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concentration of isoflavones, tocopherol, starch, sucrose, 
Ca, Mn, phospholipids and lectin, and decreasing trends in 
Zn, Cu and lutein concentrations. (2) The spatial distribu-
tion showed higher stachyose, Zn, isoflavone, saponin and 
lectin content in the cultivars from lower latitudes versus 
higher latitudes, and the content of tocopherol, carotenoid, 
oligosaccharides and phospholipids exhibited the reverse 
pattern. (3) According to principal component analysis, 
carotenoid, Fe and Mn, saponin components and glycitin 
were the most important contributors to the total varia-
tion across the 89 cultivars. These results provide us with a 
comprehensive profile for manipulating chemical constitu-
ents and improving various functional ingredients through 
breeding.

Keywords  Soybean · Nutritional · Bioactive · Widely 
grown · Breeding
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D	�  Daidzin
GL	�  Glycitin
G	�  Genistin
MD	�  Malonyldaidzin
MGL	�  Malonylglycitin
Sap I	� Saponin I
Sap II	� Saponin II
Sap αg	� Saponin αg
Sap βg	� Saponin βg
Sap βα	� Saponin βα
BBI	� Bowman–Birk inhibitors
PC	� Phosphatidylcholine
PE	� Phosphatidylethanolamine
PI	� Phosphatidylinositol
α-Toc	� α-Tocopherol
β + γ-Toc	� β + γ-Tocopherol

Abstract  Nutritional and bioactive constituents, apart from 
protein and oil, have many beneficial functions and are of 
great importance in determining the quality and nutritional 
value of soybeans [Glycine max (L.) Merr.]. However, the 
temporospatial trends in soybean constituents have not 
been determined. The objective of this study was thus to 
identify the temporospatial trends in seed constituents 
among 89 widely grown soybean cultivars over a period 
of nine decades (1923–2007) in four soybean-producing 
regions of China. A combination of analytical techniques 
was used to quantify eight categories of 35 seed constitu-
ents. The results include the following: (1) The temporal 
pattern (the genetic change) after nine decades of breeding 
was characterized by significantly increasing trends in the 
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δ-Toc	� δ-Tocopherol
BHT	� Butylated hydroxytoluene

Introduction

Soybeans are the predominant source of plant protein and 
vegetable oil in the human diet [1]. In addition, soybeans 
contain health-beneficial phytochemicals, including lipid-
soluble vitamins, mineral elements, oligosaccharides, sap-
onins, phospholipids and isoflavones [2–7]. Among these, 
isoflavones, saponins, carotenoid and tocopherol have 
important functions in protecting against cancer, cardiovas-
cular disease and oxidative deterioration [8–11]. Moreover, 
soybean seeds can provide 15 minerals essential to human 
health [12], and thus contribute to alleviating global malnu-
trition. These multi-nutrient characteristics and high bioac-
tivity have led to an increased interest in soybean cultiva-
tion and soy-based products. Understanding the nutritional 
and bioactive constituents of soybean seeds can help in 
meeting the demands of the food market and in maximizing 
their health and therapeutic value.

Soybeans have been cultivated in China for more than 
5000 years [13]. China also has a long history of modern 
soybean breeding, which began in 1913 [14]. A total of 
2062 soybean cultivars have been developed over the past 
100  years (1913–2014) (Shuming Wang, personal com-
munication, 2015), and more than 100 of these are widely 
grown throughout these areas [15]. These widely grown 
soybean cultivars have adapted to the environment and 
have excellent overall performance [15]. Changes in soy-
bean lutein, tocopherol and isoflavone content with release 
date due to genetic breeding have been identified in previ-
ous research in the US [16], Canada [6, 17] and China [18]. 
However, changes in the content of other soybean seed 
constituents, such as saponins, phospholipids, oligosac-
charides and mineral elements, during the nearly 100 years 
of breeding have rarely been documented. This study is the 
first to describe temporal trends in seed constituents among 
these widely grown Chinese soybean cultivars bred over an 
extended time frame.

The northeast region and the Huang-Huai-Hai Rivers 
Valley are the first and second largest soybean-producing 
regions in China, respectively, constituting more than 83% 
of the national production area [19]. The content of various 
constituents is affected by regional climatic and environ-
mental conditions [20, 21]. Previous studies have reported 
that the spatial distribution of protein, oil, fatty acid and 
amino acid content varied among the different regions [3, 
22]. However, the spatial distribution of other soybean seed 
constituents across a wide-ranging area of the main soybean 
producing-region in China has not been well documented. In 
the current study, we sought to determine whether soybean 

cultivars that have adapted to a particular region were more 
likely to produce soybean seeds with higher or lower levels 
of various seed component constituents. Correlations among 
seed constituents can provide soybean breeders with insight 
into the best ways to increase concentrations of desirable 
components, while reducing concentrations of undesirable 
components. In addition, among seed constituents, some 
substances can explain a greater proportion of variation in 
seed composition than others, and are more important in 
distinguishing different genotypes.

The objectives of this study were (1) to explore the evo-
lutionary trends in concentrations of seed constituents over 
the nine decades of breeding, (2) to compare concentra-
tions of seed constituents among the four main soybean-
producing regions in China, (3) to characterize the corre-
lations among seed constituents of widely grown soybean 
cultivars, and (4) to identify the main soybean constituents 
contributing to the variation among the 89 cultivars.

Materials and Methods

Plant Materials and Field Experiments

The experiments encompassed 89 widely grown soybean 
(Glycine max (L.) Merr.) cultivars released between 1923 
and 2007 [15]. These cultivars originated from four regions 
in China: the North Heilongjiang Province (NH, 17 culti-
vars), the Midsouth Heilongjiang Province (MSH, 23 cul-
tivars), the Jilin and Liaoning provinces (JL, 24 cultivars), 
and the Huang-Huai-Hai Rivers Valley (HH, 25 cultivars); 
these regions cover a wide geographic area between N32º 
and N50º [19]. The maturity group (MG) of these cultivars 
is 00-IV. The soybean cultivars, their respective regions of 
origin, maturity groups and their years of release are pre-
sented in Table 1. The soybean seeds were obtained from 
the breeders or from the National Genebank at the Institute 
of Crop Science, Chinese Academy of Agricultural Sci-
ences (CAAS).

Field trials were conducted in 2011 at four locations, 
representing the production environments of each region 
(Heihe, Harbin, Tieling and Beijing in the NH, MSH, JL 
and HH regions, respectively). The planting locations 
(latitude and longitude) and sowing dates are shown in 
Table  2. At each site, the plants were grown in a rand-
omized complete block design with three replications. 
Each plot consisted of six rows that were 5 m long, with 
an inter-row spacing of 0.65 m. The plants were thinned 
to a uniform stand of 30 plants m−2 after emergence. A 
basal fertilizer was applied [150  kg  ha−1 (NH4) H2PO4, 
75 kg ha−1 urea, and 40 kg ha−1 K2SO4] prior to planting. 
Weeds and pests were routinely controlled. Plants were 
hand-harvested after the growth stage R8 [23]. A 500-g 
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Table 1   Regions of origin and release years of widely grown soybean cultivars

a  HH Huang-Huai-Hai Rivers Valley region, JL Jilin and Liaoning region, MSH Midsouth Heilongjiang region, NH Northern Heilongjiang 
region

Region Cultivar Year of release  Maturity group Region Cultivar Year of release Maturity group

NHa Kexi283 1956 0 JL Jilin3 1963 II

NH Heilongjiang41 1958 0   JL Jilin6 1963 I

NH Fengshou10 1966 00 JL Tiefeng3 1967 I

NH  Heihe3 1966 00 JL Tiefeng18 1973 II

NH Heihe51 1967 00 JL Jilin13 1976 II

NH Fengshou12 1969 0 JL Jiunong9 1976 I

NH Fengshou17 1977 00 JL Kaiyu3 1976 I

NH Beifeng2 1983 000 JL Kaiyu8 1980 II

NH Fengshou19 1985 0 JL Jilin20 1985 II

NH Heihe9 1990 0 JL Changnong4 1985 I

NH Beifeng9 1995 0 JL Kaiyu10 1989 II

NH Heihe19 1998 0 JL Changnong5 1990 I

NH Heihe27 2002 0 JL Jilin30 1993 II

NH Fengshou24 2003 0 JL Tiefeng29 1997 III

NH Heihe38 2005 0 JL Jiunong22 1999 III

NH Beidou5 2006 0 JL Jilin47 1999 II

NH Heihe43 2007 0 JL Tiefeng31 2001 III

MSHa Jinyuan2 1941 0 JL Jiyu57 2001 I

MSH Zhi2 1958 00 HHa Pamanqing 1929 IV

MSH Jingshanpu 1958 0 HH Pingdingshi 1940 IV

MSH Dongnong4 1959 0 HH Niumaohuang 1950 IV

MSH Hejiao8 1962 0 HH Pingdinghuang 1951 IV

MSH Hejiao6 1963 I HH Xinhuangdou 1952 IV

MSH Heinong16 1970 0 HH Juxuan23 1963 IV

MSH Suinong3 1973 0 HH Qihuang10 1966 III

MSH Hefeng22 1974 0 HH Fengshouhuang 1970 IV

MSH Heinong26 1975 I HH Henanzaofeng1 1971 IV

MSH Suinong4 1981 0 HH Wenfeng7 1971 IV

MSH Hefeng25 1984 0 HH Yanhuang1 1973 IV

MSH Heinong33 1988 0 HH Yuejing5 1975 IV

MSH Suinong8 1989 0 HH Youbian30 1983 IV

MSH Heinong35 1990 0 HH Jidou4 1984 III

MSH Suinong10 1994 I HH Ludou4 1985 III

MSH Hefeng35 1994 0 HH Yudou2 1985 IV

MSH Suinong14 1996 I HH Zhongdou19 1987 IV

MSH Heinong43 2002 0 HH Kefeng6 1988 III

MSH Heinong44 2002 0 HH Jidou7 1990 III

MSH Hefeng45 2003 0 HH Ludou11 1995 III

MSH Hefeng50 2006 0 HH Yudou22 1997 IV

JLa Huangbaozhu 1923 II HH Zhonghuang13 2001 III

JL Fushou 1930s I HH Zheng92116 2001 IV

JL Xiaojinhuang 1941 I HH Jidou12 2001 III

JL Fengdihuang 1943 II HH Handou5 2004 III

JL Jiti1 1956 I

JL Jiti5 1956 0
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seed sample was collected from each plot. The seeds were 
ground and passed through a 60-mesh sieve in a FOSS 
1093 Cyclotec 126 sample mill (FOSS Tecator, Höganäs, 
Sweden).

Seed Composition Analysis

Thirty-five components of soybean seed constituents con-
sisting of eight groups were analyzed, including seed nutri-
tional components [saccharides, fiber, mineral elements 
and vitamins (tocopherol and carotenoid)] and seed bioac-
tive constituents (isoflavones, saponins, phospholipids and 
lectins). The methodology for analyzing each seed constit-
uent is described below.

Starch Analysis

The starch content was determined according to the method 
described in the National Standard for Crop Seed Starch 
Measurement of China [24].

Sugar Analysis

Sugar content was determined according to the method 
described in the National Standard for Soybean Sugar 
Measurement [25]. Sugar was extracted by adding 1.0  g 
soybean flour to 10 mL 70% ethanol solution, with shaking 
at 200  rpm for 10 h and then centrifugation at 4000  rpm 
for 10 min. The clear aliquot was filtered through a 0.45-
μm filter. The analysis was performed using an Alltech 
Prevail Carbohydrate ES (4.6 × 250 mm, 5 μm; Alltech, 
Connecticut, USA). The mobile phases were solvent 
A (acetonitrile solution) and solvent B (water) (solvent 
A/B = 60/40), with a flow rate of 1 mL/min. The standards 
for sucrose, raffinose and stachyose were purchased from 
Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, 
USA). The sucrose, raffinose, and stachyose content was 
obtained from standard curves and converted to a percent-
age of dry base.

Crude Fiber Analysis

A 1.0-g sample of flour was de-fatted with diethyl ether 
three times (each time for 6 min) and then analyzed using 
an ANKOM fiber analyzer (ANKOM Technology, Mac-
edon, NY, USA). Sodium sulfite was added, and the sam-
ple was washed with water to neutral pH, after which 
NaOH was added and washed with water to neutral. Next, 
the sample was washed with acetone, dried to a constant 
weight at 130 °C in a drying oven, and then ashed to a con-
stant weight at 525 °C in a muffle furnace.

Mineral Elements Analysis

The mineral elements [copper (Cu), iron (Fe), manganese 
(Mn), calcium (Ca), and magnesium (Mg)] were deter-
mined using flame atomic absorption spectrometry [26].

Tocopherol and Carotenoid Analysis

Extraction and quantification of tocopherol was achieved 
using a previously described method, with minor modifica-
tions [27]. A 1.0-g sample of flour was suspended in 6 mL 
of hexane and 0.2  mL butylated hydroxytoluene (BHT; 
0.05  g/L), subjected to ultrasonication for 5  min, mixed 
by shaking for 20 min in a 60  °C water bath, and centri-
fuged at 4600  rpm for 10  min. The clear aliquot was fil-
tered through a 0.45-μm filter. Analysis was carried out 
using a Waters 2695 liquid chromatograph (Waters Corpo-
ration, Milford, MA, USA) with a Phenomenex Luna silica 
column (5  μm, 250  ×  4.6  mm; Phenomenex, Torrance, 
CA, USA). The mobile phases included hexane, isopro-
panol, acetonitrile and acetic acid (97.6/0.8/0.8/0.8), with a 
flow rate of 0.7 mL/min and an injection volume of 10 μl. 
Standards of α-tocopherol (α-Toc), β-tocopherol (β-Toc), 
γ-tocopherol (γ-Toc) and δ-tocopherol (δ-Toc) were pur-
chased from Sigma-Aldrich (Sigma-Aldrich Corp., St. 
Louis, MO, USA). The content of α-Toc, β-Toc, γ-Toc, 
δ-Toc and total tocopherol was calculated using standard 
curves and expressed in units of mg/g.

The extraction and quantification of carotenoid was 
conducted using high-performance liquid chromatography 
(HPLC), as previously described, with minor modifica-
tions [28]. Carotenoid was extracted by suspending a 1.0-g 
sample of flour in 10 mL acetone (acetone/methanol = 7/3) 
and 0.15 mL BHT (0.05 g/L) for 5 min, and subjecting to 
ultrasonication for 30 min and centrifugation at 4000 rpm 
for 10 min. The clear aliquot was filtered through a 0.45-
μm filter. The analysis was conducted using a Shimadzu 
LC-20A (Shimadzu Corporation, Kyoto, Japan) with 
YMC Carotenoid (5 μm, 250 × 4.6 mm). Solvent A in the 
mobile phase was methyl tert-butyl ether and triethylamine 
(1000:0.5), and Solvent B was acetonitrile, methanol and 

Table 2   The latitude, longitude and sowing dates of experimental 
sites in four regions

a  HH Huang-Huai-Hai Rivers Valley region, JL Jilin and Liaoning 
province S, MSH Midsouth Heilongjiang province, NH Northern Hei-
longjiang province

Region Location Latitude (º) Longitude (º) Sowing date

NHa Heihe, Heilongji-
ang

50.14 N 127.29 E 10 May

MSHa Harbin, Hei-
longjiang

45.44 N 126.36 E 13 May

JLa Tieling, Liaoning 42.28 N 123.51 E 28 Apr

HHa Shunyi, Beijing 40.13 N 116.65 E 14 June
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triethylamine (750:250:0.5), with an injection volume of 
30 μL. The solvent system (% solvent A/% solvent B) was 
run for 0–20 min (0–55/100–4), 20–25 min (55–0/45–100) 
and 25–35 min (0/100). Standards of lutein, β-carotene, and 
carotenoid were purchased from Sigma-Aldrich (Sigma-
Aldrich Corp., St. Louis, MO, USA). Lutein, β-carotene 
and carotenoid content was calculated from standard curves 
and expressed in units of mg/g.

Isoflavone Analysis

Isoflavone content was determined by HPLC according 
to a previous method, with minor modifications [29]. The 
extraction of isoflavone was conducted with 0.4  g soy-
bean flour in 10  mL 70% methanol solution, which was 
mixed by shaking at 240 rpm for 8 h and then centrifuged 
at 4000  rpm for 10  min. The clear aliquot was filtered 
through a 0.45-μm filter. The analysis was performed 
using an Apollo C18 column (5 μm, 25  cm ×  4.6  mm; 
Alltech, Connecticut, USA). The mobile phases comprised 
solvent A (0.1% iced acetic acid acetonitrile solution) and 
solvent B (0.1% iced acetic acid), with a flow rate of 1 mL/
min and an injection volume of 20 μL. The solvent system 
(% solvent A/% solvent B) was conducted for 0–40  min 
(15–30/85–70%). The standards of isoflavone components, 
including daidzin (D), glycitin (GL), genistin (G), malo-
nyldaidzin (MD) and malonylglycitin (MGL), were pro-
vided by Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, 
MO, USA). The content of various components (D, GL, 
G, MD and MGL) and the total isoflavone content were 
calculated from standard curves and expressed in units of 
mg/g.

Saponin Analysis

The saponin content was determined using HPLC accord-
ing to a previous method, with minor modifications [30]. 
A total of 0.70 g soybean flour was placed in 10 mL of a 
70% methanol solution and mixed by shaking at 240 rpm 
for 8 h, followed by centrifugation at 4000 rpm for 10 min. 
The clear aliquot was filtered through a 0.45-μm filter. The 
analysis was performed using a YMC-Pack ODS-AM C18 
column (5 μm, 25 cm × 4.6 mm; YMC, Kyoto, Japan). The 
mobile phases were solvent A (0.05% iced acetic acid ace-
tonitrile solution) and solvent B (0.05% iced acetic acid), 
with a flow rate of 1 mL/min and an injection volume of 
20 μL. The solvent system (% solvent A/% solvent B) was 
applied for 0–12  min (15–30/85–70%), 12–16  min (30–
50/70–50%) and 16–28 min (50/50%). A standard of sapo-
nin I (sap I) was prepared by our lab, and it was also used 
as standard for the other four saponin components [saponin 
II (sap II), saponin αg (sap αg), saponin βg (sap βg) and 
saponin βα (sap βα)]. We calculated the content of saponin 

components (I, II, αg, βg and βα) and the total saponin con-
tent from standard curves and expressed them in mg/g.

Phospholipid Analysis

Extraction and quantitation of phospholipids was con-
ducted according to the methodology described by Lesnef-
sky et al. [31]. Phospholipid extraction consisted in placing 
0.5 g of soybean flour in 10 mL 70% Folch solution (chlo-
roform: isopropanol  =  2:1) and using ultrasonic extrac-
tion for 30 min, after which the sample was centrifuged at 
4000  rpm for 10  min. Next, 5  mL of Folch solution was 
added to the 10-ml clear aliquot, and 4  mL 0.58% NaCl 
solution was added, mixed and centrifuged at 2000  rpm 
for 2 min. Four milliliters of 50% methanol was added to 
the bottom layer, mixed and centrifuged at 2000  rpm for 
2 min, after which 2 ml of the bottom layer solution was 
absorbed, dried and added with water to 2 mL for analy-
sis. The analysis was performed using a Luna 5-μM silica 
column (250 mm × 4.6 mm; Phenomenex, Torrance, CA, 
USA). The mobile phases were solvent A (chloroform–
methanol-water-ammonium = 75:24:0.5:0.5) and solvent B 
(chloroform–methanol-water-ammonium = 55:39:5.5:0.5), 
with a flow rate of 1 mL/min. The solvent system (% sol-
vent A/% solvent B) comprised 1–25 min (100–0/0–100%), 
25–29  min (0/100%), 29–31  min (0–100/100–0%) and 
31–36  min (100/0%). Standards of phosphatidylcholine 
(PC), phosphatidylethanolamine (PE) and phosphatidylin-
ositol (PI) were purchased from Sigma-Aldrich (Sigma-
Aldrich Corp., St. Louis, MO, USA). The content of PE, PI 
and PC was calculated from standard curves and expressed 
in units of mg/g.

Bowman–Birk Inhibitor (BBI) and Lectin Analysis

BBI and lectin were extracted and determined according to 
the method described by Anta et al. [32]. A 1.0-g sample 
of flour was suspended in 10 mL acetate (pH 4.5, 0.1 M) 
buffered saline, and ultrasonication was applied for 5 min. 
Next, the solution was centrifuged at 3430 rpm for 30 min. 
The clear aliquot was filtered through a 0.45-μm filter. A 
Waters Alliance HPLC separator (Waters Corporation, 
Milford, MA, USA) equipped with an Apollo C18 column 
[250 ×  4.6  mm, 5 μm, W.R. Grace & Co./Alltech, Con-
necticut, USA)] was employed, with column temperature 
of 60 °C and UV detection at 260 nm. The mobile phases 
were as follows: (A) 0.1% glacial acetic acid in water, and 
(B) 0.1% glacial acetic acid in acetonitrile. The gradient 
program with a flow rate of 1.0  mL/min was as follows: 
25% B for 2 min; 25–60% B for 16 min; 60–100% B for 
1 min; 100% B for 5 min; 100–25% B for 1 min; 25–25% 
B for 5  min; and an injection volume of 20 μL. Stand-
ards of the trypsin-chymotrypsin inhibitor (Bowman–Birk 
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inhibitor) and lectin were purchased from Sigma-Aldrich 
(Sigma-Aldrich Corp., St. Louis, MO, USA). The content 
of BBI and lectin was calculated from standard curves and 
expressed in mg/g.

Data Analysis

An analysis of variance for each of the 35 seed constituent 
traits was computed using the PROC MIXED procedure in 
the SAS software program, version 9.22 [33], where the 
region and cultivar nested in region were fixed variables, 
and replication was a random variable. The cultivar means 
were calculated based on the least squares means (LS 
means) across replications per cultivar. To obtain the annu-
alized estimate of genetic change, a linear regression was 
performed between a cultivar trait mean and the respective 
year of release (YOR) in each region. To compare the cul-
tivar means across regions, boxplots were drawn to show 
the distribution and variation in seed composition among 
the four regions. Pearson correlation coefficients among 
35 seed compositional components were calculated with 
the PROC CORR procedure in SAS [34]. To determine 
the essential constituent contribution to the total varia-
tion, principal component analysis (PCA) was performed 
using the FactoMineR package in the R environment, with 
default settings using 35 constituents [35]. First, two prin-
cipal components (DIM1 and DIM2) were selected, and an 

individual factor map and variables factor map were then 
drawn.

Results

Analysis of Variance

The effects of the fixed variables region and cultivar nested 
in region were significant for all seed constituents (Table 
S1), whereas the replication factor was significant for only 
PE and PC. According to the mean square (data not shown), 
the factor region contributed to the largest proportion of vari-
ation for all traits, while the factor cultivar nested in region 
was the second largest source of variation for all traits. The 
residual mean square for each trait was minor compared with 
that of the fixed variables, suggesting that this randomized 
complete block design performed well, with negligible error.

Temporal Trends in Seed Nutritional Composition

Carbohydrate Saccharides/Oligosaccharides and Starch

The genetic changes in seed composition were computed 
by regressing the concentrations of the seed constituents on 
the respective year of cultivar release in each region. The 
concentration of starch presented significant and positive 

Fig. 1   Changes in carbohydrate saccharide/oligosaccharide and 
starch content with the year of cultivar release. Changes in a starch 
content (%) in the NH region, b starch content (%) in the MSH 
region, c sucrose content (%) in the NH region, and d stachyose con-

tent (%) in the HH region with the year of cultivar release. The equa-
tions and their corresponding R2 values are shown. * and ** indicate 
linear correlation coefficients significant at the 0.05 and 0.01 prob-
ability levels, respectively. Abbreviations are shown in the text



1643J Am Oil Chem Soc (2016) 93:1637–1654	

1 3

relationships with YOR in the NH and MSH regions, with 
an increase of 0.02 and 0.009% per year, respectively 
(Fig. 1a and b). However, there were no significant changes 
in oligosaccharides, with the exception of sucrose and 
stachyose, in any of the regions. A positive relationship 
between sucrose and YOR, and a negative relationship 
between stachyose and YOR, were observed in the NH 
and HH regions (Fig. 1c and d), with corresponding rates 
of 0.01 and 0.005% per year, respectively, over the nine 
decades, indicating that the changes in starch and carbohy-
drate saccharides/oligosaccharides that occurred during the 
breeding process were moderate. 

Mineral Elements

Ca and Mg are macro-mineral elements, and Zn, Mn and Cu 
are micro-elements. In the JL region, Ca exhibited a positive 
relationship with YOR, with an increase of 6.84 μg g−1 per 
year (Fig. 2a). Significant and decreasing trends were found 
for Zn concentrations in the NH region and Cu in the HH 
region, and an increasing trend for Mn in the HH region, 
over the nine decades (Fig. 2b–d). The annual decreases for 

Zn and Cu were 0.15 and 0.11 μg g−1, respectively, and the 
annual increase for Mn was 0.06 μg g−1.

Tocopherol and Carotenoid

A significant increasing trend of tocopherol concentration 
was found in the JL region, from 87.67 μg g−1 for cv. Jiti 5 
released in 1956, to 413.15 μg g−1 for cv. Tiefeng 29 released 
in 1997. The annual increase was 1.49 μg g−1 , which trans-
lates to an increase of 1.70% per year over the past nine dec-
ades (Fig.  3a). There was a significant increasing trend for 
α-Toc concentration in the MSH region and for β + γ-Toc 
and δ-Toc concentrations in the JL region (Fig. 3b–d), with 
increases of 0.29, 0.74 and 0.52 μg g−1 per year, respectively. 
The highest concentrations of α-Toc, β + γ-Toc and δ-Toc 
found in these regions were 75.84 (cv. Hefeng 50, 2006), 
217.51 (cv. Jiunong 9, 1976) and 137.13 (cv. Tiefeng 29, 
1997) μg g−1, and their lowest concentrations were 22.41 (cv. 
Jinyuan 2, 1941), 45.29 (cv. Jiti 5, 1956) and 22.65 (cv. Jiti 5, 
1956) μg g−1, respectively. For carotenoids, there was only a 
significant and negative relationship between lutein and YOR 
in the NH region (0.14 μg g−1 per year, R2 = 0.29; Fig. 3e).

Fig. 2   Changes in mineral element content with the year of cultivar 
release. Change in a Zn content (μg/g) in the NH region, b Cu con-
tent (μg/g) in the HH region, c Mn content (μg/g) in the HH region, 
and d Ca content (μg/g) in the JL region with the year of cultivar 

release. The equations and their corresponding R2 values are shown. 
* and ** indicate linear correlation coefficients that are significant at 
the 0.05 and 0.01 probability levels, respectively. Abbreviations are 
shown in the text
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Temporal Trends in Seed Bioactive Constituents

Isoflavone and Its Components

The increases in total isoflavone content were significant in 
the NH and MSH regions (0.03 and 0.02 μg g−1 per year, 
respectively; Fig.  4a and b), with the lowest total isofla-
vone content of 1.51 (cv. Heilongjiang 41, 1958) and 1.35 
(Jinyuan 2, 1941), and the highest content of 3.62 μg g−1 
(Heihe 38, 2005) and 3.19 μg  g−1 (Heinong 33, 1988), 
respectively, during the nine-decade period. The changing 
patterns of five isoflavone individual forms were different 
in various regions (Fig. 4c–m). Among these, daidzin and 
malonyldaidzin concentrations were positively correlated 
with YOR in the NH and MSH regions, but negatively cor-
related with YOR in the HH region. Genistin and malonyl-
genistin were positively associated with YOR in the NH 

and MSH regions. Glycitin was found to be significantly 
decreased over the nine decades in the JL region. The 
changing rates of the five isoflavone components ranged 
between 0.001 and 0.01 μg g−1 per year.

Saponin and Its Components

There was no noticeable changing trend in total saponin, 
indicating that saponin content has been stable over the 
past nine decades. There were consistent changing trends 
in saponin components by specific region (Fig. 5a–f). Sap 
I, sap II and sap αg were positively associated with YOR 
in the NH region, whereas they were negatively correlated 
with YOR in the HH region. The annual increases in sap 
I, sap II and sap αg were 0.003, 0.004 and 0.008 mg g−1 
in the NH region, respectively, whereas they were 0.003, 
0.001 and 0.004 mg g−1  in the HH region, respectively.

Fig. 3   Changes in the tocopherol and carotenoid content with the 
year of cultivar release. Changes in a tocopherol content (μg/g) in the 
JL region, b α-Toc content (μg/g) in the MSH region, c β + γ-Toc 
content (μg/g) in the JL region, d δ-Toc content (μg/g) in the JL 
region and e lutein content (μg/g) in the NH region with the year of 

cultivar release. The equations and their corresponding R2 values are 
shown. * and ** indicate linear correlation coefficients that are sig-
nificant at the 0.05 and 0.01 probability levels, respectively. Abbre-
viations are shown in the text
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Lectin and Phospholipids

The content of lectin and phospholipids was found to increase 
with YOR. Lectin increased linearly with YOR at an annual 
rate of 0.03  mg  g−1 in the NH region (Fig.  6a). PE was 
found to increase with YOR in the JL region at an annual 
rate of 0.02 mg g−1. PC also increased with YOR, at a rate of 
0.02 mg g−1 per year, in the NH region (Fig. 6b and c).

The changing patterns of each trait were different across 
different regions, and a consistent trend across regions, or 
a single trend in each region when a trait was significant 
only in a specific region, is summarized as follows: with 
the genetic improvements over the nine-decade period, 
modern soybean cultivars have higher levels of isofla-
vone, tocopherol, starch, sucrose, Ca, Mn, phospholipids 
and lectin, but lower levels of Zn, Cu and lutein than older 
cultivars.

The Spatial Distribution of Seed Constituents

The regional means of seed compositional components 
were computed and compared across four regions, and sig-
nificant differences were found with respect to all constitu-
ents (P  <  0.01; Table S1). The distribution, variation and 
outliers of each variable within each region are shown in 
the boxplots in Fig. 7.

The regional distribution of isoflavone and its compo-
nents (daidzin, malonylglycitin and glycitin) was found 
at higher levels in cultivars planted at lower latitudes 
(JL and HH regions) compared to higher-latitude (NH 
and MSH regions) cultivars. This is in agreement with 
the conclusion reached in another study, where lower 
isoflavone content was present in early- rather than late-
maturing soybean cultivars [22]. In the current study, the 
frost-free period in the low-latitude HH and JL regions is 

Fig. 4   Changes in the isoflavone and isoflavone components con-
tent with the year of cultivar release. Changes in a isoflavone content 
(mg/g) in the NH region, b isoflavone content (mg/g ) in the MSH 
region, c daidzin content (mg/g) in the NH region, d daidzin content 
(mg/g) in the MSH region, e daidzin content (mg/g) in the HH region, 
f glycitin content (mg/g) in the JL region, g genistin content (mg/g) 
in the NH region, h genistin content (mg/g) in the MSH region, i 
malonyldaidzin (mg/g) in the NH region, j malonyldaidzin (mg/g) in 

the MSH region, k malonyldaidzin (mg/g) in the HH region, l malo-
nylgenistin content (mg/g) in the NH region, and m malonylgenistin 
content (mg/g) in the MSH region, with the year of cultivar release. 
The equations and their corresponding R2 values are shown. * and ** 
indicate linear correlation coefficients that are significant at the 0.05 
and 0.01 probability levels, respectively. Abbreviations are shown in 
the text
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longer than that in the high-latitude regions, and cultivars 
grown in the lower-latitude regions are later-maturing 
than those in the higher-latitude regions (NH and MSH 
regions); therefore, a longer growing period can allow 
for a greater accumulation of isoflavones in the seeds. In 
contrast, with regard to the components genistin and mal-
onyldaidzin, cultivars in the HH region had the highest 
levels, followed by those in the NH, MSH and JL regions. 
The range of isoflavone and isoflavone components was 
larger in the HH region than in the other regions.

Oligosaccharide components (sucrose and raffi-
nose), carotenoid and carotenoid components (lutein and 
β-carotene), and phospholipid components (PC and PI) 
exhibited higher concentrations in higher-latitude regions 
(NH and MSH) than in lower-latitude regions (JL and 

HH), whereas stachyose, lectin, saponin and saponin 
components (sap βg and sap βα) and the mineral element 
Zn showed an opposite trend with latitude (Table S2). 
There were decreasing trends from north to south in terms 
of tocopherol and tocopherol components (β + γ-Toc and 
δ-Toc) and sap αg content. There was no relationship to 
latitude observed in the distribution of other components, 
including starch, fiber, BBI, PE, α-TOC, and sap I and II 
content, and all mineral elements with the exception of 
Zn.

In sum, the spatial distribution of most seed nutritional 
and bioactive constituents, including isoflavone, tocoph-
erol, carotenoid, saponin, and oligosaccharides, is influ-
enced by climatic conditions (temperature and rainfall) 
and exhibits a relationship with latitude. Consequently, 

Fig. 4   continued
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the environmental conditions in the high-latitude regions 
(NH and MSH regions) are relatively favorable for the 
production of tocopherol and its components (β + γ-Toc 
and δ-Toc), carotenoid and its components (lutein and 
β-carotene), oligosaccharides (sucrose and raffinose) and 
phospholipids (PC and PI). Likewise, low-latitude regions 
(JL and HH regions) can provide a suitable environment for 
the synthesis of stachyose, isoflavones and isoflavone com-
ponents (daidzin, malonylglycitin and glycitin), saponin 
and saponin components (sap βg and sap βα), lectin, and 
the mineral element Zn.

Correlations Among Seed Constituents

The coefficients of the relationship between different seed 
constituents were computed and compared. The relation-
ship between the total content and the content of the com-
ponents was generally positive and significant (Table  3). 
For example, isoflavone content was positively correlated 

with all of its components (daidzin, glycitin, genistin, mal-
onyldaidzin and malonylglycitin). Among these, the high-
est (r = 0.77) and lowest (r = 0.15) correlation coefficients 
were exhibited between the total content and daidzin, and 
between the total content and glycitin, respectively, sug-
gesting that daidzin is the major contributor to total isofla-
vone concentration.

The pairwise correlations between the components of 
the same constituent were generally significant. The iso-
flavone components were largely positively correlated with 
one another. The saponin components were negatively cor-
related with one another, with the exception of sap I and 
sap II, sap βg and sap βα, Sap αg and sap I, and sap αg 
and sap II. The mineral elements were generally signifi-
cantly and positively correlated with one another (Mn, Mg, 
Ca, Cu and Fe). The PE and PC were negatively correlated 
(−0.31, P = 0.004). Sucrose and stachyose were negatively 
correlated with each other (−0.29, P = 0007), while BBI 
and lectin were positively correlated (0.31, P = 0.003). The 

Fig. 5   Changes in saponin and saponin component content with the 
year of cultivar release. Changes in a saponin I content (mg/g) in the 
NH region, b saponin I content (mg/g) in the HH region, c saponin 
II content (mg/g) in the NH region, d saponin II content (mg/g) in 
the HH region, e saponin αg content (mg/g) in the NH region, and f 

saponin αg content (mg/g) in the HH region with the year of cultivar 
release. The equations and their corresponding R2 values are shown. 
* and ** indicate linear correlation coefficients that are significant at 
the 0.05 and 0.01 probability levels, respectively. Abbreviations are 
shown in the text
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tocopherol components α-Toc, β + γ-Toc and δ-Toc were 
positively correlated. Finally, the carotenoid components 
lutein and β-carotene were positively correlated with each 
other (0.30, P = 0.005).

Significant relationships were also observed between dif-
ferent nutritional and bioactive components. Starch was sig-
nificantly and positively correlated with isoflavone (0.21, 
P = 0.047), most mineral elements [Fe (0.39, P = 0.0001), 
Mn (0.34, P = 0.001) and Ca (0.25, P = 0.02)], but was neg-
atively correlated with BBI (−0.36, P = 0.0006). Fiber con-
tent was positively correlated with saponin (0.23, P = 0.03) 
and mineral elements [Cu (0.27, P =  0.01) and Ca (0.35, 
P  =  0.0009)]. Saponin content was positively correlated 
with fiber (0.23, P = 0.03) and mineral elements [Fe (0.41, 
P < 0.0001), Cu (0.30, P = 0.004), Mn (0.26, P = 0.01), Mg 
(0.22, P = 0.04)], but negatively correlated with carotenoid 
[β-Carotene (−0.21, P  =  0.045) and carotenoid (−0.23, 
P =  0.03)]. The content of BBI and lectin was negatively 
correlated with phospholipids and vitamins (tocopherols and 
carotenoids) and their components. TE was positively corre-
lated with carotenoid (0.31, P = 0.004), but negatively corre-
lated with Cu (−0.25, P = 0.02). Carotenoid was negatively 
correlated with isoflavone and its components, all mineral 
elements, saponin, BBI and lectin, and TE.

We also investigated the relationships between yield, 
seed protein levels, seed oil content and the seed constit-
uents. The yield was positively correlated with the con-
tent of starch (0.30, P = 0.005) and TE (0.26, P = 0.01), 

whereas yield was negatively correlated with the content of 
Cu (−0.43, P < 0.0001) and stachyose (−0.23, P = 0.03). 
Protein content was positively correlated with the content 
of fiber (0.25, P =  0.02) and Cu (0.37, P =  0.0003), but 
negatively correlated with the content of starch (−0.28, 
P  =  0.008), Ca (−0.22, P  =  0.04) and Mn (−0.36, 
P  =  0.0006). Oil content was positively correlated with 
the content of the mineral elements Zn (0.23, P =  0.03), 
Mn (−0.41, P < 0.0001) and Ca (0.26, P = 0.01), whereas 
it was negatively correlated with Cu content (−0.41, 
P  <  0.0001). This indicates that the indirect selection of 
seed constituents may occur through selecting for yield, 
seed proteins and oil content. In short, knowledge of the 
correlations among different constituents is valuable for 
efforts to increase multiple desirable constituents simulta-
neously, without an increase in undesirable elements.

Principal Component Analysis of Seed Composition

A principal component analysis indicated that the first 
two components could explain 21.12% (Dim 1) and 
15.34% (Dim 2), respectively, and together accounted 
for 36.46% of the total variation in seed constituent traits 
(Fig. 8a). β-carotene, carotenoid, sap αg and sap βg exhib-
ited a high correlation with Dim1, with positive loadings 
of β-carotene, carotenoid and sap αg, whereas sap βg was 
negatively loaded on Dim 1. The content of Fe, Mn, glyci-
tin and saponin showed a high and positive correlation with 

Fig. 6   Changes in lectin and phospholipid content with the year of 
cultivar release. Changes in a lectin content (mg/g) in the NH region, 
b PE content (mg/g) in the JL region and c PC content (μg/g) in the 
NH region with the year of cultivar release. The equations and their 

corresponding R2 values are shown. * and ** indicate linear correla-
tion coefficients that are significant at the 0.05 and 0.01 probability 
levels, respectively. Abbreviations are shown in the text
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Dim 2. This suggests that Dim 1 can represent the carot-
enoid and saponin components, while Dim 2 can reflect 
the mineral elements, saponin and isoflavone components. 
Collectively, carotenoid, saponin, mineral elements and 

isoflavone components played an essential contributory role 
in the total variation among the 89 cultivars. Among these, 
the mineral elements Fe and Mn, with the largest loadings, 
are the most important constituents for distinguishing these 

Fig. 7   Means of seed constituents of widely grown soybean culti-
vars in different regions. The box represents data between the 25th 
and 75th percentiles, black lines inside the boxes represent the mean, 
error bars indicate the 90th and 10th percentiles, and dots represent 

outliers. HH Huang-Huai-Hai Rivers Valley, JL Jilin and Liaoning 
region, MSH Midsouth Heilongjiang region, NH Northern Heilongji-
ang region
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genotypes. In addition, PCA indicated negative associa-
tions between isoflavone and carotenoid, and malonylgly-
citin and carotenoid, as expressed by the position at nearly 
180º, which is consistent with the results from the Pearson 
correlation coefficients. Together, Dim 1 and Dim 2 divided 

the widely grown cultivars according to their regions of ori-
gin (NH, MSH, JL and YHH) (Fig. 8b). The subgroups of 
HH, JL, NH and MSH were dispersed along the DIM 1 and 
DIM 2 coordinates, and NH and MSH overlapped due to 
their similar environmental conditions.

Fig. 7   continued
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Discussion

Soybean seeds have myriad nutritive constituents. A total 
of 33% of soybean seed components are carbohydrates 
[13], which are highly associated with desiccation toler-
ance and stability. Among these, 16.6% are soluble sugars. 
Sucrose and stachyose are the main saccharides in soybean 
seeds [36]. Stachyose affects the efficiency of soybean 
utilization as human food and animal feed, and can cause 
diarrhea [37]. In this study, we found an elevated level of 
sucrose and a reduced level of stachyose in the NH and HH 
regions, respectively. This may be because high levels of 

sucrose and low levels of stachyose can improve the flavor, 
digestibility and absorption of soy-based foods [2].

Tocopherols are lipid-soluble compounds: α-Toc is the 
most active vitamin E isomer, followed by β-Toc, γ-Toc 
and δ-Toc [38]. However, in soybeans, the most abundant 
TE component, γ-Toc, is relatively inactive [39]. The α-Toc 
content in soybeans is lower than that in other oil crops 
such as safflower and sunflower [40]. Thus, TE activity 
must be increased by elevating the content of α-Toc. A pre-
vious study indicated that individual and total TE content 
had relatively low heritability. The Satt376 and Satt266 
markers have been reported to be significantly associated 

Table 3   Pearson correlation coefficients of the seed constituents of 89 widely grown soybean cultivars

Fig. 8   Principal components 1 and 2 (DIM1 and DIM2) were deter-
mined from the set of 89 widely grown soybean cultivars based on 
the main seed constituents. a Variables factor map for PCA. b Indi-
vidual factor map for PCA. Blue dots indicate cultivars from the 

Northern Heilongjiang, green from the Midsouth Heilongjiang sub-
group, red the Jilin and Liaoning subgroup, and black the Huang-
Huai-Hai Rivers Valley subgroup. The numbers in the plot correspond 
to the cultivar numbers listed in Table 1
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with α-Toc content [41], indicating that these markers can 
be used in marker-assisted selection to facilitate the devel-
opment of high-TE or α-Toc cultivars. In the short-season 
region of Canada, a series of 16 cultivars representing seven 
decades of cultivar release reflected significant increases 
in α-Toc and δ-Toc concentrations [6], which is consistent 
with our results. Given the positive correlation between oil 
and tocopherol content, the increase in tocopherol content 
in the present study may be ascribed to the indirect selec-
tion for high oil content by plant breeders over time.

Soybeans are an essential source of dietary minerals as 
well [2]. We found that the concentration of Ca increased 
with cultivar improvement in the JL region. Because Ca 
concentration is positively correlated with seed quality traits 
(protein and oil content) [42], the increase in Ca concentra-
tion may be attributed to the indirect selection of seed traits. 
However, Zn and Cu are less concentrated in modern culti-
vars than in old cultivars, and this may be attributed to the 
negative correlation between their concentration and the 
seed yield per plant and seed size [20]. The positive rela-
tionships among mineral elements found in this study were 
confirmed in another study [20]. The content of mineral ele-
ments is affected by climatic and environmental conditions; 
for example, studies have found that Fe content increased 
with wet weather [43], Ca content decreased with drought 
stress during seed formation and filling [42], and Ca and Mn 
content decreased with an increase in daytime temperatures 
from 30 to 35 °C during the R1–R5 stages [20].

Soybeans also provide a rich source of biologically 
active and health-beneficial phytochemicals, including iso-
flavones [44], saponins [30], phospholipids [45] and lectins 
[46]. The antioxidant and anti-carcinogenic activity of soy-
beans may be due in part to the presence of these bioac-
tive constituents. Isoflavone is among the most important 
health-beneficial components in soybean seeds, due to its 
antioxidant and estrogenic properties [44]. In the present 
study, we found a significant increasing trend of isoflavone 
content in the NH and MSH regions, indicating that the 
health value of soybeans is improved by long-term genetic 
breeding. The accumulation of isoflavones is influenced by 
environmental conditions [47], and higher isoflavone con-
centration has been reported to accumulate during the seed 
maturation stage at lower temperatures [48]. The positive 
correlation between total isoflavone and isoflavone con-
tent was also supported by the evidence from another study 
with MG 0 to VI soybean cultivars [22]. In the current 
study, isoflavone was negatively correlated with oil content, 
but was positively correlated with protein content. Similar 
results have been reported with MG 0 to VI soybean culti-
vars in China [22].

Saponins have significant health-promoting effects, 
including anticarcinogenic, antihepatotoxic and anti-HIV 
activity, and cholesterol reduction, along with adverse 

sensory characteristics [9, 10]. Our results indicate that 
the saponin component increased in the NH region but 
decreased in the HH region. Given the positive relation-
ship between saponin concentration and oil content, and 
the negative relationship between saponin and protein con-
tent, the saponin component was indirectly selected with 
the improved oil content in the high-oil soybean-producing 
region (NH region) and with the elevated protein content 
in the high-protein soybean-producing region (HH region).

The membrane lipids included mainly phospholipids, 
which have been found to be at very low levels in soy-
beans [45]. We found an increase in the phospholipid 
component of PE and PC during the breeding progression, 
indicating that the bioactivity of soybeans was improved 
through genetic modifications. Lectins are ubiquitous pro-
teins, and demonstrate anti-cancer characteristics [46]. In 
this study, we found that the lectin content increased over 
nine decades of breeding, indicating that genetic improve-
ments played a positive role in elevating the health value of 
soybeans.

The relationship between yield, seed quality and seed 
composition also played an essential role in the selection 
of seed constituents. Because yield is the primary target 
of soybean breeding, the increased content of starch and 
TE and the decreased content of Cu and stachyose may be 
explained by the positive effects on yield associated with 
starch (0.30, P = 0.005) and TE (0.26, P = 0.01) content, 
but negative effects associated with Cu (−0.43, P < 0.0001) 
and stachyose (−0.23, P  =  0.03) content. Likewise, oil 
content was highly and positively correlated with starch, 
Fe, Mn, Ca, Zn, saponin, lectin and carotenoid content, 
suggesting that simultaneous selection for these compo-
nents was possible. The increase in tocopherol, starch, Mn 
and Ca content in the present study may be attributed to the 
indirect selection for high oil content by plant breeders over 
time. Interestingly, protein content was negatively corre-
lated with starch, saponin, Fe, Zn, Mn, Ca, tocopherol and 
lectin content; therefore, compromise and balance among 
different components should be taken into consideration in 
genetic breeding.

In the current study, 89 widely grown cultivars rep-
resented 84 years of breeding, and their regions of origin 
covered a wide geographic area between N32º and N50º. 
A total of 35 nutritional and bioactive components were 
assessed, including some rarely analyzed components, 
and an overall temporospatial profile of soybean seed con-
stituents was generated. Despite the relatively short 1-year 
observation period, the genetic progression was clear 
from the supporting evidence based on a comprehensive 
analysis of multiple seed constituents across a large set of 
widely grown cultivars over an extended time frame in a 
broad geographic area, indicating that data collection was 
sufficient.
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In summary, the results pertaining to the genetic pro-
gression in seed composition, as well as the correlations 
among constituents, have substantial implications for soy-
bean breeding in China, and even worldwide. Breeders can 
make an effort to pyramid various nutritional and bioactive 
constituents simultaneously and concordantly through con-
ventional and molecular approaches based on the afore-
mentioned conclusions. In addition, the spatial distribu-
tion of seed constituents can provide insight into potential 
regions for production of different desired components. 
In short, it is conceivable that soybean quality, along with 
the alimentary and pharmaceutical value of the product, 
can be continuously improved through effective breed-
ing practices. A temporospatial database of soybean seed 
components is important for evaluating the nutritional and 
bioactive characteristics and health-promoting functions of 
soybean cultivars.
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