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Introduction

Soybean (Glycine max [L.] Merr.) is an important commer-
cial crop in many countries, and it is an excellent source of 
seed oil, protein, and functional substances such as isofla-
vone, saponin, and lecithin (Imai 2015). Worldwide soy 
consumption has continually increased because of soy’s nu-
tritional properties and the functional characteristics of the 
compounds it contains.

Saponins are a secondary plant metabolite that includes 
triterpene glycosides, which are found in many plant spe-
cies. The saponins have been shown to have several biolog-
ical activities such as anticancer and anticholesterol activi-
ties (Güçlü-Üstündag and Mazza 2007). It was reported that 
saponins show inhibitory effects against HIV infectivity 
(Vlietinck et al. 1998) and the AIDS virus (Nakashima et al. 
1989), and other effects such as possible cholesterol-binding, 
growth retarding, and anticarcinogenic activities (Gurfinkel 
and Rao 2003).

Sg-1, Sg-3, Sg-4, Sg-5, and Sg-6 have been identified as 
genes involved in saponin biosynthesis. Two co-dominant 
alleles, Sg-1a and Sg-1b for phenotypes of saponin Aa and 

Ab, respectively, control the sugar residue at the C-22 ter-
minal position. Sg-1 is located on chromosome 7 (Sayama 
et al. 2012). Sg-3 and Sg-4, which control the sugar chain 
composition at C-3 sugar moieties in soyasapogenols A and 
B, are located on chromosomes 10 and 1, respectively 
(Takada et al. 2012). A mutant line, which lacked group A 
saponins, was caused by sg-5, which is located on chromo-
some 15 (Takada et al. 2013). Sg-6 controls monodesmo-
sides with one sugar chain at the C-3 hydroxyl position of 
their respective soyasapogenols (Krishnamurthy et al. 2014).

Over 20 chemical structures of saponins have been deter-
mined from soybeans and soy products (Kim et al. 2012, 
Rupasinghe et al. 2003, Tantry and Khan 2013). There are 
two major saponin precursors: soyasapogenol A, contribut-
ing to the undesirable taste, and soyasapogenol B, some of 
which have health benefits (Rupasinghe et al. 2003). It is 
important to control the ratio and content of the two major 
saponin groups to enhance the appeal of soybean as a health 
food. Several saponin components make it difficult to quan-
tify saponin contents. Some studies developed simplified 
methods in which all saponin contents were measured by 
converting into aglycones with acid hydrolysis (Hubert et 
al. 2005, Rupasinghe et al. 2003), but there are no reports 
about QTLs for amount of saponin contents. Moreover, ef-
fects of genotypes and environments on group B saponin 
concentration were reported (Seguin et al. 2014), using ear-
ly maturing genotypes grown at high latitudes. Further 
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knowledge regarding genetic control of saponin contents 
and environmental effects on saponin contents of various 
genotypes is required.

In this study, we cultivated a series of recombinant in-
bred lines (RILs) in the same year at three different loca-
tions and measured saponin as the contents of soyasapo
genol A and B using acid hydrolysis. Chromosomal regions 
responsible for the saponin contents and the effects of grow-
ing conditions on the saponin content were also discussed. 
The results of this study will provide a basic understanding 
of genetic control for the group A and B saponin contents of 
soybean in multiple environments.

Materials and Methods

Plant materials
Ninety-three RILs (F14) from the cross between ‘Peking’ 

and ‘Tamahomare’ soybean varieties (PT-RILs), which were 
developed using the single-seed descent method, were used 
in this study. Our preliminary study showed that the saponin 
contents from progeny of the cross between Peking and 
Tamahomare varied despite being almost the same levels in 
the parent plants. They were planted together with their pa-
rental varieties in fields in 2008 at three locations: Kyoto 
(Sowing date, 29 June; latitude, 35°01′N; elevation above 
sea level, 90 m), Nagano (Sowing date, 1 June; latitude, 
36°06′N; elevation above sea level, 750 m), and Tsukuba 
(Sowing date, 15 June; latitude, 36°02′N; elevation above 
sea level, 25 m), in Japan. This field experiment was con-
ducted using a randomized block design with two replica-
tions, and each plot contained 10 plants. N, P2O5, and K2O 
were applied as basal fertilizers in quantities of 20, 60, and 
70 kg/ha, respectively. Plant spacing was 10 × 30 cm. The 
100-seed weight of PT-RIL seeds (40 seeds per line) that 
were cultivated in Kyoto was measured. The flowering 
times were calculated as the number of days from sowing to 
flowering in Kyoto.

Saponin extraction
Ten seeds from each line and variety were separated into 

hypocotyl and cotyledon, powdered using a Multibead 
shocker (Yasui Kikai, Japan), and then dipped in a 10-fold 
volume (v/w) of aqueous 70% ethanol containing 0.1% ace-
tic acid for 48 h at room temperature. The supernatant was 
mixed with hydrochloric acid at a final concentration of 
0.1 N, followed by hydrolysis at 80°C for 6 h using a dry 
bath incubator (Nippon Genetics, Japan). The saponins in 
the extracts were transferred to aglycone soyasapogenol A 
and B.

Detection and quantification of saponin components by 
high-performance liquid chromatography

Hydrolysis extracts (10 μl), filtered with a 0.45-μm filter, 
were analyzed using a reverse-phase high-performance 
liquid chromatography (HPLC) system (Shimadzu, Japan) 
equipped with a YAM-Pack ODS-AM303 (YMC, Japan) 

and a thermostat up to 40°C. Saponins were separated under 
isocratic conditions of a 65% acetonitrile solution contain-
ing 0.1% acetic acid at a flow rate of 1.0 ml/min, and the el-
uant was monitored at 210 nm. Soyasapogenol A (P2303) 
and B (P2304), as standards, were purchased from Tokiwa 
phytochemical (Japan).

Linkage map construction and quantitative trait locus 
analysis for saponin contents

In accordance with Sayama et al. (2009), we reconstruct-
ed the linkage map using F14 plants using 256 polymorphic 
SSR (simple sequence repeat) markers with MAPMAKER/
EXE v. 3.0 software (Lander et al. 1987). QTL analysis was 
performed using the R/QTL package (Broman et al. 2003). 
The likelihood odds (LOD) thresholds were calculated us-
ing 1000 permutations.

Results

Saponin contents
The hypocotyl and cotyledon saponin concentrations 

were measured in 93 PT-RILs harvested at the three loca-
tions. The saponin contents exhibited a wide variation both 
in the cotyledons and hypocotyls (Fig. 1). The saponin con-
tents in Peking were greater than those in Tamahomare, ex-
cept for group B saponins in the hypocotyl from Tsukuba 
(Table 1). Saponin content variation in PT-RILs was signifi-
cantly greater than the difference between parental lines at 
all locations (Fig. 1). Transgressive segregation results indi-
cate that both parental lines had alleles at different loci in-
volved in saponin contents.

QTL mapping
The simple interval mapping method and the composite 

interval method for R/QTL were used to calculate and ana-
lyze the QTL (Table 2, Fig. 2). The principal QTL for the 
hypocotyl saponin contents was detected on chromosome 5 
and that for cotyledon saponin contents was detected on 
chromosome 6 using both methods. Alleles with increasing 
effect for QTLs on chromosomes 5 and 6 were the Peking 
type and the Tamahomare type, respectively. For the group 
A saponin of hypocotyls and the group B saponin of cotyle-
dons in Tsukuba and Kyoto, no QTLs were detected using a 
simple interval mapping method. Similarly, no QTLs for the 
group A saponin of hypocotyl and cotyledon in Kyoto and 
for the group B saponin of cotyledons in Tsukuba and Kyoto 
were detected using the composite interval mapping method. 
Phenotypic variance explained by the QTL for the group B 
saponin of hypocotyls on chromosome 5 ranged from 18.8% 
in Kyoto to 44.2% in Nagano. Phenotypic variance explained 
by the QTL for the group A saponin of cotyledons on chro-
mosome 6 ranged from 15.5% in Kyoto to 27.7% in Tsukuba.

Relationships with agronomic traits
We investigated seed weight and flowering time to reveal 

relationships between the saponin contents and other 
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Fig. 1.	 Frequency distribution of the saponin contents in PT-RILs. (A) Group A saponin contents in cotyledon, (B) Group A saponin contents in hy-
pocotyl, (C) Group B saponin contents in cotyledon, (D) Group B saponin contents in hypocotyl. White and black arrows indicate the mean of sapo-
nin contents for ‘Peking’ and ‘Tamahomare’, respectively. ‘T’, ‘N’, and ‘K’ upside arrows indicate ‘Tsukuba’, ‘Nagano’, and ‘Kyoto’, respectively.

Table 1.	 Distribution of saponin contents in the parental cultivars and the RIL population

Parents RILs
Peking (mg/g) Tamahomare (mg/g) Range (mg/g) Mean(mg/g) CV (%)

Tsukuba
Group A saponin in cotyledon 0.108 ± 0.018 0.065 ± 0.004 0.079–0.241 0.125 24.6
Group A saponin in hypocotyl 1.396 ± 0.179 0.750 ± 0.095 0.730–1.915 1.306 19.7
Group B saponin in cotyledon 0.140 ± 0.035 0.110 ± 0.018 0.095–0.282 0.166 20.7
Group B saponin in hypocotyl 0.420 ± 0.028 0.480 ± 0.104 0.204–0.920 0.493 29.0

Nagano
Group A saponin in cotyledon 0.130 ± 0.001 0.070 ± 0.001 0.062–0.207 0.107 23.6
Group A saponin in hypocotyl 1.270 ± 0.039 0.890 ± 0.151 0.650–1.957 1.138 23.4
Group B saponin in cotyledon 0.199 ± 0.048 0.124 ± 0.023 0.097–0.265 0.157 56.6
Group B saponin in hypocotyl 0.460 ± 0.036 0.389 ± 0.030 0.230–0.854 0.505 28.8

Kyoto
Group A saponin in cotyledon 0.099 ± 0.002 0.096 ± 0.005 0.047–0.307 0.125 45.8
Group A saponin in hypocotyl 1.259 ± 0.108 0.854 ± 0.024 0.576–2.394 1.372 30.1
Group B saponin in cotyledon 0.152 ± 0.022 0.132 ± 0.024 0.065–0.470 0.165 44.6
Group B saponin in hypocotyl 0.497 ± 0.013 0.432 ± 0.069 0.210–1.252 0.578 61.9
CV: coefficient of variation.
Values in parents are the means ± standard deviations.
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agronomic traits. QTLs for seed weight and flowering time 
were located near locus I on chromosome 8 and near 
Satt134 on chromosome 6, respectively (Supplemental 
Table 1, Supplemental Fig. 1). The QTL for flowering 
time was in the same chromosomal region as the QTL for 
the group A saponin of the cotyledon on chromosome 6.

Discussion

Beta-amyrin-derived oleanane-type triterpenoid saponins 
are synthesized in soybean seeds (Sawai and Saito 2011). 
Glycosylation of the terminal sugar results in generation of 
various kinds of saponin. Therefore, it was difficult to mea
sure the total saponin contents in soybean. We simplified 
measurement of the saponin contents using conversion to 
aglycone, such as soyasapogenol A and B, by acidic hydro
lysis to remove sugar residues (Rupasinghe et al. 2003). The 
RIL population showed transgressive segregation and some 
QTLs for saponin contents, which have not been reported 
previously, were identified on the same regions among the 
three locations.

The major QTL for the group A saponin of cotyledon was 
located on chromosome 6 near Satt134. The T locus, which 
controls seed coat pigmentation, and the E1 locus, which 
controls flowering and maturation time (Xia et al. 2012), are 
located close to the region on chromosome 6. A gene locat-
ed near E1 and T would affect accumulation of the group A 
saponin. A fine mapping study using a residual heterozy-
gous line for this chromosomal region may resolve the rela-
tionships between saponin contents and the E1 or T loci.

Saponin contents in the hypocotyl was located on chro-
mosome 5, in which no QTLs for seed weight and flowering 
time were detected. QTLs for group A saponin contents in 
hypocotyls from Nagano and Tsukuba overlapped with the 
QTLs for group B saponin contents in the hypocotyl. This 
indicates that group A and B saponin contents in the hypo-
cotyl are controlled by the same gene or closely linked 

genes on chromosome 5 in the population crossed between 
Peking and Tamahomare, suggesting that it is difficult to in-
crease the beneficial group B saponin and to decrease the 
undesirable group A saponin at the same time.

QTL analysis showed a tendency toward a greater pheno
typic variance that is explained by the QTL in Tsukuba and 
Nagano compared with those in Kyoto. Temperature during 
plant growth in Kyoto was higher than in Nagano and 
Tsukuba in general. Seguin et al. (2014) reported that high 
temperatures reduced the group B saponin concentration, 
but our results did not show a significant reduction, suggest-
ing that Peking and Tamahomare saponin contents were not 
sensitive to higher temperatures. Soybean genotypes evalu-
ated by Seguin were only early maturing genotypes (maturi-
ty groups I to 00), while we used two genotypes adopted in 
more temperate regions, suggesting sensitivity to tempera-
ture is different among maturity groups. QTLs with higher 
LOD scores were detected in Tsukuba and Nagano but not 
in Kyoto, while we could not reveal the interaction between 
saponin contents and growing temperature.

Yoshikawa et al. (2010) evaluated the effects of tempera-
ture on isoflavone contents using PT-RILs. They found a 
weak negative correlation between isoflavone contents and 
temperature during the maturation period. Tsukamoto et al. 
(1993) also reported that isoflavone contents were decreased 
at higher temperatures. However, the saponin contents 
might be not influenced by environmental conditions.

In conclusion, we cultivated the same material at three 
different locations and compared the saponin contents. 
Transgressive segregation indicated that both parents harbor 
alleles at different loci involved in saponin contents. Two 
stable QTLs across multiple environments were detected for 
the saponin contents, QTLs on chromosome 6, linked with 
the T and E1 loci, are associated with saponin contents in 
the cotyledon and QTLs on chromosome 5 with saponin 
contents in the hypocotyl.

Fig. 2.	 Genomic locations of QTL for saponin contents on chromosome 5 and chromosome 6 using simple interval mapping method.
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