the T and I alleles had the effect of reducing brown-
ing in seed coats in comparison with other alleles, t and 
i-i28. 
 An association of maturity loci with chilling toler-
ance has been demonstrated for seed quality as well as for 
seed yield1,7,30.  It is common with chilling tolerance for 
seed yield that the E1 and e4 alleles promoted tolerance 
for browning in seed coats, while the e3 allele had a nega-
tive effect30 in contrast to its positive effect on chilling 
tolerance for seed yield.  In a comparison of two geno-
types with similar flowering and maturity times, E1e3e4 
and e1E3E4, the former displayed a higher degree of chill-
ing tolerance for seed quality1.  It is possible that some 
genes are involved in chilling tolerance both for seed 
quality and for yield, while the presence of genes specifi-
cally responsible for either of the traits is also suggested 
by the fact that some cultivars such as Koganejiro exhibit 
differential degrees of tolerance for seed quality and for 
seed yield. 
 A genotypic difference in tolerance to seed coat 
cracking at a low temperature has also been reported26.  
The genotypes tolerant to browning in seed coats tend to 
be tolerant to seed coat cracking induced by low tempera-

ture18.  For example, lines with the E1, T, I, and e4 alleles 
are more tolerant than are those with other alleles1,28,30.  
Since these alleles are not associated with tolerance to 
cracking at ambient temperature induced by pod-removal 
treatment38, the mechanism underlying cracking at low 
temperature may be different from that underlying crack-
ing caused by the disturbance of the source-sink bal-
ance.
 Recently, a landmark cultivar, Toyoharuka, that 
shows nearly complete tolerance to chilling stress in 
terms of browning in seed coats and hilums, was devel-
oped by TAES (Fig. 2B).  Toyoharuka also exhibits a high 
degree of tolerance to seed coat cracking induced by low 
temperature (Fig. 2B), while this cultivar is ranked as be-
ing susceptible to seed coat cracking induced by pod-re-
moval treatment.  Preliminary genetic analysis has sug-
gested the presence of a major genetic factor suppressing 
the browning both in seed coats and hilums (S. Ohnishi 
& M. Senda, unpublished results).  The chilling tolerance 
appears to be independent of flowering time or maturity 
(S. Ohnishi & H. Funatsuki, unpublished results).  The 
development of molecular markers for the gene is now in 
progress.

Concluding remarks

 Drought and heat stress now seems to be attracting 
more attention than chilling tolerance because of the ev-
er-increasing serious problem of global warming.  How-
ever, chilling tolerance is still an important trait in cool 
areas since the sharp climatic fluctuation, which we have 
often experienced recently, could cause exposure of 
plants to low temperatures as well.  Although remarkable 
progress in research on soybean chilling tolerance has 
been made during the past decade as described above, 
higher levels of chilling tolerance must be conferred to 
soybean to maintain stable yield and quality of the prod-
uct.  To achieve this goal, a better understanding of the 
genetic and physiological mechanisms underlying chill-
ing injury and tolerance is needed.  Chilling-tolerant cul-
tivars such as Toyoharuka should be useful as plant mate-
rials in studies with such aims.  In addition, some 
physiological events related to chilling injury are now un-
derstood at the molecular level10,24.  Moreover, the prelim-
inary whole genome sequence of soybean has been pub-
lished3.  Improved efficiencies in the production of 
transgenic soybeans have also been achieved11,23.  Effec-
tive use of these research resources and information may 
result in elucidation of the mechanisms, which would 
lead to the detection or creation of novel useful genetic 
variations and the establishment of efficient selection 
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systems for chilling tolerance in soybean.
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