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Abstract
Understanding the composition and contents of carotenoids in various soybean seed accessions is important for their 
nutritional assessment.  This study investigated the variability in the concentrations of carotenoids and chlorophylls 
and revealed their associations with other nutritional quality traits in a genetically diverse set of Chinese soybean 
accessions comprised of cultivars and landraces.  Genotype, planting year, accession type, seed cotyledon color, 
and ecoregion of origin significantly influenced the accumulation of carotenoids and chlorophylls.  The mean total 
carotenoid content was in the range of 8.15–14.72 µg g–1 across the ecoregions.  The total carotenoid content was 1.2-
fold higher in the landraces than in the cultivars.  Soybeans with green cotyledons had higher contents of carotenoids 
and chlorophylls than those with yellow cotyledons.  Remarkably, lutein was the most abundant carotenoid in all the 
germplasms, ranging from 1.35–37.44 µg g–1.  Carotenoids and chlorophylls showed significant correlations with other 
quality traits, which will help to set breeding strategies for enhancing soybean carotenoids without affecting the other 
components.  Collectively, our results demonstrate that carotenoids are adequately accumulated in soybean seeds, 
however, they are strongly influenced by genetic factors, accession type, and germplasm origin.  We identified novel 
germplasms with the highest total carotenoid contents across the various ecoregions of China that could serve as 
the genetic materials for soybean carotenoid breeding programs, and thereby as the raw materials for food sectors, 
pharmaceuticals, and the cosmetic industry.
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1. Introduction

Soybean (Glycine max L. Merrill), which belongs to the 
family Leguminosae, is the most important economic 
legume crop globally, and the fourth crop after rice, wheat 
and maize in terms of global production.  It has been 
used as a major source of nutritious feed for humans and 
livestock and has long been an essential, year-round 
component of traditional Asian and vegetarian diets (Kaga 
et al. 2012).  Soybean is considered as a rich source of 
protein and oil, as well as various bioactive compounds 
(Wang et al. 2007; Singh et al. 2019).  The bioactive 
compounds are associated with human health and 
nutrition due to their provitamin A, antioxidant and anti-
inflammatory activities (Rezaei et al. 2016).  Carotenoids 
are among the bioactive phytochemical compounds of 
soybean seeds that play significant roles in reducing age-
related macular degeneration, cardiovascular diseases, 
some types of cancer, diabetes, and UV-induced skin 
damage, as well as promoting bone health, and improving 
metabolism, among others (Chatterjee et al. 2018).  They 
are also involved in light harvesting, photoprotection 
through singlet oxygen quenching and non-photochemical 
quenching, vision, communication between or within 
species through coloration, protection against oxidants, 
modulation of the properties of membranes, fertility and 
reproduction (Dias et al. 2018).  

More than 750 carotenoids have been identified in 
nature, and they comprise two classes: carotenes and 
xanthophylls, which are hydrocarbon and oxygenated 
derivatives, respectively.  They are widely distributed in 
plants, algae, bacteria, and some fungi, while animals 
get them from their diet.  The most dominant carotenoids 
in the human diet include β-carotene, α-carotene, 
β-cryptoxanthin, lutein, zeaxanthin, and lycopene, and 
they are the most abundant carotenoids in human 
blood plasma (Rao and Rao 2007).  Chlorophylls, 
primarily chlorophyll a (Chl a) and chlorophyll b (Chl b), 
are another group of plant pigments found in soybean 
seeds.  Chlorophyll and its derivatives are among the 
phytochemical compounds that are believed to be 
potentially associated with the prevention of chronic 
diseases, including cancer (Ferruzzi and Blakeslee 
2007), and they are also used as food product additives 
because of their color and physicochemical properties 
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(Schoefs 2002).  Therefore, it is important to quantify the 
concentrations of chlorophylls in food crops, including 
soybeans.

The soybean was domesticated in China about 
4 500 years ago, and immense germplasm resources 
have been collected and dispersed throughout the world 
(Qiu et  al. 2011).  Previous reports have shown the 
geographical distribution and genetic diversity of over 
20 000 Chinese soybean accessions (Dong et al. 2004), 
which were screened based on qualitative and quantitative 
traits.  Several studies have evaluated Chinese accessions 
with respect to disease resistance (Huang et al. 2016), 
abiotic stress tolerance (Guan et al. 2014), and nutritional 
quality attributes such as isoflavones (Azam et al. 2020), 
fatty acids (Abdelghany et al. 2020), tocopherols (Ghosh 
et al. 2021) and folates (Agyenim-Boateng et al. 2022).  
However, there is limited information pertaining to the 
carotenoid contents of Chinese soybean accessions, 
implying that carotenoids in soybean seeds have not been 
given adequate attention in breeding research programs, 
despite of their role in health and nutrition.  Furthermore, 
soybeans are rarely considered as a primary carotenoid 
source compared to other food crops, such as corn and 
peas.  However, soybean derived food is a major part of 
the traditional diets of many Asian countries, including 
China, Japan, and Korea (Teng et al. 2017).  Apparently, 
increasing the carotenoid content in soybean seeds is 
believed to be an effective way to improve the nutritional 
value of soybean derived foods.  Hence, soybean cultivars 
with greater carotenoid contents in the seeds would be the 
desirable breeding materials for soybean breeders.  The 
large-scale evaluation of unexploited soybean germplasms 
with diversified phytochemical properties is needed for the 
improvement of soybean seed carotenoid accumulation 
by conventional breeding.  The high genetic diversity of 
available soybean germplasms provides an opportunity 
for plant breeders to develop cultivars with traits of interest 
(Wang et al. 2016).  Therefore, in the present study, a 
collection of 1 167 Chinese soybean accessions (cultivars 
and landraces) conserved in the National Crop Genebank 
of China (NCGC) were analyzed to obtain a diversified 
and detailed account of their carotenoid and chlorophyll 
contents.

The genetic background of a cultivar, seed cotyledon 
color (Lee et  al. 2017), and environmental factors, 
including temperature, salinity, field mold stress and 
others (Deng et  al. 2022), influence the distribution 
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and variation of targeted nutritional components in 
soybean seeds.  Among the nutritional components, 
carotenoid accumulation can be affected by genotype 
(G), environment (E) and climatic factors.  Previous 
studies (Whent et al. 2009) showed that genetic factors 
contributed 78% of the variation in carotenoid contents, 
while environment and G×E interactions represented 
18 and 4% of the variation, respectively.  Soybeans 
can grow in the various ecoregions of China, with 
diverse environmental conditions.  Evidence suggests 
that differences in climate and soil have made Chinese 
soybeans topographically distributed in three main 
growing areas, the northern region (>40°N), Huang–Huai–
Hai Valley region (~30 to 40°N) and southern region (19 to 
31°N), owing to different planting seasons (Li et al. 2008, 
2009; Song et al. 2016).  The germplasm accessions 
included in this study were collected from these regions.  

Notably,  screening a considerable number of 
germplasms is important to facilitate the selection of 
genotypes with higher levels of carotenoid accumulation 
for breeding programs.  However, detailed information 
concerning to carotenoid and chlorophyll profiles and 
concentrations in soybean seeds for a set of diverse 
soybean germplasms from different ecoregions of 
origin, and aligned with their geographical distribution, 
is extremely limited.  To date, we are aware of only such 
two studies, both in Japan, that profiled and analyzed 
variations of carotenoid concentrations (particularly 
lutein and β-carotene) in 50 soybean varieties (Monma 
et al. 1994) as well as in 490 soybean cultivars and 610 
wild soybean accessions (Kanamaru et al. 2006).  As 
mentioned above, some other small-scale studies have 
also reported the effects of genotype, environmental 
conditions and management practices on carotenoid 
concentrations (mainly lutein) of 8 (Whent et al. 2009), 
15 (Lee et al. 2009) and 20 (Seguin et al. 2011) soybean 
genotypes.

To remedy this lack of important information, this study 
aimed to (i) analyze the natural variations of carotenoids 
and chlorophylls in a diverse panel of 1 167 Chinese 
soybean germplasm accessions; (ii) investigate the 
correlations of carotenoid and chlorophyll components 
with other important soybean nutritional characteristics 
(such as protein, tocopherol, isoflavone, oil and fatty 
acids); and (iii) visualize the geographical distribution of 
carotenoids to identify hotspot regions and select elite 
accessions with the desired carotenoid compositions.  
The information obtained in this study will help breeders 
and producers to develop novel breeding strategies for 
enhancing the carotenoid content in soybean crops, 
thereby meeting consumer demands, while enhancing the 
market value of the seeds for producers.  

2. Materials and methods

2.1. Chemicals and reagents 

The standards of carotenoid components, such as 
zeaxanthin (CAS: 144-68-3, purity≥85%) and β-carotene 
(CAS: 7235-40-7, purity≥98%), and chlorophyll standards 
including Chl a (CAS: 479-61-8, purity≥85%) and Chl b
(CAS: 519-62-0, purity≥90%), were purchased from 
Shanghai Yuanya Biotechnology Co., Ltd. (Shanghai, 
China), while the carotenoid standard of lutein (CAS: 127-
40-2, purity≥96%) was purchased from Sigma-Aldrich 
(St. Louis, MO, USA).  Methanol, acetone, ethanol, and 
ammonium acetate were all HPLC grade and purchased 
from Thermo Fisher Scientific Co., Ltd. (New Jersey, USA).  
Methyl tert-butyl ether, and butylated hydroxytoluene, both 
HPLC grade, were purchased from Mreda Technology 
Inc., USA and Shanghai Macklin Biochemical Co., Ltd., 
Shanghai, China, respectively.  The stock solution of each 
standard was prepared and manipulated under dim light 
to prevent light-induced isomerization or degradation.  
Individual working standards and stock solutions were 
stored in amber glass vials at –20 and –80°C, respectively.  
The calibration curve equation for each standard, with R2 
of 0.999 for accurate linearity, was prepared and used 
to determine the carotenoid and chlorophyll contents of 
soybean seeds (Appendix A).  More details on this process 
were described in a previous study (Gebregziabher et al. 
2021).

Three standards of tocopherol components: α-
tocopherol (CAS: 10191-41-0, purity≥96%), γ-tocopherol 
(CAS: 54-28-4, purity≥96%) and δ-tocopherol (CAS: 119-
13-1, purity≥90%), were purchased from Sigma-Aldrich 
Chemical Company (St. Louis, MO, USA).  The standards 
of isoflavone components, including daidzin (552–66–9, 
purity ≥98), glycitin (GL) (CAS: 40246-10-4, purity≥98), 
genistin (CAS: 529-59-9, purity≥98%), malonyldaidzin (MD) 
(CAS: 124590-31-4, purity≥90%), malonylglycitin (MGL) 
(CAS: 137705-39-6, purity≥90%), malonylgenistin (MG) 
(CAS: 51011-05-3, purity≥90%), daidzein (CAS: 486-66-8, 
purity≥98%), and genistein (CAS: 446-72-0, purity≥98%), 
were provided by Dr. Akio Kikuchi, National Agricultural 
Research Center for Tohoku Region, Japan.  HPLC grade 
ethanol and acetonitrile were purchased from Thermo 
Fisher Scientific Co., Ltd. (New Jersey, USA).  Acetic acid 
(Chengdu Xiya Chemical Technology Co., Ltd., Chengdu, 
China) was also used in the extraction of isoflavones.

Concerning the fatty acids, for a mixed standard of five 
fatty acid methyl esters, methyl palmitate (C16:0, palmitic 
acid (PA), purity≥98.5%), methyl stearate (C18:0, stearic 
acid (SA), purity≥99%), methyl oleate (C18:1, oleic acid 
(OA), purity≥99%), methyl linoleate (C18:2, linoleic acid 
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(LA), purity≥98.5%), and methyl linolenate (C18:3, Linolenic 
acid (LNA), purity≥99%), were purchased from Sigma-
Aldrich (St. Louis, MO, USA).  Other reagents, including 
sodium methoxide from Sigma-Aldrich (St. Louis, MO, 
USA), as well as HPLC grade n-hexane and methanol from 
Thermo Fisher Scientific Co., Ltd. (Shanghai, China), were 
deployed in the determination of fatty acids.

2.2. Plant materials and field experiments

The experiments included 1 167 Chinese soybean 
accessions collected from three major soybean growing 
ecoregions in China: the northern region (NR, 241 
accessions), the Huang–Huai–Hai Valley region (HR, 
434 accessions), and the southern region (SR, 492 
accessions).  Among these accessions, 926 were 
landraces and 241 were modern cultivars selected from 
the Chinese primary core collection.  This core collection 
was developed to capture (as much as possible) the 
phenotypic diversity and geographic distribution of the 
full collection of 23 587 soybean germplasm accessions 
conserved in the Chinese National Soybean GeneBank 
(CNSGB), Institute of Crop Sciences, Chinese Academy 
of Agricultural Sciences (Li et al. 2008; Huang et al. 2016).  
The set used in this study included accessions with both 
green and yellow seed cotyledon colors.  The detailed 
information on the numbers and types of accessions is 
provided in Appendix B.

Field experiments were conducted at Changping, 
Beijing (40°13´N, 116°12´E) and Sanya, Hainan Province 
(18°24´N, 109°5´E) in the 2017 and 2018 cropping 
seasons.  The soil pH, total nitrogen, phosphorus and 
potassium levels of the experimental site were 8.22, 
80.5 mg kg–1, 68.7 mg kg–1 and 12.31 g kg–1, respectively, 
at Changping; and 5.27, 98.59 mg kg–1, 39.68 mg kg–1, and 
80.78 g kg–1, respectively, at Sanya.  The experiments were 
laid out in a randomized incomplete block design across 
locations due to the large number of accessions and 
limited land resources.  Planting materials were planted 
in 3.0-m long rows with 0.5 and 0.1 m inter- and intra-row 
spacings, respectively.  Each line in each plot contained 20 
plants as a source of seeds that were used for subsequent 
carotenoid and chlorophyll content measurements.  Other 
recommended agronomic practices were carried out 
as previously reported (Abdelghany et al. 2020).  The 
mean monthly temperature, rainfall, and sunshine of the 
experimental locations are shown in Appendix C.  

2.3. Carotenoid and chlorophyll extraction and 
determination

The carotenoids and chlorophylls of mature soybean 

seeds were extracted and analyzed according to the 
method described by Gebregziabher et al. (2021).  Briefly, 
20 g of seeds from each accession were ground to a fine 
powder with a sample preparation Mill (Retsch ZM100, 
Φ=1.0 mm, Rheinische, Germany).  An analytical balance 
(Sartorius BS124S, Gottingen, Germany) was used to 
measure out 100 mg of the powder from each sample, 
which was then transferred into a 2-mL micro-centrifuge 
tube preloaded with 1.5 mL of a mixture of ethanol and 
acetone solvents in a 1:1 ratio.  These solvents were 
premixed with 0.1% butylated hydroxytoluene (w/v) to 
protect the carotenoids and chlorophylls from degradation 
and oxidation.  The sample was homogenized by 
vortexing (IKA® MS 3 basic, Germany) at 300 r min–1 for 
1 min and then placed in an ultrasonic water bath (Ningbo 
Scientz Biotechnology Co. Ltd., Ningbo, China) for 20 min.  
The supernatant was collected after centrifugation at
13 000 r min–1 for 10 min at 4°C and transferred to a new 
centrifuge tube for another centrifugation at 13 000 r min–1 
for 5 min at 4°C.  The supernatant was then filtered using 
a YMC duo-filter (YMC Co., Kyoto, Japan) through a 
0.22-µm pore dimension with the help of a sterile syringe 
(Jiangsu Zhiyu Medical Equipment Co., Ltd., Jiangsu, 
China) and placed in a 1.5-mL amber glass HPLC vial 
(AS ONE, Ningbo, China) for subsequent analysis.  The 
analysis was carried out in an Agilent 1100 Model HPLC 
instrument (Agilent Technologies, Santa Clara, CA, USA) 
fitted with a Hewlett-Packard Model 1050 solvent delivery 
system, using the mobile phases of methanol-10 mmol L–1 

ammonium acetate, methyl tert-butyl ether (100%), and 
ultrapure water (100%) delivered at a 0.9-mL min–1 flow 
rate through a C30-YMC Carotenoid (250 mm×4.6 mm 
I.D., S-5 µm, Kyoto, Japan) column coupled with a UV-Vis 
detector (Santa Clara, CA, USA) set at 450 nm.  Finally, 
the concentrations of each component were calculated 
using the formula: Carotenoid (mg g–1)=[Cx··V··D]/
Wt; where, Cx is the concentration of each carotenoid 
component calculated from the standard calibration curve 
equation, V is the volume of the extraction solvent, D is 
any dilution factor, and Wt is the sample weight on a dry 
basis.

2.4. Analysis of other soybean seed quality compo-
nents

Soybean seed quality traits, including protein, oil, fatty 
acids, tocopherols and isoflavones, were also determined 
for the soybean accessions evaluated in this study.  The 
analysis of individual and total tocopherol components 
was carried out in an Agilent 1200 Series HPLC 
instrument (Agilent Technologies, Santa Clara, CA, USA) 
with a C18 reversed-phase column (YMC ODS AM-303,
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250  mm×4.6  mm, S-5  µm, YMC Co., Kyoto, Japan) 
coupled with a UV detector (Santa Clara, CA, USA).  The 
detailed procedure for the extraction and determination 
of tocopherols has been reported recently (Ghosh et al. 
2021).  The protein and oil contents were measured 
by Fourier transform near-infrared spectroscopy (MPA, 
Bruker Fourier Rheinstetten, Germany).  The five 
predominant fatty acids, PA, SA, OA, LA, and LNA 
acids, were derivatized into their methyl esters and 
determined by using gas chromatography (GC-2010, 
Shimadzu Inc., Kyoto, Japan).  The extraction and 
determination procedure for the fatty acids was similar 
to that in a previous report (Abdelghany et al. 2020).  
The determinations of individual and total isoflavone 
concentrations were carried out using the method of Sun 
et al. (2011), and its detailed extraction and determination 
procedure has also been reported recently (Azam et al. 
2020).  

2.5. Statistical analysis

Analysis of variance (ANOVA) was performed on the 
combined data using the procedure of a general linear 
model (PROC GLM) (SAS version 9.1, SAS Institute 
Inc., Cary, NC, USA).  Differences were deemed 
significant when the P-value was less than 0.05.  Multiple 
comparisons of means were performed using Tukey’s 
honestly significant difference (HSD) test.  ANOVAs 
were calculated to determine the effects of accession, 
accession type, seed cotyledon color, and ecoregion on 
the carotenoid and chlorophyll concentrations.  Accession, 
ecoregion, accession type and cotyledon color were 
considered as fixed effects, while location nested within 
years was set as a random effect.  Boxplots were drawn 
to show the distributions and variations of seed carotenoid 
and chlorophyll compositions among the three ecoregions, 
seed cotyledon colors and accession types (i.e., landraces 
and cultivars).  Pearson’s correlation analysis (r) was 
calculated to identify associations between the various 
chemical compositions of soybean seeds.  Principal 
component analysis (PCA) was performed to identify the 

components with high discriminatory properties, which 
were in turn used to group accessions, and also to show 
the contribution of each component to the total variation 
among different ecoregions and accession types.  PCA, r, 
and boxplots were determined using R statistical software 
version 3.6.3 (R Foundation for Statistical Computing, 
Vienna, Austria).  In the R project, the ‘ggplot2’ package 
was used for data visualization and drawing boxplots, 
while the corrplot package was used to graphically display 
the correlation matrix.   Geographical distribution maps 
of soybean seed carotenoid and chlorophyll composition 
means were constructed with ArcGIS Pro 2.7 (Esri, 
Redlands, CA, USA).

3. Results 

3.1. Variations of the carotenoid and chlorophyll 
contents in various soybean accessions

The contributions of various soybean accessions to seed 
composition were statistically analyzed (Appendix D).
Consequently, large variations in the contents of 
carotenoids and chlorophylls were observed (P<0.01).  
Overall means and variation of the traits across the two 
planting years are summarized in Table 1.  Different 
carotenoid components, such as lutein, zeaxanthin, 
β-carotene and total carotenoids, were found to 
have means of 11.37, 0.59, 0.69, and 11.69  µg g–1, 
respectively (Table 1).  Additionally, Chl a and Chl b 
were determined to have concentrations ranging from 
1.02–111.46 and 0.34–36.87  µg g–1, with means of 
11.83 and 3.01 µg g–1, respectively (Table 1).  The Chl a
and Chl b values were only obtained from 59 and 91% of 
the total accessions, respectively, implying that the seeds 
of many soybean accessions do not contain chlorophylls.  
The highest (111.46 µg g–1) and lowest (1.02 µg g–1) 
concentrations of Chl a were obtained from landrace 
ZDD13590 and cv. ZDD24801, respectively, both from SR.  
Similarly, landrace ZDD10132 gave the highest (36.87 µg 
g–1) content of Chl b, while landrace ZDD12327 and cv. 
ZDD14190 had the lowest (0.34 µg g–1) levels.  

Table 1  Variations in the carotenoid and chlorophyll contents of Chinese soybean accessions1)

Component Minimum (µg g–1) Maximum (µg g–1) Range (µg g–1) Mean (µg g–1) Standard deviation Coefficient of 
variation (%)

Lutein 1.35 37.44 36.09 11.37 6.62 58.30
Zeaxanthin 0.02 3.38 3.37 0.59 0.43 73.53
β-Carotene 0.04 3.62 3.57 0.69 0.46 67.35
Chlorophyll a 1.02 111.46 110.44 11.83 9.42 79.68
Chlorophyll b 0.34 36.87 36.54 3.01 3.79 126.20
Total carotenoid 1.35 40.76 39.41 11.69 7.08 60.59
1) Data are expressed as the means of two replicates.  
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Lutein was detected in all accessions, while only 37 
and 65% of the accessions contained β-carotene and 
zeaxanthin components, respectively.  The highest total 
carotenoid content was observed in landrace ZDD13590, 
while the lowest was in cv. ZDD25115 and landrace 
ZDD21672, all from SR, showing a 30-fold difference 
between these accessions.  As shown in Appendix E, 
landrace ZDD00294 from NR contained the highest lutein 
content (37.44 µg g–1), and cv. ZDD25115 and landrace 
ZDD21672 from SR had the lowest lutein content (1.35 µg 
g–1).  The content of zeaxanthin was in the range of 0.02–
3.38 µg g–1 with the highest value observed in landrace 
ZDD06562, originally collected from SR.  In the case of β-
carotene, ZDD10132 (landrace) and ZDD14267 (landrace) 
showed the highest (3.62 µg g–1) and lowest (0.04 µg g–1) 
contents, respectively.  This study deployed a wide range 
of diverse soybean accessions in order to help breeders 
to demonstrate the extreme variability in carotenoid 
concentrations among soybean seeds.  Interestingly, 
some accessions in the present study (Appendices E 
and F) showed a remarkable accumulation of carotenoid 
components, which will benefit soybean breeding for 
carotenoid enhancement.  

3.2. Seed carotenoid and chlorophyll contents vary 
among soybean accession types

The concentrations of carotenoids and chlorophylls 
were significantly influenced (P<0.01) by accession 
type (Fig. 1; Appendix D).  Moreover, cultivation year 
and the accession type by year interaction significantly 
influenced the chlorophyll and carotenoid components, 
except for Chl b (Appendix D), indicating that seasonal 
variation had a pronounced impact on the soybean 
seed carotenoid and chlorophyll profiles.  As shown 
in Fig.  1, the total carotenoid content of landraces 
ranged from 1.35–40.76 µg g–1 with a mean of 12.09 µg 
g–1, which was 1.20-fold higher than that of cultivars, 
indicating that landraces are rich sources of carotenoids.  
Similarly, the lutein (1.35–37.44  µg g–1), zeaxanthin 
(0.02–3.38 µg g–1) and β-carotene (0.09–3.62 µg g–1) 
contents of landraces were 1.30–2.10-fold higher than 
the respective components in cultivars.  By comparison, 
landraces also contained considerably higher chlorophyll 
content than cultivars, suggesting the genetic potential 
and environmental adaptability of landraces to withstand 
harsh conditions.

3.3. Variations of carotenoid and chlorophyll con-
tents across ecoregions

C o m p a r i s o n s  o f  t h e  c a r o t e n o i d  p r o f i l e s  a n d 

concentrations of soybean accessions that originated 
in the three regions of China (NR, HR and SR) are 
shown in Fig. 2.  The ANOVA results showed significant 
differences (P<0.05) among ecoregions for all carotenoid 
and chlorophyll components, which might be attributed to 
both genetic and environmental factors.  The ecoregion 
by year interaction revealed a very highly significant 
effect (P<0.001) on the carotenoid components.  
Cultivation year also significantly (P<0.05) affected the 
carotenoid components.  Total carotenoid showed the 
greatest difference in HR (14.72 µg g–1), followed by NR 
(13.46 µg g–1) and then the SR (8.15 µg g–1) accessions.  
Similarly, accessions originating from HR contained the 
highest levels of β-carotene and zeaxanthin (Fig.  2).  
The concentration of lutein, as shown in Fig. 2, revealed 
a decreasing trend from high (north) to low (south) 
latitudes, with no significant difference between the NR 
(13.18 µg g–1) and HR (14.23 µg g–1) accessions, while 
the SR accessions contained 39.60 and 44.06% lower 
levels than the NR and HR accessions, respectively.  It 
is noteworthy that the HR accessions contained a higher 
concentration of chlorophylls compared with the other 
two regions, which were significantly the same (Fig. 2).  
These results provide new insights into soybean seed 
carotenoid variability among germplasms with diverse 
geographical origins.  Taken together, our results suggest 
that HR accessions could be preferable for producing 
high quality soybean nutrition.

3.4. Seed cotyledon color has a pronounced effect 
on the carotenoid and chlorophyll contents

The seed cotyledon color of accessions highly significantly 
(P<0.001) influenced the concentrations of carotenoids 
and chlorophylls (Fig. 3; Appendix D).  The interaction of 
planting year and cotyledon color significantly affected 
(P<0.05) the accumulations of Chl b and β-carotene, while 
it had no impact on the other components (Appendix D). 
The variat ions in the carotenoid and chlorophyl l 
compositions between the seed cotyledon colors are 
shown in Fig.  3.  The mean concentrations of total 
carotenoid, lutein, zeaxanthin and β-carotene in green 
cotyledon accessions were 2.39-, 2.28-, 1.8-, and 2.83-
fold higher than the respective components in yellow 
cotyledon-colored accessions, respectively.  Similarly, 
accessions with green cotyledons contained higher 
concentrations of Chl a (9.34 µg g–1) and Chl b (2.57 µg 
g–1) as compared to the yellow ones.  These results 
suggest that green cotyledon-colored accessions have 
higher carotenoid and chlorophyll concentrations, as 
reflected by the contents of lutein, zeaxanthin, β-carotene, 
total carotenoids, Chl a and b in the various accessions, 
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so they could be ultimately preferred for soybean 
carotenoid breeding.

3.5. Principal component analysis based on eco- 
region and accession type

Two PCA constructed based on accession type and 
ecoregion, respectively, are shown in Figs. 4 and 5.  In 
both biplots, the first component of PCA (PC1) and the 
second component (PC2) accounted for 80% of the total 
variability, explaining 61.6 and 18.4% of the total variance, 
respectively.  All carotenoid and chlorophyll components 
(lutein, zeaxanthin, β-carotene, Chl a and b) positively 
contributed to the total variance.  Chl b (28.5%) contributed 
the most to the variance in PC1, followed by Chl a (26.1%) 
and β-carotene (21.1%), while zeaxanthin (66.9%) 
followed by lutein (12.2%) were the two best contributors 
to the total variance in PC2.  The accession type PCA 
(Fig. 4) showed that landraces are more diverse than 

cultivars, resulting in very high contents of carotenoids and 
chlorophylls, so they can be preferred as reliable sources 
for those components.  On the other hand, although the 
number of HR accessions evaluated (434) was lower than 
the number of SR accessions (492), the HR accessions 
are more diverse in the PCA biplot (Fig. 5), signifying 
that HR accessions tend to contain the highest levels of 
carotenoid and chlorophyll components.

3.6. Correlation analysis between carotenoids and 
other seed nutritional characteristics

The correlation coefficients between each chemical 
component of the soybean seeds are summarized in 
Fig. 6.  Interestingly, a perfectly strong significant positive 
correlation (r=1.00 ***) was observed between total 
carotenoid and lutein, indicating that lutein contributes 
the highest amount to the total carotenoid accumulation.  
Lutein was followed by β-carotene, which showed a 

Fig. 1  Variations in carotenoid and chlorophyll (Chl) concentrations of soybean cultivars and landraces.  Different lower-case 
letters (a and b) indicate significant differences at the P<0.05 level.
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strong correlation (r=0.81***) with total carotenoid.  Chl a 
was positively correlated with Chl b (r=0.94***), lutein 
(r=0.56***), zeaxanthin (r=0.28***), β-carotene (r=0.78***) 
and total carotenoids (r=0.59***); while Chl b was positively 
associated with lutein (r=0.68***), zeaxanthin (r=0.35***), 
β-carotene (r=0.75***) and total carotenoids (r=0.70***).

The carotenoid components were also correlated with 
other seed nutritional quality characteristics.  As shown in 
Fig. 6, total carotenoid and lutein were positively correlated 
with LA (r=0.22***), GL (r=0.34***), MD (r=0.20***), and MGL 
(r=0.42***), implying that a consistent increase in lutein and 
total carotenoid is accompanied by corresponding increases 
of these components.  On the other hand, these components 
were negatively correlated with OA (r=–0.22***), δ-tocopherol 
(r=–0.41*** and r=–0.42***, respectively), and total tocopherol
(r=–0.20*** and r=–0.20***, respectively).  Notably, zeaxanthin 
had more significant and positive correlations with the 

derivatives of the malonylglycosides components (MD, 
MGL and MG), which are the major components of 
isoflavones in soybean seeds.  The β-carotene also had 
good positive correlations with these components, as well 
as glycitin and LNA; however, it was negatively correlated 
with oil and SA, suggesting that accessions with higher β-
carotene contents tend to have lower oil and fatty acids 
(specifically SA).  Overall, the carotenoid components were 
significantly correlated with other quality traits, except for 
protein and saturated fatty acids (PA).  The carotenoid 
components showed a weak negative correlation with oil, 
and comparatively strong correlations with LA, glycitin, and 
MGL.  The existence of negative or positive correlations 
between traits is quite helpful for allowing breeders to 
improve the soybean seed carotenoid profile without 
sacrificing other beneficial traits under the appropriate 
environmental conditions.

Fig. 2  Variations in carotenoid and chlorophyll (Chl) concentrations among accessions with diverse ecoregions of origin.  NR, 
northern region; HR, Huang–Huai–Hai Valley region; SR, southern region.  Different lower-case letters (a, b, and c) indicate 
significant differences at the P<0.05 level.
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3.7. Geographic distribution of carotenoid contents 
in soybean seeds

The inter-relationships of geographical factors (latitude, 
longitude, and altitude) with carotenoid and chlorophyll 
components are shown in Appendix G.  Lutein and total 
carotenoid were significantly and positively correlated 
with the latitude, longitude, and altitude of the ecoregion 
origins of the corresponding soybean accessions, with 
the highest correlations occurring in latitude (r=0.36*** and 
r=0.35***, respectively).  The geographical distribution map 
of these components (Fig. 7) shows that the locations 
located in the plain of HR, including Hebei, Shanxi, 
Shaanxi, Ningxia and some parts of Gansu, represent 
accessions with higher accumulations of carotenoids, 
attributed to their appropriate weather factors such 
as temperature and precipitation.  Similarly, the Inner 
Mongolia, Heilongjiang, Jilin and Liaoning of the northern 

and northeastern regions are hotspots for accessions with 
adequate carotenoid concentrations, whereas accessions 
originating in the SR parts of China were adapted to high 
temperatures and produced less carotenoid contents.  
As shown in Appendix G, zeaxanthin showed negative
(r=–0.12***) and positive (r=0.14***) correlations with 
longitude and altitude, respectively, but no relationship 
with latitude.  The β-carotene showed extremely weak 
nonsignificant correlations.  Similarly, chlorophylls had 
an extremely weak significant positive correlation with 
latitude and nonsignificant associations with longitude and 
altitude, indicating a comparative increment of chlorophyll 
contents in accessions from high latitude areas.

3.8. Focusing on the soybean accessions with 
higher contents of lutein and total carotenoid

From this study, 44 soybean accessions (one cultivar 

Fig. 3  Variations in carotenoid and chlorophyll (Chl) concentrations among accessions with different seed cotyledon colors.  
Different lower-case letters (a and b) indicate significant differences at the P<0.05 level.
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Fig. 4  Principal component analysis (PCA) for soybean seed 
carotenoid and chlorophyll (Chl) compositions based on 
accession types.  Each point on the PCA-biplot represents a 
single accession and the color-coded accessions with different 
symbols represent the accession types (cultivars and landrace).  
Zeax, zeaxanthin; Lut, lutein; Beta, β-carotene.

Fig.  5  Principal component analysis (PCA) for soybean 
seed carotenoid and chlorophyll (Chl) compositions based 
on ecoregions.  Each point on the PCA-biplot represents a 
single accession and the color-coded accessions with different 
symbols represent the region of origin.  HR, Huang–Huai–Hai 
Valley region; NR, northern region, SR, southern region; Zeax, 
zeaxanthin; Lut, lutein; Beta, β-carotene.
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landraces.  
This study also identified 64 accessions with total 

carotenoid concentrations from 25.00–33.00 µg g–1, 118 
accessions with total carotenoid concentrations from 
17.00–25.00 µg g–1, 472 accessions ranging from 9.00–
17.00 µg g–1, and 495 accessions with less than 9.00 µg 
g–1.  Interestingly, the first 18 top accessions contained 
substantial concentrations of lutein, zeaxanthin and 
β-carotene components.  As shown in Fig.  6, these 
components had strong associations with each other 
and with total carotenoids, which will help soybean 
breeders to enhance total carotenoid without affecting 
the other components.  In summary, the accessions with 
higher or lower individual and total carotenoids will be 
used as sources of genetic material in soybean breeding 
programs, and thereby natural ingredients for food 
products of the modern food industries, with a focus on 
supplying a healthy and safer daily diet to consumers 
worldwide.

4. Discussion

4.1. Seed carotenoids and chlorophylls exhibit a 
wide range of variations in soybean accessions

The carotenoid and chlorophyll concentrations of soybean 
germplasm accessions evaluated in this study showed a 
wide range of variability.  The total carotenoids showed 
wider ranges in the present study than in previously 
reported studies (Monma et al. 1994).  The variability 
of carotenoid contents between this study and previous 
works is most likely due to the different sets of accessions 
and the presence of large-scale germplasm collections 
in our study, which helps to facilitate the selection of 
genotypes with higher accumulations of carotenoids for 
breeding programs.  

Lutein is a key component of total carotenoids, and it 
contributes the greatest amount.  In the present study, 
lutein accounted for 95.37% of the total carotenoid 
concentration, while β-carotene accounted for 2.81%.  
This is in agreement with previous study (Kim et al. 2012) 
which showed that lutein and β-carotene represented 96.6 
and 2.5% of the total carotenoids, respectively.  Some 
studies have analyzed the variability of lutein and found 
it to be the most abundant component of carotenoids 
in soybean seeds (Monma et al. 1994; Kanamaru et al. 
2006; Lee et al. 2009), as well as other legumes, such as 
pea and chickpeas (Marles et al. 2012; Ashokkumar et al. 
2015) and lentils (Zhang et al. 2014), suggesting that its 
higher concentration could contribute to the antioxidant 
potential of soybean, which ultimately maintains eye 
health and alleviates other health problems.  Lutein was 

and 43 landraces) containing more than 27 µg g–1 lutein 
were screened as the high lutein soybeans (Appendix E), 
and they are suggested to be used in breeding programs 
to enhance soybean lutein.  In addition, we identified 18 
elite soybean accessions with total carotenoid contents 
of greater than 33.00 µg g–1; among which, 12 were from 
HR, four were from NR and the remaining two were of 
SR origin (Appendix F).  Surprisingly, all 18 of them were 
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found to dominate the carotenoids in all the accessions 
evaluated in our study.  Previous studies also confirmed 
that lutein is found in the seeds of all soybean varieties 
tested, whereas the other components such as β-carotene, 
α-carotene, lycopene, zeaxanthin, β-cryptoxanthin were 
not found in all soybean seeds (Monma et al. 1994; Kim 
et al. 2012) or other legume seeds (Fernández-marín 
et al. 2017; Kan et al. 2018; Gebregziabher et al. 2022).  
Lutein was also found to be the most relatively stable 
component compared with the coefficient of variation (CV) 
values of the others, suggesting it has strong genetic 
control, which in turn shows that high lutein genotypes 
are likely to maintain their performance even when grown 
under diverse field conditions.  Overall, the wide natural 
variation in carotenoids in this soybean panel can provide 
a good opportunity to identify genetic resources for 
soybean breeding.  

4.2. The wide variations in seed carotenoids and 
chlorophyll concentrations may be attributed to 
both genetic and environmental factors 

The variations in carotenoid and chlorophyll accumulations 
in soybean seeds could be due to the effects of plant 
genetic characteristics, as well as environmental and 
agronomic factors, as previously reported (Lee et al. 
2009; Whent et al. 2009; Seguin et al. 2011).  In this 
study, accession type, ecoregion of origin, seed cotyledon 
color and cultivation year significantly influenced the 
soybean seed carotenoid and chlorophyll contents.  
Higher contents of nutritionally valuable carotenoids were 
found in the landrace soybean accessions compared 
to the cultivars (Fig.  1) and the accession type PCA 
confirmed that landraces are more diverse than cultivars, 
resulting in excellent contents of carotenoids and 

Fig. 6  Heatmap response of the Pearson’s correlation coefficient (r) for soybean seed quality traits of soybean accessions.  The lower 
diagonal represents the correlation coefficients; the upper diagonal plots reflect for significant differences indicated by * (P<0.05), 
** (P<0.01), and *** (P<0.001); while empty plots represent no correlation between the traits.  Pro, protein; PA, palmitic acid; SA, 
stearic acid; OA, oleic acid; LA, linoleic acid; LNA, linolenic acid; D, daidzin; GL, glycitin; G, genistin; MD, malonyldaidzin; MGL, 
malonylglycitin; MG, malonylgenistin; DE, daidzein; GE, genistein; TIF, total isoflavone; α-toc, α-tocopherol; γ-toc, γ-tocopherol; 
δ-toc, δ-tocopherol; T-toc, total tocopherol; Chl b, chlorophyll b; Lut, lutein; Zeax, zeaxanthin; Chl a, chlorophyll a; β-car, β-carotene; 
Totcar, total carotenoids.
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chlorophylls.  Wide variations in the lutein and β-carotene 
contents among soybean cultivars and wild accessions 
were previously reported (Kanamaru et al. 2006), and that 
study found the concentrations of lutein and β-carotene 
in wild soybeans to be within the ranges of 5.80–32.8 and 
0.9–2.8 µg g–1, respectively, while the lutein contents of 
cultivated soybeans ranged from 1.60–4.80 µg g–1, with no 
substantial amounts of β-carotene detected.  In addition, 
Ebert et al. (2017) found a significantly higher content of 
lutein in mung bean (Vigna radiata L.) landraces (9.80 µg 
g–1) in comparison with improved varieties (8.30  µg 
g–1).  Therefore, landraces are undisputedly genetically 
diverse and well adapted to climatic fluctuations and 
stressful environments (such as water stress, salinity, 
and high temperatures), and they show tolerance to biotic 
stresses and harbour genes and gene complexes for 
quality traits (Li et al. 2008; Dwivedi et al. 2016; Agyenim-
Boateng et al. 2022).  On the other hand, cultivars have 
low genetic diversity, are more vulnerable to extreme 
environmental conditions, and have been deliberately 
selected for desired traits in the course of domestication, 
resulting in low carotenoid accumulation (Fernández-
Marín et al. 2014).  Landraces are ideal genetic resources 
for exploring novel genetic variations that can overcome 
the challenges to crop production.  They have been 
recognized as good sources of traits for local adaptation, 
stress tolerance, and seed nutrition (Dwivedi et  al. 

2016).  Thus, the results of this study suggested that 
soybean landraces are reliable genetic resources for 
high carotenoid production and can contribute carotenoid 
producing alleles to the development of modern cultivars 
in soybean breeding programs.

Carotenoids and chlorophylls showed significant 
variations among the ecoregions of origin, so the 
geographical origin can be a major factor in the 
diversification of soybeans in China.  Our accessions 
were examined both within and outside of their original 
ecoregion of origin.  Taking this into account, HR 
accessions produced substantial concentrations of 
carotenoids and chlorophylls, followed by NR accessions 
(Fig.  2), and this was supported by the PCA-biplot 
(Fig.  5).  These results signify that HR accessions 
tend to contain the highest levels of carotenoid and 
chlorophyll components, owing to the higher genetic 
diversity in HR accessions (Dong et al. 2004; Li et al. 
2008), which in turn implies the presence of alleles 
conferring the adaptability of soybean accessions in 
diverse environments irrespective of geographical 
origin.  Importantly, this finding could help breeders to 
broaden the range of germplasms utilized and encourage 
the exploitation of these valuable genetic resources 
in carotenoid-focused breeding programs.  Consistent 
with our results, soybean seed quality traits, including 
soluble sugars (Qi et al. 2022), fatty acids (Abdelghany 

Fig. 7  The geographical distribution maps of lutein contents (A) and total carotenoid contents (B) in soybean seeds, with locations 
based on the accession’s region of origin.    
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et al. 2020), isoflavone (Azam et al. 2020), tocopherols 
(Ghosh et al. 2021) and folates (Agyenim-Boateng et al. 
2022), are affected by the ecoregion of origin.  Generally, 
the major differences in carotenoid and chlorophyll 
compositions across the ecoregions are apparently 
related to environmental and climatic factors (temperature, 
rainfall, and light), geographical locations (latitude, and 
longitude), and growing seasons (Britz et al. 2008; Li et al. 
2009).  Therefore, it is important to note that nutritional 
composition (including carotenoids) varies greatly based 
on the geographical origin of soybean accessions, 
suggesting that soybean breeders should focus on 
the origin of the accessions when developing modern 
cultivars for a particular trait of interest, and this notion is 
supported by earlier studies (Zhang et al. 2018).

The present results showed that soybeans with a 
green cotyledon color contained considerably higher 
contents of carotenoids than accessions with a yellow 
cotyledon color, which is consistent with previous 
studies (Monma et  al. 1994).  Furthermore, green 
cotyledon peas (Ashokkumar et al. 2015) and green 
cotyledon chickpea cultivars (Rezaei et al. 2016) were 
reportedly 13-fold richer in β-carotene concentration, 
and had twice as many total carotenoids compared 
with yellow cotyledon cultivars, which was attributed 
to the greater expression of lycopene cycle genes in 
the green cotyledon accessions (Rezaei et al. 2016).  
A similar trend was also observed in the chlorophyll 
components.  The mean concentrations of Chl a and Chl 
b in green cotyledon accessions were 9.80- and 9.08-fold 
higher than the yellow cotyledon-colored accessions, 
respectively, which is in agreement with previous studies 
(Monma et al. 1994).  Moreover, similar findings were 
reported in field peas by Marles et al. (2012).

4.3. The correlations of seed carotenoids with other 
seed quality traits will facilitate soybean breeding 
for high quality

Understanding the correlations of lipophilic phytochemicals 
in soybeans may help to reveal the synergistic effects 
among each component, contribute to the development 
of soybean cultivars with multiple desirable traits, and 
ultimately produce functional foods related to the health 
benefits of soybeans.  The carotenoid components had 
significantly positive correlations among them and were 
positively associated with chlorophyll components, which 
can be attributed to their common functions including 
light harvesting, energy transfer, photochemical redox 
reactions, and photoprotection (Brotosudarmo et al. 2018), 
as well as antioxidant activity (Gálvez et al. 2020).  These 
positive correlations among the carotenoid components 

could also be due to the presence of the common 
intermediate precursor geranylgeranyl pyrophosphate 
(GGPP) in their biosynthetic pathways (Hirschberg 
1999).  Carotenoids also showed significantly positive or 
negative correlations with other seed quality traits (Fig. 6).  
Lutein and total carotenoid were negatively correlated 
with OA content but positively correlated with LA content, 
which is consistent with the results of previous studies 
(Whent et al. 2009).  As shown in Fig. 6, lutein and total 
carotenoid were significantly and negatively associated 
with δ-tocopherol and total tocopherol, which agrees with 
the report of Whent et al. (2009) on soybean lutein and 
δ-tocopherol.  On the other hand, lutein was significantly 
and positively correlated with α-tocopherol, indicating 
that it is possible to either simultaneously increase their 
contents or increase one of the two without lowering the 
content of the other in the seeds of progenies during 
breeding, confirming a previous report (Wang et al. 2007).  
It is also important to note that the correlation analysis 
between soybean seed quality traits will help breeders to 
identify the relationships that exist within the traits, and 
thereby serve to set a breeding program.

The geographical distribution map of the lutein and total 
carotenoid contents revealed a decreasing trend towards 
the south (low latitude).  This is consistent with the study of 
Song et al. (2018), which found that the majority of bioactive 
components showed declining trends from the north (high 
latitude) to the south (low latitude).  The correlation of 
lutein and total carotenoid with latitude indicated that the 
concentrations of these components increase with higher 
latitudes and low temperatures, which characterize the 
conditions in the ecoregions of HR and NR.  China has 
abundant and diverse germplasm resources that are 
incorporated into a complex cropping system.  This provides 
a good opportunity to evaluate the quality trait variations 
across various ecoregions with different climatic conditions.  
Obviously, geographical differentiation and photo-thermal 
conditions can play a significant role in the genetic 
differentiation of soybeans, which in turn leads to seed 
quality trait variations (Zhang et al. 2020).  This variation 
allows researchers to have the possibility of selecting 
highly adapted and elite candidate accessions with higher 
carotenoids across various locations, and is beneficial for 
soybean quality breeding improvement.

5. Conclusion

Carotenoids are considered to be very versatile secondary 
metabolites that are beneficial to human health.  This is 
the first study on a comprehensive variability analysis 
of the carotenoid and chlorophyll components across a 
wide range of diverse soybean accessions.  The results 
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showed significantly wide variations among the carotenoid 
contents, with total carotenoid content variation of over 
30-fold and some elite accessions with total carotenoid 
concentrations >33 µg g–1.  Moreover, the results showed 
that genotype, planting year, accession type, cotyledon 
color and ecoregion of origin significantly influenced 
the accumulation of carotenoids and chlorophylls.  The 
landrace accessions contained total carotenoid contents 
1.20-fold higher than the cultivars.  The geographical 
origin of soybean accessions influenced the carotenoid 
and chlorophyll contents because of their various 
environmental and climatic conditions.  Soybean seed 
carotenoid contents were geographically distributed 
across the main ecoregions of China, with a decreasing 
trend towards south (low latitude).  The components 
of carotenoids and chlorophylls were significantly 
and positively correlated with each other.  Moreover, 
they showed significant correlations with other quality 
traits, which can help to set breeding strategies for 
enhancing soybean carotenoids without affecting other 
components.  In general, by analyzing a wide range of 
soybean accessions, we demonstrated that soybeans 
can be reliable sources and candidates for carotenoid 
biofortification, and the novel germplasms identified 
should be preferably selected in breeding specialty 
soybeans for soy foods, animal feed and other industrial 
products to satisfy consumer demands.
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