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Abstract
Natural pigments hold significant value in the food and health industries, yet their composition and spatial distribution in seed tissues remain
largely unknown. Using liquid chromatography-tandem mass spectrometry, 131 pigments were identified across three cultivated soybean
(Glycine max) varieties (yellow-, green-, and black-seeded) and wild soybeans (G. soja black-seeded). Most metabolites belonged to the flavonoid
superfamily, including anthocyanidins, anthocyanins, and procyanidins. Matrix-assisted laser desorption/ionization mass spectrometry imaging
combined with multivariate statistics and targeted/semiquantitative assays, revealed that black-seeded soybeans shared a pigment profile more
similar to G. soja than to light-seeded counterparts. Dark-seeded soybeans exhibited markedly greater pigment diversity and higher overall
abundance. These results identify dark-seeded soybeans as valuable sources of bioactive compounds and provide the first comprehensive
comparison of pigment composition and spatial distribution between G. max and G. soja, offering insights for breeding pigment-enriched
cultivars.

1. Introduction
The diversity of natural pigments, which are primarily derived from the secondary metabolites of plants, animals, and microorganisms, shapes
the vibrant landscapes of nature and plays essential roles in biological survival and human health [1, 2]. Although synthetic pigments dominate
multiple industries due to their stable supply and low cost, concerns regarding their safety and the environmental burden associated with their
production have prompted renewed focus on natural pigments. Indeed, with advancements in separation and identification technologies and
process engineering, natural pigments are increasingly being applied in the fields of food, cosmetics, and medicine [3, 4].

Cultivated soybean (Glycine max L. Merr.) is a globally important crop, valued for its high-quality protein, balanced nutritional profile, abundant oil
content, and extensive industrial applications. It was domesticated from its wild progenitor, G. soja Sieb. et Zucc., which remains an important
reservoir of genetic diversity [5, 6]. The seed coats of G. soja are predominantly brown/black in color, although domestication and selection have
produced a diverse palette of seed coat colors in G. max, including yellow, green, brown, black, and mottled types, many of which represent
potential sources of natural pigments [7]. Previous research has consistently reported that black soybeans accumulate higher amounts of
antioxidant metabolites, particularly anthocyanins and procyanidins, than yellow soybeans [8], with the majority of anthocyanins localized in the
palisade layer of the seed coat [9]. Anthocyanins exhibit diverse biological functions, including antioxidant, anti-inflammatory, and metabolism-
modulating effects [10–12]. The principal anthocyanins in soybean are glycosides of delphinidin, cyanidin, and petunidin, which are
accompanied by minor pigments such as malvidin and peonidin [13, 14]. However, many commercial processing streams remove the seed coat,
leaving these bioactive pigments underutilized [15, 16].

Most previous studies have focused on biosynthetic pathways within a single seed coat color or a limited set of cultivated accessions, often
without direct comparison to G. soja. Moreover, comprehensive mapping of pigment composition and spatial distribution across seed tissues
remains limited. In this study, pigment-related metabolite profiles of the seed coats and embryos of three G. max varieties (yellow-, green-, and
black-seeded) and G. soja are analyzed, including quantification of key compounds and visualization of their tissue distributions using matrix-
assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI). Specifically, this study aims to (i) compare pigment composition
and content between seed coats and embryos across different color classes of G. max and G. soja; (ii) identify and quantify the differential
pigments that cause these variations between G. soja and G. max with different seed coat colors; and (iii) reveal spatial localization patterns of
representative pigments that underpin the observed color differences and potential functional attributes. Moreover, this work aims to analyze
the pigment differences between G. max and G. soja, clarify the specific relationship between pigment composition and seed coat color, and
highlight the roles of pigments in plant resistance and human health functions.

2. Materials and Methods

2.1 Plant Materials
Four soybean seed samples with representative colors were collected from the Huang-Huai-Hai ecological region of China. These included three
G. max varieties-yellow seeded (YS), green seeded (GS), and black seeded (BS), as well as a brown-seeded G. soja accession (WS). All plant
material collection was performed with permission from the competent authority, and field sampling complied with relevant national regulations
of China. Seed coats and embryos were separated as detailed in Figure S1 and Table S1. All seeds were cultivated under uniform conditions in
Nanjing, Jiangsu Province, China. For each variety, three individual plants were selected, and progeny seeds were sampled. All seeds were stored
at 4°C until further use. For each variety, three biological replicates (each replicate consisting of seeds from three individual plants) were
employed to ensure statistical reliability.

2.2 Chemicals and Reagents
All chemicals and reagents employed in the current study were of chromatographic purity or analytical grade. Acetone, aluminum chloride,
diethyl ether, ethanol, ethyl acetate, formic acid, hydrochloric acid, methanol, sodium carbonate, sodium hydroxide, sodium nitrite, and water
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were obtained from Thermo Fisher Scientific (Waltham, MA, USA). The MALDI-MS matrix, 2-mercaptobenzothiazole, was purchased from Sigma
Aldrich (St. Louis, Missouri, USA).

2.2 Liquid chromatography-tandem mass spectrometry
For each biological replicate of the different soybean varieties, the seed coat or embryo was sampled (200 mg) and ground into a homogeneous
fine powder by ball milling prior to transfer to 2 mL centrifuge tubes. Subsequently, the sample was suspended in methanol/water (80:20, v/v;
500 µL) and homogenized for 30 s using a Precellys tissue homogenizer (Bertin Technologies, France). The resulting mixture was subjected to
centrifugation, and the supernatant was collected and concentrated (Savant SPD111 SpeedVac concentrator, Thermo Scientific, Waltham, MA,
USA). After subsequent freeze-drying, the residual metabolite particles were suspended in 50% acetonitrile (500 µL). Prior to analysis by liquid
chromatography–tandem mass spectrometry (LC-MS/MS), the mixture was filtered through a membrane to ensure the absence of particulate
matter.

LC-MS/MS was performed using a Waters ACQUITY ultra-performance liquid chromatography (UPLC) system (Thermo Fisher Scientific, Bremen,
Germany) coupled with an Orbitrap Fusion Lumos Tribrid mass spectrometer and an electrospray ionization (ESI) source. A binary gradient was
employed, with 0.01% formic acid in water as solvent A and acetonitrile/isopropanol (1:1) as solvent B. The gradient of solvent B was ramped
from 5% to 45% within 5 min, further increased to 100% within the next 20 min, and then retained constant for 10 min. Metabolite separation was
achieved using a Waters ACQUITY UPLC BEH C18 column (50 mm × 2.1 mm i.d., 1.7 µm; Beverly, MA, USA). The flow rate and column
temperature were 0.35 mL min− 1 and 45°C, respectively. Mass spectra were acquired over an m/z range of 30-1500 for broad spectrum
metabolite coverage. The MS/MS experiments were performed using collision-induced dissociation (CID) with a 35% standardized collision
energy to generate informative fragment patterns.

Metabolite identification was achieved by cross-referencing the acquired MS/MS spectra against established repositories, including HMDB
(https://hmdb.ca/), METLIN (https://metlin.scripps.edu/), and MassBank (https://massbank.eu/MassBank/). Multivariate statistical analysis
including principal component analysis (PCA), was conducted using the MetaboAnalyst 4.0 platform (https://www.metaboanalyst.ca/) to
visualize the LC-MS/MS data [17].

2.3 MALDI-MSI
Evenly sized soybean seeds were carefully selected and tissue samples were sectioned using a Leica CM1950 cryostat (Leica Microsystems
Inc., Wetzlar, Germany) at -20°C, with the sectioning direction parallel to the soybean cotyledons. The section thickness was set to 20 µm. After
sectioning, slices were transferred onto specialized conductive slides for MALDI-2 (Bruker Daltonics, Billerica, MA, USA) using a pre-cooled
brush. The slices were gently warmed with finger heat to facilitate adhesion to the slides and then placed in a vacuum drying chamber for 30
min. A matrix solution of acetonitrile/water (70:30, v/v) containing 0.1% trifluoroacetic acid was sprayed uniformly onto the tissue slices using a
TM-Sprayer M3 matrix sprayer (HTX Technologies, Orange, NC, USA). The spraying flow rate and nitrogen gas pressure were set at 120 µL min− 1

and 10 psi to ensure even and thorough coating. The matrix-coated conductive slides were placed onto the target plate of a timsTOF flex MALDI
2 instrument (Bruker Daltonics) and an imaging resolution of 50 µm was employed. The metabolite mass range was set to 50-1500 Da. Tissue
slices were scanned using a laser energy of 62% and a laser frequency of 1000 Hz, collecting 100 scans per pixel to generate the raw data files.

Bruker FlexAnalysis 3.4 software was employed for MS peak visualization, peak matching, batch internal calibration, and applying a signal-to-
noise (S/N) ratio of 3 for single isotope peaks. Endogenous flavonoid ion distributions were mapped using Bruker FlexImaging 4.1 with a strict
mass filter width of 10 ppm.

2.4 Chemical Assays
Seed coats and embryos of the different color types were manually peeled, freeze-dried, and ground into a uniform powder. Total anthocyanins
in the tissue samples were quantified using the pH differential method, while the total flavonoid content (TFC) was determined using the
Al(NO3)3 complexation spectrophotometric assay. Procyanidins were measured using the vanillin-HCl method. Carotenoids were extracted from
tissues using an ethanol/acetone solution, while the chlorophyll components were extracted using 95% ethanol. These compounds were
quantified separately using spectrophotometry.

3. Results and Discussion

3.1 Comparative LC-MS/MS Analysis of Pigment Composition in Four Soybean
Types
LC-MS/MS was employed to analyze the metabolomic profiles of the seed coats and embryos from four soybean varieties, namely GS, YS, BS,
and WS. Analysis was conducted in both positive and negative ion modes, identifying 3,514 and 3,576 metabolites from the seed coats and
embryos of the four varieties, respectively. Among these, 131 metabolites exhibiting significant pigment-related characteristics were identified,
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with 112 located in the seed coats and 105 in the embryos. The major pigment classes detected were flavonoids, quinones, and terpenes,
although some indole derivatives and products of amino acid metabolism were also identified. Flavonoids were the predominant pigment group,
exceeding the combined total of all other metabolite categories. Representative compounds included cyanidin, delphinidin, pelargonidin, and
proanthocyanidins (Fig. 1A). Additionally, the seed coats of the four varieties contained 88, 87, 111, and 111 pigment-related metabolites,
respectively, while the embryos contained 87, 81, 104, and 105, respectively (Fig. 1B). Of the 112 pigment-related metabolites identified in the
seed coats, 81 were common across all four varieties (Fig. 1C). In the embryos, 77 pigment-related metabolites were common across the four
varieties (Fig. 1D).

The number of pigment-related metabolites identified in the seed coats was greater than in the embryos, and dark-colored seed varieties
exhibited greater pigment-related metabolite diversity in both tissues compared with light-colored varieties (Fig. 1B). Differences in pigment
composition between the seed coats and the embryos were more pronounced in YS and GS, with 13 differential metabolites detected between
the two tissues for both accessions, while BS and WS exhibited only one difference (Figs. 1C and 1D). In terms of pigment-related metabolite
numbers, YS and GS exhibited greater similarity, whereas BS more closely resembled WS and differed markedly from the light-colored varieties,
and WS contains all detected pigments.

(A) Quantities of different categories of pigment-related metabolites. (B) Histogram showing the pigment-related metabolite counts in seed
coats and embryos. (C, D) Venn diagrams illustrating pigment-related metabolite overlap in seed coats (C) and embryos (D).

3.2 PLS-DA Analysis and Differential Pigment-related Metabolite MALDI-MSI
Partial least squares discriminant analysis (PLS-DA) of the seed coat components revealed significant differences between dark-colored and
light-colored soybeans, with smaller differences observed within each color group. Components 1 and 2 explained 92.7% and 2.9% of the
variance, respectively, accounting for a total of 95.6% (Fig. 2A). The top 10 most variable metabolites are shown in Fig. 2B. Among these,
metabolites with a variable importance in projection (VIP) score > 1 included leucopelargonidin, procyanidin B3, procyanidin C1, procyanidin B2,
and quercetin 3-galactoside. Among these 10 metabolites, only the yellow pigments glucoobtusifolin and chrysophanein were expressed at
higher levels in YS, whereas the remaining eight (all flavonoids) were higher in dark-colored soybeans. Of the eight metabolites, six were
particularly enriched in WS compared with BS, including three anthocyanin precursors-procyanidin C1, B2, and B3-that can be enzymatically
converted into anthocyanins [18, 19]. This suggests that WS possesses the highest anthocyanin content, consistent with previous findings [20].

Figure 2C outlines the PLS-DA results for the pigment-related metabolites in the embryo samples. The score plot of components 1 and 2 clearly
separates WS and BS from YS and GS, with some overlap between the latter two, indicating smaller differences. Components 1 and 2 explained
87.4% and 9.1% of the variance, respectively, accounting for a total of 96.5%. The six most significant metabolites, based on a VIP score > 1.0,
were procyanidin, procyanidin B3, procyanidin B2, quercetin 3-galactoside, quercetin 3-O-rhamnoside, and taxifolin-3-Glucoside (Fig. 2D). Among
the 10 most variable metabolites, all were more abundant in dark-colored soybeans, with the highest levels detected in the BS embryos.

To visualize the spatial distributions of the differential metabolites in the four soybean varieties, MALDI-MSI was used for in situ analysis, and
ion images were generated for six representative metabolites (Fig. 3). The MALDI-MSI results showed that these six differential metabolites
were evenly distributed throughout the embryos of dark-colored soybeans, with higher expression levels than in light-colored soybeans,
consistent with the metabolomic findings (Fig. 2D). Among these metabolites, procyanidin B3, quercetin 3-galactoside, quercetin 3-O-
rhamnoside, and taxifolin-3-glucoside displayed sporadic distributions in the embryos of light-colored soybeans. Azaleatin 3-glucoside was
primarily localized at the outermost layer of the YS embryo, whereas in GS it was sparsely distributed across the entire embryo. In contrast,
luteolin 7-malonylglucoside was present at very low levels in the embryos of light-colored soybeans. Overall, the distribution patterns of these
six metabolites revealed clear similarities between YS and GS and between BS and WS, consistent with the PLS-DA results from the
metabolomic data (Figs. 2A and 2C).

The above results reveal that the levels of flavonoids, their derivatives, and anthocyanins are higher in BS and WS than in YS and GS. These
pigment-related metabolites not only account for the visible color differences among soybean varieties but also contribute significant biological
activities, including antioxidant, anti-inflammatory, and antibacterial effects, as well as enhanced health benefits [21, 22]. Anthocyanins play a
crucial role in absorbing light energy, regulating photosynthesis, and protecting plants from oxidative stress, thereby supporting overall plant
health [23]. Consequently, elevated levels of flavonoids and anthocyanins contribute to enhanced environmental adaptability in BS and WS [24–
27]. Compared with WS, BS embryos contain higher flavonoid levels and larger seeds, exhibiting superior edibility and agronomic traits,
rendering them particularly suitable for applications in food, health products, and pharmaceuticals.

3.3 Differential Analysis of Pigments in Soybeans of Different Colors
Pairwise comparisons of the seed coats and embryos across the four soybean varieties were conducted using thresholds of t-test p ≤ 0.01 and
fold change ≥ 10 or ≤ 0.1. A total of 77 differential pigment-related metabolites were identified in the seed coats and 81 in the embryos. After
merging the datasets, 101 unique differential metabolites were subjected to Pearson correlation-based hierarchical clustering (Fig. 4). It was
revealed that BS and WS contained more enriched metabolites in both tissues compared with YS and GS, consistent with previous studies [28].
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Additionally, BS exhibited the highest number of enriched metabolites. Although all four soybean embryos appeared yellow to the naked eye,
with less visible variation than in the seed coats, the embryos contained a greater number of differential metabolites (81) than the seed coats
(77). Moreover, the metabolites enriched in the embryos differed from those in the seed coats, highlighting the potential role of embryos in
pigment biosynthesis and their contribution to nutritional and health-related traits.

Heatmap analysis (Fig. 4) revealed that BS and WS shared several enriched metabolites, particularly proanthocyanidins, which represent a class
of polyphenols with strong antioxidant capacity. Proanthocyanidins are commonly found in fruits, bark, and seeds, contributing to plant defense
against microbial pathogens, pests, and herbivores [29]. They also exhibit immunomodulatory, anticancer, antioxidant, free radical-scavenging,
anti-inflammatory, and cardioprotective properties, providing significant health benefits [30–34]. Procyanidin C1 and B5 were enriched in BS and
WS seed coats, while procyanidin B1/2/3 and C2 were enriched in both the seed coats and the embryos. Similarly, procyanidin and procyanidin
B7 were enriched in BS and WS embryos (Fig. 4). Across both tissues, dark-colored soybeans consistently displayed higher proanthocyanidin
levels than light-colored varieties, underscoring their superior antioxidant potential, greater resilience to biotic stress, and enrichment in health-
promoting secondary metabolites [35, 36].

Quercetin, another flavonoid, was enriched in the seed coats of dark-colored soybeans. As a yellow plant pigment with a bitter taste and strong
antioxidant properties, quercetin enhances tolerance to biotic and abiotic stresses [37]. Furthermore, exogenous application of quercetin
promotes lignification and cell wall thickening in parenchymal and cortical layers [38], potentially explaining the thicker seed coats observed in
BS and WS. Luteolin, another flavone metabolite exhibiting potent antioxidant activity [39] and free-radical scavenging properties [40], was also
highly expressed in the seed coats and embryos of BS and WS.

Despite similarities in pigment composition between BS and WS, distinct metabolite patterns were observed. Specifically, hydroxylated luteolin
derivatives (e.g., 8-hydroxyluteolin) and the flavonoid baicalin were more abundant in WS seed coats, whereas xanthopurpurin and (+)-taxifolin
were enriched in BS seed coats. WS embryos contained high levels of demethoxycurcumin and procyanidin B6, while BS seed coats and
embryos accumulated proanthocyanidin, isorhamnetin, isotheaflavin, and fisetin. In addition, purpurin, pterin, prodelphinidin a1, and rutin were
enriched in BS embryos. Most of these compounds belong to the flavonoid family, contributing not only to fruit and flower pigmentation, but also
playing critical roles in plant growth and development, protecting against ultraviolet radiation and microbial infection [41].

Although the content of pigment-related metabolites in light-colored soybeans was markedly lower than in dark-colored ones, certain
metabolites were still enriched, particularly in YS. In the YS seed coat, chrysophanein, glycitin, and genistein were abundant, while narirutin and
apigeninidin were enriched in YS embryos. Among the four varieties, GS exhibited the highest content of luteolin 4'-sulfate in the seed coat and
narirutin in the embryo. Chrysophanein, a yellow pigment, has demonstrated leishmanicidal and trypanocidal activities [42], which may
contribute to the enhanced resistance of G. max against protozoan parasites. Glycitin and genistein-widely distributed natural isoflavone
glycosides in legumes-are typical phytoestrogens exhibiting antioxidant, anti-inflammatory, antimicrobial, and antiviral properties [43]. Narirutin,
a flavonoid, also possesses antimicrobial and antioxidant activity [44]. Additionally, apigeninidin is highly stable, exhibiting a long half-life, low
reaction rate constant, and low Q10 value, contributing to the storage stability of sorghum [45]. Its high abundance in soybean embryos may
similarly enhance longevity. In light-colored soybeans, the enriched pigment-related metabolites are predominantly pale yellow, reflecting seed
color. However, the relatively limited number of these enriched metabolites suggests reduced environmental resilience, indicating that these
varieties are better suited to low-stress, artificial cultivation environments.

3.4 Quantitative Determination of Soybean Pigments and Antioxidant Capacity
As an important and relatively safe class of food additives, natural edible pigments have been used in the food industry for centuries. Among
them, anthocyanins, procyanidins, flavonoids, carotenoids, and chlorophylls are widely applied owing to their nutritional and health-promoting
properties [46–48]. To validate the results of metabolomic identification and complement the lipid-soluble pigments not fully captured by
metabolomics, LC-MS was employed to detect and quantify flavonoids, anthocyanidins, procyanidins, anthocyanins, chlorophylls, and
carotenoids, as detailed in Table 1. Among the four soybean seed coats, the greatest variation was observed for the TFC, with corresponding
values of 2.72, 3.31, 308.14, and 186.55 mg g− 1 DW for the YS, GS, BS, and WS seed coats, respectively. In contrast, their embryos exhibited

significantly smaller differences (4.29, 5.17, 5.80, and 4.38 mg g− 1 DW, respectively), suggesting that flavonoid differences between dark- and
light-coated soybeans are primarily attributed to the seed coat. Anthocyanidin and procyanidin levels were significantly higher only in the seed
coats of dark-coated soybeans, but lower in their cotyledons and in light-coated varieties, consistent with previous reports [9]. Anthocyanin
concentrations in the seed coats and embryos of dark-coated soybeans were markedly higher than those in light-coated varieties, whereas
chlorophyll and carotenoid contents were relatively lower. These findings indicate that dark-coated soybeans possess higher pigment levels,
predominantly in their seed coats, consistent with their deeper pigmentation [49].

Flavonoids are essential secondary metabolites synthesized in nearly all plant organs in response to diverse environmental interactions. They
contribute to tissue coloration, attract pollinators and seed dispersers such as insects and birds, and protect plants against pests and
herbivores [50]. The high flavonoid content in black and wild soybeans suggests greater stress resistance, enabling these varieties to more
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effectively withstand adverse environmental conditions. Such compositional differences may have been reduced during domestication, as seed
coat color shifted from dark to light [51]. Furthermore, since natural soybean habitats are primarily riparian and wetland ecosystems, the
diversity of anthocyanins and procyanidins in their seed coats may confer adaptive advantages, particularly in protecting seeds against fungal
pathogens [52, 53].

To investigate the differences in antioxidant capacity among the four soybean varieties, pigments were extracted from their seed coats and
cotyledons, and their free radical scavenging abilities were evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Table 2). Although
BS contains the highest pigment content, WS demonstrated the strongest antioxidant activity in both its seed coats and cotyledons. This
suggests that WS may contain certain substances with particularly strong antioxidant capacities, such as specific anthocyanin monomers [54],
or that the proportional composition and synergistic effects among its various antioxidant components are more favorable, resulting in overall
enhanced free radical scavenging capacity and antioxidant potential. Furthermore, stress resistance inherent to wild species may drive the
production of efficient bioactive compounds, allowing them to adapt more effectively to harsh natural environments [55]. The antioxidant
capacity of pigment extractions from the seed coats of WS and BS was higher than that of their cotyledons, whereas in YS and GS, cotyledon
extracts exhibited greater antioxidant activity than their seed coats, reflecting the respective pigment contents (Table 1). Overall, dark-seeded
soybeans demonstrated substantially higher antioxidant capacity than light-seeded varieties, ultimately highlighting their potential nutritional
and functional value.

Table 1
The pigment content in the seed coats and embryos of four types of soybeans

Soybean
seeds

Flavonoids

(mg·g− 1 DW)

Anthocyanidins

(mg·g− 1 DW)

Procyanidins

(mg·g− 1 DW)

Anthocyanin

(mg·g−1DW)

Chlorophyl

(mg·100g− 1 DW)

Carotenoids

(mg·100g− 1 DW)

Coats Embryos Coats Embryos Coats Embryos Coats Embryos Coats Embryos Coats Embryos

YS 2.72 ± 
0.22b

4.29 ± 
0.23b

0.02 
± 
0.00c

0.01 ± 
0.00b

0.65 
± 
0.04c

0.89 ± 
0.01bc

2.72 
± 
0.21c

1.76 ± 
0.11c

0.90 
± 
0.04ab

0.80 ± 
0.02a

0.36 
± 
0.03b

0.23 ± 
0.02b

GS 3.31 ± 
0.25b

5.17 ± 
0.39a

0.02 
± 
0.00c

0.11 ± 
0.01a

0.66 
± 
0.05c

1.27 ± 
0.08a

3.30 
± 
0.28c

1.93 ± 
0.11b

0.13 
± 
0.02c

0.05 ± 
0.01b

0.47 
± 
0.02a

0.26 ± 
0.01b

BS 308.14 
± 
23.14a

5.80 ± 
0.54a

4.28 
± 
0.37b

0.03 ± 
0.00b

72.44 
± 
7.63a

0.74 ± 
0.00c

6.73 
± 
0.51a

3.85 ± 
0.18a

0.55 
± 
0.06bc

0.04 ± 
0.01c

0.31 
± 
0.01bc

0.50 ± 
0.03ab

WS 186.55 
± 
11.63a

4.38 ± 
0.35b

6.01 
± 
0.48a

0.03 ± 
0.00b

36.37 
± 
2.89b

1.03 ± 
0.05ab

4.45 
± 
0.40b

2.83 ± 
0.16b

0.99 
± 
0.06a

0.14 ± 
0.04b

0.30 
± 
0.01c

0.59 ± 
0.02a

Note: Values with different letters in the same column indicate significant differences at P < 0.05.

Table 2
Enzyme activity determination in the seed coats and embryos of four types of soybeans

YS Coats Embryos

16.61%c 34.47%b

GS 17.20%c 31.20%c

BS 52.35%b 32.74%b

WS 74.01%a 53.58%a

Note: Values with different letters in the same column indicate significant differences at P < 0.05.

4. Conclusion
Through the analysis of pigment-related metabolites in the seed coats and embryos of yellow-, green-, and black-seeded G. max together with G.
soja, this study clarified the intrinsic relationship between seed coat color and pigment composition. LC-MS/MS identified a total of 131
pigments. Dark-colored soybeans (black-seeded G. max and G. soja) contained a greater number of pigment types in both the seed coats and
embryos. MALDI-MSI revealed that pigments were widely and evenly distributed in the embryos of dark-colored soybeans, while their distribution
was limited in light-colored soybeans. Quantitative pigment measurements across the four soybean types aligned with metabolomic results.
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Dark-coated soybeans exhibited significantly higher pigment diversity and abundance than yellow- and green-seeded soybeans. Furthermore, the
elevated procyanidin and flavonoid contents in both the seed coats and the embryos of dark-coated soybeans may confer enhanced
environmental adaptability and stronger bioactivities, such as antioxidant and anti-inflammatory effects. Particularly, the enrichment of
anthocyanins in dark-coated soybeans suggests a critical role in protecting seeds from diseases and environmental stress. Overall, this study
provides a new perspective for analyzing the metabolic mechanism responsible for soybean seed coat color and offers practical guidance for
breeding soybean varieties with abundant pigment profiles and high nutritional value. Future work should focus on combining genomics,
metabolomics, and functional gene analysis to further reveal the genetic regulatory network of pigment synthesis and promote breeding
progress to enhance stress resistance and nutritional quality in soybeans.
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Figures

Figure 1

Detection of pigments in the YS, GS, BS, and WS seed coats and embryos.

(A) Quantities of different categories of pigment-related metabolites. (B) Histogram showing the pigment-related metabolite counts in seed
coats and embryos. (C, D) Venn diagrams illustrating pigment-related metabolite overlap in seed coats (C) and embryos (D).
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Figure 2

(A, C) PLS-DA and (B, D) VIP analysis of significantly different pigment-related metabolites in GS, YS, BS, and WS. Results are presented for (A, B)
the seed coats and (C, D) the seed embryos.
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Figure 3

Spatial visualization of differential metabolite distribution in the YS, GS, BS, and WS embryos using MALDI-MSI.
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Figure 4

Pearson correlation-based hierarchical clustering heatmap of differential pigment-related metabolites in the seed coats and embryos of BS, GS,
YS, and WS.
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