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Abstract

Soybeans are a vital source of plant-based protein and are widely utilised for various agricultural and industrial purposes. One notable
characteristic of soybeans is the diversity in their seed coat colour, which ranges from yellow, black, brown and green to bicoloured variants. This
study aimed to identify key genes associated with seed quality by analysing transcriptome profiles of differentially expressed genes in seeds,
naked seeds and seed coats of black and white soybean genotypes. The analysis revealed that several upregulated genes are involved in hormone
signalling pathways and metabolic processes, such as lysine, starch, sucrose, protein and galactose metabolism. These genes also participate in
biosynthetic pathways for ethylene, lipids, brassinosteroids, lignin and sulfur-containing amino acids. Such molecular activities are likely linked to
the enhanced seed quality observed in black-coated cultivars, which exhibit greater longevity, improved resistance to ageing, moisture and
physical stress. Furthermore, the identification of key transcription factors provided deeper insight into the regulatory mechanisms underlying
these traits. This research offers a comprehensive understanding of the genomic and metabolic pathways that influence seed quality in soybeans

and lays a foundation for future gene-silencing studies to further explore the biological significance of black seed coat characteristics.
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Introduction

The success of the plant kingdom largely comes from the evolution
and diversification of angiosperms. Angiosperms, with around
300000 species of flowering plants, form the largest and most diverse
group in the plant kingdom (1, 2). A key factor in their success is the
characteristics of their seed coats. The seed coat regulates gas
exchange between the embryo and the environment and protects
the embryo from mechanical damage, pests and diseases (3, 4). A
more compact seed coat offers better protection, highlighting the
importance of its physical structure and chemical composition for
seed longevity (5). The seed coat, or testa, is the outer layer of a
mature seed, covering the embryo and nutritive tissue (4). During
seed development, the outer integument forms various layers that
become the testa, while the inner integument usually disappears
(6, 7). The colour of the soybean seed coat is an important
agronomic trait that determines seed quality and is also an
evolutionary trait (5). Differences in the structure and composition of
these layers vary by species or variety. The chemical composition of
the seed coat also varies between genotypes, affecting its
permeability (8). The presence of tannins and lignins in cuticle and
macrosclereids of the seed coat is a major contributing factor to seed
coat strength, hardness and impermeability, which showed the
association of seed coat colour with water absorption and lower
imbibition of dark seed coat than light ones (9, 10). Pigments in the
seed coat resulting from the production of phenolic compounds

(e.g. tannins) are mostly associated with antioxidant content and
defence activity against pathogens (11, 12). The proanthocyanidins
accumulation and oxidation in the seed coat (mainly in the
endothelial layer indirectly help in the desiccation of seeds and thus
prolong longevity (13, 14). Thus, the seed coats chemical
composition also has a critical role in deciding seed longevity. The
formation of black or brown-colored seeds is primarily due to the
accumulation of metabolic products such as flavonoids and
anthocyanins within the epidermal layer of the seed coat (15).
Environmental conditions that influence seed longevity are relative
humidity, moisture content, oxygen pressure and temperature of
storage. The key player in regulating all these environmental
conditions is the seed coat, which acts as an interface to
seed-environment relationships. Seed coats are found to impart
both physical and chemical resistance to seeds by preventing
mechanical injury and free radical damage (8).

Despite the variety of soybean cultivars available, variability
persists within the species across several traits, notably seed coat
colour, which ranges from yellow, green, black and brown to
bicolour. The development of the soybean seed coat involves
various biochemical pathways, including those for pigment
biosynthesis, cell wall formation and structural integrity (5). The
natural products causing differences in seed coat and hilum colour
include flavonoids and anthocyanins (16, 17). Flavonoids are
aromatic molecules derived from phenylalanine and acetytCoA
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through the fatty acid pathway. The presence of two anthocyanidin
glycosides, cyanidin-3-monoglucoside and
delphinidin-3-monoglucoside, is primarily responsible for the black
seed coats in soybeans (18, 19). It was reported that when the
expression of both the ANR1 (proanthocyanidin reductase 1) and
ANR?2 (proanthocyanidin reductase 2) genes was inhibited, the seed
coat of soybeans showed a distinctive red-brown colour (20).

A unique class of secondary metabolites found in plants,
isoflavones are primarily generated by soybeans and other
members of the Papilionoideae family via the phenylpropanoid
pathway. Dietary isoflavones such as genistein, glycitein and
daidzein are mostly found in soybean seeds (21). The enzyme
phenylalanine ammonia lyase (PAL) converts I-phenylalanine, the
starting point for the production of isoflavones, into cinnamic acid.
Then, 4-hydroxylase (C4H) and 4-coumarate CoA ligase (4CL)
transform cinamic acid into p-coumaryol CoA. A crucial enzyme in
the biosynthesis of isoflavones, chalcone synthase (CHS), changes
p-coumaryl-CoA into naringenin chalcone (17). CHS7 and CHS8 are
seed-specific in soybeans and catalyse the conversion of
p-coumaryl-CoA into naringenin chalcone (22). Chalcone isomerase
(CHI) and chalcone reductase (CHR) are also crucial enzymes for
isoflavone  synthesis  (23).  Isoflavone  synthase, or
2-hydroxyisoflavanone synthase, is the key enzyme that
distinguishes between plants that produce isoflavones and those
that do not. Microsomal cytochrome Ps monooxygenase, or
isoflavone synthase, is responsible for the following hydroxylation of
the generated C-2 radical after flavanones migrate through a 2, 3 aryl
ring migration to their corresponding flavones (24, 25). Two IFS
genes (IFS1 and IFS2) with a 14 amino acid difference have been
found in the soybean genome (25-27). The naringenin and
liquiritigenin  flavonones are converted to their equivalent
isoflavones by both isoforms of IFS (25-28). Different soybean
cultivars accumulate isoflavones differently, which can be attributed
to the combination of genetic and environmental variables whose
regulation is still unknown. Similar to other plant secondary
metabolic pathways, the isoflavone biosynthesis pathway is divided
into multiple branches that utilise common substrates (17). This
intricacy poses difficulties for isoflavone biosynthesis metabolic
engineering. Different genes control each pathway branch and
stage, which affects how different substances build up over time (19).

The colouration of soybean seed coats is primarily controlled
by five classic genetic loci: I, R, T, W1 and O (29, 30). The synthesis of
seed coat pigments, which largely determines seed coat colour, is
regulated by three independent loci: I, Rand T (31, 32). TheRand T
loci dictate the type of anthocyanin and proanthocyanidin
synthesised, which results in specific seed coat colours: black (R, T),
imperfect black (R, t), brown (r, T) and buff (r, t). The T locus encodes
a flavonoid 3'-hydroxylase (F3'H) responsible for synthesising
cyanidin-based anthocyanins and proanthocyanidins (16, 33, 34).
Unlike the R and T loci, the I locus (inhibitor) with its four alleles
(I, ii, ik, i) determines the distribution of pigments in the seed coats’
epidermal layer. The | allele inhibits pigment production, resulting in
yellow seeds, while the i allele allows full pigmentation, leading to
completely colored seeds (10, 35-39). The dominance hierarchy
among these alleles is | > ii > ik > i. Inhibition of seed coat
pigmentation by the | locus, especially the | and ii alleles, occurs
through RNA silencing of chalcone synthase (CHS) genes (39, 40).

Seed coat colour can indicate traits with commercial value,
providing insights for genetic improvement or product
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development. Black-seeded soybeans exhibit superior physiological
quality and storage longevity compared to white-seeded ones. The
complex trait of soybean seed coat pigmentation involves multiple
interacting loci, with mechanisms such as post-transcriptional gene
silencing further regulating this trait. Despite current knowledge, the
full range of beneficial molecules associated with black-seeded
soybeans requires extensive exploration, presenting opportunities
for crop improvement and value-added product development.
Therefore, a comprehensive transcriptome analysis was carried out
to identify differentially expressed genes in seeds, naked seeds and
seed coats of black and white-seeded soybean genotypes. By
examining genes involved in metabolic pathways, hormone
signalling, pigment biosynthesis and transcriptional regulation, the
study seeks to uncover key genetic determinants linked to seed coat
composition, structural integrity and longevity. Furthermore, this
investigation intends to provide insights into regulatory networks
governing seed quality traits and to establish a molecular foundation
for future functional genomics and genessilencing studies targeting
theimprovement of soybean seed quality and storage performance.

Materials and Methods
Seed growth and development

To explore the differences between the transcriptomes of naked
seeds and seed coats with contrasting tegument colouration, two
cultivars were selected: the cultivar EC993950 representing the
genotype of black seed coat colouration and the cultivar JS- 335
representing the white seed coat colour genotype. These seed
varieties were chosen for their contrasting pigmentation
colourations available in Karnataka, India. The matured stored
seeds were imbibed in distilled water and only the germinated
seeds were further taken for the RNAisolation.

RNA isolation

ATrizol reagent was used to isolate the RNA. The samples of whole
seed, naked seed (seed pulp without the seed coat) and seed coat
made up about 100 mg of preserved (-80 °C) tissue. The tissue was
then immediately immersed in liquid nitrogen and pulverised to a
fine consistency. After adding 1 mL of Trizol reagent to a 2 mL
Eppendorf tube containing tissue powder, the tube was allowed to
stand at room temperature for five minutes. After pipetting it well,
it was placed on ice for fifteen minutes. Liquid phase was
transferred to a new Eppendorf tube after centrifuging at
10000 rpm for five minutes at 4 °C. After adding 200 pL of cooled
chloroform and vortexing for 30 sec, the mixture was centrifuged
at 13000 rpm for 15 min at 4 °C. Aqueous phase was pipetted into
a fresh Eppendorf tube, 200 L of chloroform was added and the
tube was centrifuged for 15 min at 4°C at 13000 rpm. Following
pipetting of the aqueous phase into a 1.5 mL Eppendorf tube,
500 uL of ice-cold isopropanol was added and the mixture was
incubated at -20°C for an entire night. The pellet was centrifuged
for 15 min at 4°C at 13000 rpm and after that, it was air dried for
30 min on ice and twice cleaned with 70 % ethanol. In the end, the
pellet was dissolved in 50 pL of nuclease-free water. Using an RNA
HS test kit (Thermofisher #Q32851) and a Qubit 4.0 fluorometer
(Thermofisher #Q33238), the extracted RNAS quality was
confirmed in accordance with the manufacturer’s instructions. On
a 1% agarose gel, ethidium bromide staining was used to evaluate
the RNAS’ integrity. An additional assessment of the samples'

https://plantsciencetoday.online


https://plantsciencetoday.online

purity and abundance was conducted with a Thermo Scientific,
Wilmington, DE, Nano DropTM1000 spectrophotometer.

RNA sequencing and quantification

The library preparation for RNA-Seq was carried out at Molsys
Scientific, Bangalore, India, according to Illumina HiSeq sequencer
RNA Library Prep. The samples for RNA sequencing, 0.1 - 1 ug
high-quality total RNA, were used for TruSeq standard total
RNA-lllumina # 2002059. The library was carefully checked before the
sequencing using insert size and Qubit concentrations. The
concentration of the insert size was checked in a bioanalyser for its size.
The concentration of qubits is determined internally to calculate the
data output for the Novaseq6000 sequencer, according to the
machine manufacturer and internal standardisation. We normalised
libraries for a concentration of 300 umol and the concentrations varied
further based on the requirement of data output from each sample
when mixed with other barcoded samples. The Illumina NOVASEQ
6000 sequencer was employed to generate 150 bp paired-end (PE)
data.

Quality assessment of the raw fastq reads of the sample was
performed. The raw fastq reads were preprocessed using FastQC
(FastQC v.0.11.9) (41). The processed reads were aligned to the Silva
database using Bowtie2 (Bowtie2 v2.4.5) to filter rRNA reads. The
non-rRNA reads are aligned to the STAR-indexed G. max (soybean)
(GCA_000004515) genome (STAR aligner v 27.9a) using
parameters:- outSAMtype BAM Sorted By Coordina -
outSAMunmapped Within -quantMode TranscriptomeSAM
outFilterScoreMinOverLread 0.33 -outFilterMatchNminOverLread
0.33 -outSAMattributes Standard). The rRNA and tRNA features were
removed from the GTF file of G. max (42). The alignment file (sorted
BAM) from individual samples was quantified using feature Counts,
based on the filtered GTF file, to obtain gene counts (43). The
'regularised log' transformation in DESeq2 (transcript counts for
G. max were used as inputs to DESeq2) was used for principal
component and clustering analysis. Normalisation and differential
expression analysis were performed using DESeq2 (Fig.1).

Gene annotation

The genelDs obtained from DESeq2 were submitted to bioDBnet for
annotation, specifying taxon: id as '000004515' (Glycine max).
Nucleotide sequences were then retrieved for genelDs lacking
annotations via bioDBnet. These sequences were subsequently
subjected to the KAAS KEGG Automatic Annotation Server, which
assigned KO IDs (KEGG Orthology Identifiers) based on the best hits
for each gene. These KO IDs were further processed through GAEV
(Gene Annotation Easy Viewer) to compile information such as gene
names, KO (KEGG Orthology) numbers, functional definitions of
orthologs and functional pathways associated with the queried
genes. In cases where gene sequences remained unannotated by

Table 1. Sample overview

KAAS, their protein sequences were extracted and annotated using
Blast KOALA. Lastly, for Gene Ontology (GO) annotation, complete
protein sequences corresponding to the gene IDs were retrieved and
analysed with PANNZER?2 (organism: Glycine max) (Fig1).

The DESeq2 result files were filtered based on “Un-adjusted

p-value <= 0.05 and Log Fold Change F 2”. The volcano plots were
generated using Enhanced Volcano and the MA plots were plotted
using the ggmaplot function of the ggpubr R package (44, 45). The
significant genes were subjected to gene ontology (GO) and KEGG
pathway enrichment analysis using the ShinyGO software based on
the G. maxgenome as a model, with a significance level of 0.05, with
false discovery rate (FDR) as an adjustment method. FPKM
calculations removed variability in gene length and overall read
distribution in terms of gene expression levels. With the statistically
significant criterion of p<0.05, differentially expressed genes were
identified by a percentage of log2 fold change=1,i.e., the change in
gene expression between the treated and control groups was
greater than 2fold. The overview of the workflow of the
methodology from raw data to gene annotation is represented in
Fig. 1. All the QC reports, DESEQ2 cut off, functional data and analysis
reports are available in the open-source platform https://osf.io/p6us5/
overviewview_only=2fb4f6c3c9ac4620be3edad2521135%8.

Statistical analysis

All data sets had three biological replicates. Differentially expressed
genes were defined as genes with a false discovery rate (FDR) <0.05
and a fold change > two-fold or greater. An adjusted p-value < 0.05
was considered significant when identifying enriched GO terms and
an adjusted p-value < 0.05 was considered indicative of significantly
enriched KEGG pathways.

To know the differences between the seed coats with
contrasting tegument colouration, two cultivars were selected, the
cultivar EC993950 representing the genotype of black seed coat
colouration and the cultivar JS- 335 representing white seed coat
colour. The paired-end library type was used for an overview of twelve
samples using reference-based whole transcriptome analysis (Table 1).
Four comparisons were made with the help of four samples, that is,
seed coat- white, seed coat- black, naked seed- white, naked
seed- black, each sample with three replications, for a total of twelve
samples, which is represented in Table 2. Four comparisons include:
comparison 1: seed coat black vs seed coat white of soybean,
comparison 2: naked seed black vs naked seed white of soybean,
comparison 3: naked seed white vs seed coat white of soybean and
comparison 4: naked seed black vs seed coat black of soybean (Table
2).

Due to the low alignment rate, S, which is 0.02 % with 2964
counts and includes high unmapped reads of 99.95 % with

Library type

Number of samples

Approach used

Paired-end 12

Reference-based whole transcriptome analysis

Table 2. Grouping information

Comparison 1: seed coat black Comparison 2: naked seed black vs Comparison 3: naked seed white vs Comparison 4: naked seed black

vs seed coat white of soybean naked seed white of soybean

seed coat white of soybean vs the seed coat black of soybean

Samples Group Samples Group

S1 Seed coat- white S4 Naked seed- white
S, Seed coat- white Ss Naked seed- white
Ss Seed coat- white Se Naked seed- white
Sq Seed coat- black Swo Naked seed- black
Ss Seed coat- black Su Naked seed- black
Se Seed coat- black S Naked seed- black

Samples Group Samples Group
Si Seed coat- white S7 Seed coat- black
S, Seed coat- white Ss Seed coat- black
Ss Seed coat- white So Seed coat- black
S4 Naked seed- white S1o Naked seed- black
Ss Naked seed- white Su Naked seed- black
Se Naked seed- white S Naked seed- black
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Table 3. Alignment statistics of processed samples against the SILVA database v138 for rRNA filtration using Bowtie2 and rRNA filtered reads

against the reference genome (Glycine max) using the STAR aligner

Sample Aligned concordantly exactly 1 time

Uniquely mapped reads number

Number of reads unmapped: too short

Sr.No Name Count % Count % Count %
1 S1 701671 495 1604897 26.41 4060328 66.82
2 S 858240 4.12 2481185 27.5 6030707 66.85
3 Ss 1535925 4.82 4088324 26.87 9780424 64.27
4 S4 2964 0.02 4358 0.03 14627725 99.95
5 Ss 463858 2.48 2930143 23.42 8624795 68.94
6 Se 576767 3.07 2663988 24.64 7432304 68.74
7 S7 237516 2.67 474437 8.3 5122033 89.58
8 Ss 975815 4.66 2191450 25.42 5829744 67.63
9 So 1088519 4.55 2866458 24.29 7611891 64.5
10 S0 1096862 4,53 2860014 25.44 7555887 67.21
11 Su 1470907 4,94 3210424 25.9 8308577 67.03
12 S» 711195 2.72 4222368 24.38 11816673 68.24

14627725 counts (Table 3), S+ was not included in the differential
expression analysis.

Note: "too short" means that the best alignments STAR found
were too short to pass the filters. This is controlled by our filter
score min over L read, which was set to 0.5 which means that half
of the total read length (sum of mates) should be mapped.

Results and Discussion

Comparison 1 (seed coat black vs seed coat white)

Comparative transcriptomic profiling of seed coat black vs seed coat
white

258 genes were found to be differentially expressed in the black seed
coats of the cultivar EC993950 when compared to the white seed
coat cultivar (JS-335). In comparison to JS-335, EC993950 showed
206 upregulated genes and 52 downregulated genes out of 258 total
genes (Table 4). Principal component analysis (PCA) revealed a
significant degree of variation between the black and white seed
coats. The explained dispersion percentage for the PCA model was
72 %, as displayed in Fig. 2. This model uses regularised log count
data and a plot that illustrates variance both within and across
groups to explain data variability. The two main components that
account for the largest percentage of variation, 46 % for PC1 and
26 % for PC2, are displayed on the horizontal and vertical axes. The
distribution of gene expression between the groups, seed coat black
and seed coat white, is displayed by the MA-plot. The log of the mean
of the samples' normalised expression counts is represented by the
X axis, while the Y axis displays the Log2 fold change. Based on the
p-value (<0.05), red dots indicate genes that are up-regulated (> +2)
and blue dots indicate genes that are down-regulated (< -2). A grey
dot indicates non-significant genes with a p-value greater than 0.05.
It was evident from Fig. 3 that more genes were elevated in the black
seed coat than in the white seed coat. The heatmap of regularised
log-transformed data displays the profile of differentially expressed
transcripts, highlighting the top 50 genes with the most variance
across samples. In a similar vein, the volcano plot revealed the
expression of numerous DEGs, of which 19 were up-regulated and 7
were down-regulated (Fig. 4). This suggests that the contrasted seed
coat colour is influenced by the expression of particular genes.

Characterisation and functional annotation of DEGs in the black seed
coat and white seed coat

DEGs in the black and white seed coats were used to map the GO
database using the ShinyGO 0.76 toolkit, with a false discovery rate
(FDR of 0.05) set as the cutoff. This allowed us to look at the
significantly enriched genes in comparison to the genomic
background. The results showed that 34 significant GO keywords
were identified between the two gene ontologies in the
up-regulated DEGs of a black seed coat in comparison to the white
seed coat. L-lysine catabolic process to acetyl-CoA, L-lysine
metabolic process, lysine catabolic process, lysine biosynthetic
process via aminoadipic acid, photosynthetic electron transport in
photosystem ii, response to chitin, response to water, response to
acid chemical, protein complex oligomerisation, response to heat,
response to temperature stimulus, response to salt stress,
response to inorganic substance, protein folding, response to
oxygen-containing compound, cellular carbohydrate metabolic
process, response to abiotic stimulus were the main classes that
contributed to the biological process (Fig. 5.).

Electron transporter, transferring electrons within the cyclic
electron transport, misfolded protein binding, protein folding
chaperone, protein self-association, oxidoreductase activity, acting
on single donors with incorporation of molecules, unfolded protein
binding, hydrolase activity, hydrolysing O-glycosyl compounds was
the primary class under the molecular-function category. which
were displayed in Fig. 6. The major molecular networks connected
to every gene that was found to be considerably changed seem to be
connected to important mediators that differ in seed coat colour
(Fig. 5-6).

Functional regulatory network analysis (KEGG pathway enrichment)
of black seed coat and white seed coat

The distinct metabolic processes involved in the development of
the soybean seed coat were elucidated by searching the KEGG
pathway database for DEGs that were specifically identified in the
black and white seed coats. Alpha-linolenic acid metabolism,
ubiquitin-mediated proteolysis, starch and sucrose metabolism,
protein processing in the endoplasmic reticulum and biosynthesis

Table 4. Up and down-regulated gene count based on p value <0.05 and Log2FoldChange + 2 using DESeq2

Comparisons

p value <=0.05 and log2FC + '2'

Up Down
Comparison 1 (seed coat black vs seed coat white) 206 52
Comparison 2 (naked seed black vs naked seed white) 59 85
Comparison 3 (naked seed white vs seed coat white) 396 234
Comparison 4 (naked seed black vs seed coat black) 302 608
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Fig. 6. Functional enrichment of the top-most significant (FDR<0.05) categories of molecular function (GO terms) for comparison 1.

of secondary metabolites are among the major mechanisms
enhanced in the black seed coat (Fig. 7).

Identification of transcription factors in black seed coat and white
seed coat

Furthermore, the DEGs encode the transcription factor (TF). Several
transcription factors were discovered to control the colour of the
soybean seed coat. These include the following. LOC100782177,
LOC100775577, LOC100791726, LOC100798430, LOC100811246, PM30
(Seed maturation protein), LOC100790246, LOC100787252,
LOC100790433, LOC100810057, LOC100781448, LOC100782277,
LOC100809698, LOC100809699, LOC100787252, SLE2 (Protein SLE2,
Transcriptional regulator WhiB), LOC100783345, LOC100803792,
LOC102663960 and LOC100782177 were among the TFs that were
upregulated in the black seed coat. LOC100785561, LOC100811417,
LOC100792164, LOC102668537, LOC100777796, LOC100794600 and
LOC100777265 were the downregulated transcription factors in the
black seed coat.

Overview of metabolism

The elevated expression of lysine pathway genes may also
contribute to improved seed vigour and longevity. Lysine-rich
storage proteins are known to support seed germination
efficiency, stress tolerance and structural stability of storage

reserves. Furthermore, lysine metabolism is closely linked with
energy metabolism and nitrogen assimilation, which are essential
for proper seed development and maturation. Therefore, the
upregulation of lysine-related genes identified in the differential
expression analysis provides a molecular basis for the superior
seed quality, enhanced nutritional composition and improved
stress resilience observed in black seed coat soybean cultivars (46).

Soybeans can become a more valuable and complete
source of protein by increasing their lysine level, which will also
improve their nutritional profile. The black seed coat exhibits a
higher level of functional enrichment in the L-lysine catabolic
pathway to acetylCoA, L-lysine metabolic pathway, L-lysine
catabolic pathway and L-lysine synthesis pathway via aminoadipic
acid genes. Beyond its nutritional importance, lysine is essential for
enzyme function (47, 48). It is a component of many enzymes'
structures and activities, including those of hydrolases,
oxidoreductases, metabolism of alpha-linolenic acid (a-Linolenic
acid metabolism pathways in soybean signal transduction from
KEGG with query genes highlighted in red, which is represented in
Fig. 8. Ubiquitin-mediated proteolysis and genes involved in the
metabolism of starch and sucrose that are crucial for the growth and
development of seeds (49). Lysine degradation and starch and
sucrose metabolism pathways in soybean signal transduction from

Plant Science Today, ISSN 2348-1900 (online)
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Fig. 8. a-Linolenic acid metabolism pathways in soybean signal transduction from KEGG with query genes highlighted in red.
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KEGG, with query genes highlighted in red, are represented in Fig. 9.

It also functions as a precursor to numerous proteins,
which is supported by the discovery that functional enrichment of
cellular metabolic processes involving carbohydrates provides
necessary energy and structural elements. Appropriate protein
construction and function are guaranteed by protein complex
oligomerisation and self-association (50, 51). By stopping
misfolding and supporting proper protein structure, chaperones
help with protein folding. Protein mistakes can be managed and
corrected with the aid of unfolded and misfolded protein binding
mechanisms (52, 53). Protein processing in the endoplasmic
reticulum guarantees that proteins are appropriately modified,
promoting efficient seed growth and germination (54).

Additionally, lysine has a role in the plants’ stress response
systems, which help the plant tolerate environmental stressors like
disease, drought and pest infestations (47). Greater fold
enrichment of genes in the black seed coat correlates with
resistance. By  inducing  immunological  responses,
chitin-responsive genes aid in the defence against fungal infections
(55). Osmotic equilibrium is regulated by genes that react to salt
and water stress, preventing toxicity or dehydration. Stress
tolerance and pH balance are regulated in response to acidic
substances (56). Genes that respond to heat and temperature
shield seeds from harm and control growth in temperature swings.
lon homeostasis and nutrient absorption are controlled by
inorganic  substance response genes. Oxygen-consuming
compound response genes deal with stress caused by oxidation
(57).

Black seed coats also have greater levels of secondary
metabolite biosynthesis enrichment. These substances, which
have antioxidant qualities and contribute to broad protection, are
what give rich black colouring; they include anthocyanins,
flavonoids and tannins. They also strengthen the resistance of the
seed against pests and diseases (58, 59). Black soybeans are an
excellent functional food because of these metabolites, which also
have anti-inflammatory and anti-cancer characteristics.

Comparison 2 (naked seed black vs naked seed white)

Comparative transcriptomic profiling of seed coat black vs seed coat
white

Comparing the naked white seed cultivar JS-335 to the naked
black seed of cultivar EC993950, 144 genes were found to express
differently. Comparing EC993950 to JS-335, 59 genes were
upregulated and 85 genes were downregulated among the 144
genes (Table 4). There are significant differences between the
black and white bare seeds, according to the principal component
analysis (PCA). As seen in Fig. 10. which uses regularised log count
data and a plot to show variation both within and across groups to
explain data variability, the PCA models’ percentage of explained
dispersion was 80 %. The largest percentage of variation (46 % for
PC1 and 34 % for PC2) may be explained by the two main
components that are displayed on the horizontal and vertical axes.

The gene expression distribution between the groups of
naked seed black and naked seed white is displayed using an
MA-plot. The X axis displays the log of the samples’ normalised
expression count mean, while the Y axis displays the log of the fold
change. Based on the p-value (<0.05), red dots represent
up-regulated genes (>+2) and blue dots represent down-regulated
genes (< -2). When the p-value is greater than 0.05, the grey dot
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represents the non-significant genes. It was evident that, in
comparison to naked white seeds, more genes were elevated in
naked black seeds (Fig. 11). The differentially expressed transcripts
profile in the heatmap of regularised log transformed values
showing the top 50 genes with the highest variance across
samples. Similarly, the volcano plot showed that many DEGs were
expressed, among which 9 DEGs were up-regulated and 11 were
down-regulated, which depicts that the gene expression plays a
role in the naked soybean seed of distinct seed coat colour
(Fig. 12).

Characterisation and functional annotation of DEGs in the naked
seed black and naked seed white

The significantly enriched genes compared with the genomic
background were examined using DEGs in the black naked seed
and white naked seed by mapping the GO database using the
ShinyGO 0.76 toolkit and setting a false discovery rate (FDR = 0.05)
as the cutoff. The results showed that in the two gene ontologies of
the up-regulated DEGs of a black naked seed, a total of 21
significant GO keywords were identified when compared to the
white naked seed.

Protein complex oligomerisation, response to hydrogen
peroxide, response to reactive oxygen species, heat, response to
salt stress, response to inorganic substance, response to
temperature stimulus, neg. reg. of peptidase activity, protein
folding, reg. of proteolysis, response to oxidative stress, fatty acid
metabolic process, response to oxygen-containing compound,
response to abiotic stimulus, protein-containing complex
assembly, protein-containing complex subunit organisation,
cellular component assembly, amide biosynthetic process are the
main classes that contribute to the biological process (Fig. 13). The
main class in the molecular-function category was protein
self-association, unfolded protein binding (Fig. 14). Significantly
differentially expressed genes were associated with major
molecular networks involving key regulatory mediators in naked
soybean seeds of contrasting seed coat colours.

Functional regulatory network analysis (KEGG pathway enrichment)
of naked seed black and naked seed white

To shed light on the distinct metabolic processes involved in the
establishment of the soybean seed coat, DEGs that were
specifically found in the black and white naked seeds were then
compared to the KEGG pathway database. Protein processing in
the endoplasmic reticulum is one of the main pathways enhanced
in the black naked seed (Fig. 15).

Identification of transcription factors in naked seed black and naked
seed white

The DEGs encoding the transcription factor (TF) were also examined.
Many transcription factors, such as the following, were discovered to
control the colour of the seed coat on bare soybean seeds. The TFs
that were upregulated in black naked seeds included BG7SNA2,
LOC100526893, HSP17.5NAE, LOC100779800, LOC100500475, GY1/
GY2, LOC100775665, LOC100816661 and LOC100790057. The LOC
IDs represent the predicted gene loci annotated in the NCBI G.max
genome database. These LOC IDs are yet to be assigned official
gene symbols, but are functionally annotated based on sequence
similarity. Many of these LOC genes correspond to predicted
transcriptional regulators and stress-responsive proteins in G. max.
For instance, LOC100526893 encodes a putative MYB-like
transcription factor associated with the regulation of secondary
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metabolism and stress responses. LOC100779800 and
LOC100500475 are predicted regulatory proteins involved in
transcriptional control and signal transduction pathways linked to
seed development and metabolic activity. LOC100775665 and
LOC100816661 are annotated as hypothetical or uncharacterised
transcription-related proteins but are predicted to participate in
gene expression regulation and stress adaptation. LOC100790057
is associated with regulatory protein activity and may contribute to
metabolic and developmental processes during seed maturation.
Heat shock protein gene HSP17.5NAE plays a crucial role in stress
tolerance, protein stabilisation and seed longevity, which may
contribute to the enhanced durability observed in black seed
coats. In contrast, several transcription factors were
downregulated in black naked seeds, including NAC22, NAC
domain-containing proteins, LOC100793362, LOC100807861,
LOC100806180, LOC100790683, LOC100788162, LOC100780168,
LOC100812502, LOC100807214, LOC100794867, LOC100775287,
LOC100775904 and LOC1007954. NAC transcription factors are
well known for their roles in senescence, stress signalling and
secondary wall biosynthesis. Downregulation of NAC22 and
related NAC domain proteins suggests reduced activation of
senescence-associated pathways and altered lignin or secondary
metabolite  regulation. Several LOC genes, including
LOC100793362 and LOC100807861, are predicted transcriptional
regulators involved in stress signalling and developmental
processes, while LOC100806180 and LOC100790683 are
associated with regulatory protein binding and transcriptional
modulation. Other LOC genes represent uncharacterised
transcription-related proteins that may participate in seed coat
development, metabolic regulation and environmental stress
responses. Overall, the differential regulation of these transcription
factors indicates complex regulatory networks governing seed
coat pigmentation, metabolic activity, stress tolerance and seed
quality traits in black soybean genotypes.

Overview of metabolism

Seed degradation is largely caused by hydrogen peroxide and
reactive oxygen species (ROS). These substances harm DNA,
proteins and lipids within cells by oxidatively stressing them (60).
The damage reduces the viability and vigour of seeds, which
compromises seedling development and germination rates. The
buildup of hydrogen peroxide and reactive oxygen species (ROS)
during storage speeds up ageing processes and exacerbates the
deterioration of seed quality (61). In black naked seed, there was a
higher enrichment of genes responding to hydrogen peroxide and
reactive oxygen species (ROS). To reduce this oxidative damage
and preserve seed health, effective antioxidant defence systems
are necessary. Thus, controlling ROS levels is essential to
maintaining the longevity of seeds and guaranteeing successful
germination (57, 62).

The naked black seed has higher expression of genes
involved in the production of fatty acids. The malonyl-CoA/
methylmalonyl-CoA synthetase enzyme is responsible for
catalysing the reaction that results in the malonyl-CoA product and
the malonate substrate. One of the primary precursors for
elongating and generating fatty acids is this substance (63). It also
plays a crucial role in the synthesis of other substances such as
phytoalexins, flavonoids and anthocyanins. The CHS enzyme,
which condenses three molecules of malonyl-CoA with one
molecule of p-coumaroyl-CoA, is the first enzyme in the route
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leading to the synthesis of flavonoids and isoflavonoids.
Malonyl-CoA is one of the precursors required for this enzyme. This
process produces the other flavonoids found in soybean seeds
(59).

Since black seeds have more genes that are enriched in
reactions to heat, salt stress, inorganic chemicals, temperature
stimuli, oxidative stress, oxygen-containing compounds and other
abiotic stimuli, they are more resistant to unfavourable conditions,
which is important for maintaining seed viability. Heat and
temperature responses shield cellular membranes and proteins
from harm (64). Toxic effects are avoided by regulating ion
homeostasis and responding to inorganic substances under salt
stress. Cellular components are shielded from harm by oxidative
stress reactions, which include detoxification of reactive oxygen
species (65-67). Metabolism is regulated by reactions to
substances that contain oxygen. When these adaptive responses
work together, seeds may withstand a variety of environmental
stressors, leading to effective maturation, dormancy and eventual
germination in a variety of settings (31, 68).

Higher expression in black seed was seen for genes
associated with the assembly of cellular components. A process
called amide biosynthesis aids in the production of essential
amino acids, which are needed for the creation of proteins.
Premature protein degradation is prevented by the negative
control of peptidase activity (69). Forming functional protein
complexes required for different biological functions requires
component organisation and protein-containing complex
assembly. The correct three-dimensional structure of newly
generated proteins is ensured by protein folding. By regulating the
mechanisms involved in protein degradation, proteolysis
regulation preserves protein stability (64, 70, 71). Furthermore, the
process of protein processing within the endoplasmic reticulum
guarantees that proteins are accurately altered and ready for their
functions in seed development and growth, promoting effective
germination and the establishment of seedlings.

Comparison 3 (naked seed white vs seed coat white)

Comparative transcriptomic profiling of naked seed white vs seed
coat white

A total 630 genes were found to be differently expressed in the
white naked seed of the cultivar JS-335 as compared to the white
seed coat cultivar. In comparison to the JS-335 seed coat, 234
genes were downregulated and 396 genes were upregulated
among 630 genes in the white naked seed (Table 4). The white
seed coat and white naked seed differed greatly, as the PCA
revealed. The regularised log count data and plot illustrating
variance within and across groups are used to explain the
variability in the data where the PCA models’ percentage of
explained dispersion was 91 %, as demonstrated in Fig. 16. The
two principal components that account for the largest percentage
of variation (81 % for PC1 and 10 % for PC2) are displayed on the
horizontal and vertical axes. The distribution of gene expression
between the white bare seed and white seed coat groups is
displayed by the MA-plot. The log of the mean of the samples'
normalised expression counts is represented by the X axis, while
the Y axis displays the Log2 fold change. Based on the p-value
(<0.05), red dots indicate genes that are up-regulated (> +2) and
blue dots indicate genes that are down-regulated (<-2). A grey dot
indicates non-significant genes with a p-value greater than 0.05. A
higher number of genes were elevated in the white bare seed as
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Fig. 10. Principal component analysis (PCA) plot of comparison 2.

Fig. 12. Volcano plot of comparison 2.
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opposed to the white seed cover (Fig. 17).

The differentially expressed transcripts profile in the
heatmap of regularised log-transformed values, shows the top 50
genes with the highest variance across samples. Similarly, the
volcano plot showed that many DEGs were expressed, among
which 29 DEGs were up-regulated and 5 were down-regulated
(Fig. 18), which depicts that the gene expression plays a role in the
white naked seed and white seed coat colour.

Characterisation and functional annotation of DEGs in the white
naked seed and white seed coat

DEGs in the white naked seed and white seed coat were used to map
the GO database using the ShinyGO 0.76 toolkit, with a false discovery
rate (FDR values 0.05) set as the cutoff. This allowed us to look at the
significantly enriched genes in comparison to the genomic
background. The results showed that in the up-regulated DEGs of a
white naked seed, 63 significant GO keywords were identified between
the two gene ontologies in comparison to the white seed coat. Among
the primary classes involved in the biological process were "seed
oilbody biogenesis, lipid storage, response to cold, response to water,
fruit development, reaction to reactive oxygen species, reaction to
hydrogen peroxide and protein complex oligomerisation reactions to
stimuli involving temperature, inorganic substances, abscisic acid,
alcohol and compounds containing oxygen, between others amide
biosynthesis, cellular amide metabolic process, response to an abiotic
stimulus, translation, peptide biosynthesis and peptide metabolic
process (Fig. 19).

The principal classes within the cellular-function category
were lipid droplet, actin filament, monolayer-surrounded lipid
storage body, storage vacuole, protein storage vacuole, cytosolic
ribosome, ribosome, cytosolic large ribosomal subunit, ribosome,
large ribosomal subunit, cytosolic ribosome, small ribosomal subunit,
the organelle envelope, envelope, ribonucleoprotein complex,
chloroplast thylakoid, plastid thylakoid and mitochondrial inner
membrane are all seen in Fig. 20. The three main classes under the
molecular-function category were "oxidoreductase activity,
cytochrome-c oxidase activity and inositol
3-alpha-galactosyltransferase activity, working on a heme group of
donors, Protein self-association, binding to quaternary ammonium
groups,
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binding to chitin, binding to galactosyltransferase, binding to abscisic
acid, oxidoreduction-driven active transmembrane transporter
activity, binding to monocarboxylic acid, binding to translation
initiation factor, binding to translation factor, binding to RNA, binding
to nucleic acid, binding to translation regulator and binding to
unfolded protein, primary active transmembrane transporter activity,
structural molecular activity and ribosome structural component, as
shown in Fig. 21. Key mediators in naked white soybean seed and
white seed coat appear to be connected to the top molecular
networks linked to each of the significantly changed genes.

Functional regulatory network analysis (KEGG pathway enrichment) of
white naked seed and white seed coat

To identify the distinct metabolic processes involved in the
development of the white naked seed and white seed coat,
specifically discovered DEGs in these two tissues were then compared
to the KEGG pathway database. The primary processes that are
enhanced in the white naked seed are represented in Fig. 22, which
includes protein processing in the endoplasmic reticulum, ribosome
and galactose metabolism pathways in soybean signal transduction
from KEGG, with query genes highlighted in red, which is represented
inFig. 23.

Identification of transcription factors in white naked seed and white
seed coat

Furthermore, the DEGs encode the TF. Many transcription factors,
such as the ones listed below, were discovered to control soybean
seeds. In white naked seeds, upregulated TF were LOC100807214,
PM22 (peripheral myelin protein 22), PM16 (lysozyme, probable
outer membrane protein pmpl16, DNA-directed RNA polymerase),
GY1;GY2, LOX3 (lipoxygenase 3, chloroplastic, seed linoleate
9S-lipoxygenase-3), PM41 (seed maturation protein PM41), PM12
(cytochrome ¢ oxidase subunit 1), PM30 (isocitrate lyase, seed
maturation protein PM30), LOC100779969, LOC732637, psbN
(photosystem  biogenesis factor 1), PM9 (ribonucleoside-
diphosphate reductase, terminase, large subunit), MAT1
(CDK-activating kinase assembly factor MAT1, Phenolic glucoside
malonyltransferase 1), CP3 (cytochrome P450 3A11), LOC100794867,
TENA_E (probable bifunctional TENAE protein), PM35 (seed
maturation protein PM21), LOC100804226, PM28 (seed maturation
protein PM28), LOC100809281, SLE2 (protein SLE2, transcriptional
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Fig. 19. Functional enrichment of the top-most significant (FDR<0.05) categories of biological processes (GO terms) for comparison 3.
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Fig. 23. Galactose metabolism pathways in soybean signal transduction from KEGG with query genes highlighted in red.

regulator WhiB), PM31 (seed maturation protein PM31),
LOC100813859, LEAS (protein SENESCENCE-ASSOCIATED GENE 21,
mitochondrial, protein SLE2), PGMPM18 (35 kDa seed maturation
protein),  LOC100787440, LOC100790683, LOC100527754,
LOC732637. CHIA1 (chitinase), LOC100801060, GA4DT (glycinol
4-dimethylallyltransferase), E3.2.1.14 (E3 ubiquitin-protein ligase
ORTHRUS 2) and LOC100787814 were the downregulated
transcription factors in white naked seed.

Overview of metabolism

Lipid storage and seed oilbody biogenesis are essential for seed
growth and germination. Triacylglycerols are stored in oilbodies,
which offer a rich energy supply that is essential for seedling
growth after germination. Compared to the white seed coat, white
bare seed had a greater enrichment of genes linked to lipid storage
and seed oilbody synthesis. Stable oilbodies are formed during
proper biogenesis, shielding the stored lipids from oxidation and
destruction. When photosynthesis is still in its early phases, this
energy store powers metabolic functions and seedling
development. Therefore, seed survival, successful germination
and the development of robust, healthy seedlings depend on
efficient lipid storage and utilisation. Due to their ability to cause
oxidative stress, which damages cellular constituents like lipids,
proteins and DNA, ROS and hydrogen peroxide are key
contributors to seed toxicity. Weakening seedling growth and
reduced germination rates are the outcomes of this oxidative
damage, which also reduces seed viability and vigour. ROS and
hydrogen peroxide accumulation during storage accelerates

ageing and lowers seed quality even more. Compared to white
seed coat, white naked seeds had greater levels of gene
enrichment linked to responses to ROS and hydrogen peroxide.
For seeds to remain healthy and resist oxidative damage, strong
antioxidant defence systems are essential.

Multiple cellular structures are important during seed
formation. Lipid storage bodies, sometimes called lipid droplets,
are monolayer-surrounded structures that hold lipids rich in
energy for germination. These lipid droplets are transported
together with other organelles by actin filaments, which are a
component of the cytoskeleton. The proteins required for the
growth of seedlings are accumulated by storage vacuoles,
especially protein storage vacuoles. For converting mRNA into
proteins, cytosolic ribosomes, which are made up of the cytosolic
small and large ribosomal subunits, are required. Photosynthesis
produces energy for the post-germination development of
seedlings and this process is carried out by the plastid and
chloroplast thylakoid membranes. To produce ATP, which
provides energy for cellular functions, the inner membrane of the
mitochondria must function. Protein synthesis is made effective by
ribonucleoprotein complexes, such as ribosomes. For chloroplasts
and mitochondria in particular, the organelle envelope preserves
the interior conditions required for their proper operation.

In order to build functional cellular machinery, cellular
component assembly and protein-containing complex formation
are essential. Amino acids that are necessary for protein synthesis
are produced via amide biosynthesis mechanisms. Protein
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stability is achieved by inhibiting unintended degradation through
the modulation of proteolysis and negative regulation of peptidase
activity. The endoplasmic reticulum performs folding and
processing of proteins to guarantee that they take on their proper
functional conformations. The correct construction, function and
control of proteins, all necessary for seed viability and germination,
are guaranteed by these mechanisms working together. White
naked seed had an enrichment of genes linked to their function.

It was discovered that white seeds without a coat had
more genes linked to resistance to unfavourable conditions.
Responses to heat, salt stress, inorganic materials, temperature
stimuli, oxidative stress, oxygen-containing chemicals and abiotic
stimuli are essential for the survival and healthy growth of seeds
during development. In order to maintain cellular stability and
enzyme function, seeds evolve defences against heat and
temperature changes. In order to preserve osmotic balance, they
regulate ions and compartmentalise inorganic compounds in
response to salt stress. Antioxidant enzymes prevent oxidative
stress and shield cellular constituents from harm. To avoid causing
harm to cells, reactions to substances containing oxygen,
including ROS, are strictly controlled.

Different enzymatic and binding activities are crucial for
molecular functional enrichment in seed development. The
production and modification of cell walls are facilitated by the
activites ~ of  galactosyltransferase ~ and isomaltose
3-alpha-galactosyltransferase.  Energy  production  during
respiration is facilitated by the actions of oxidoreductase and
cytochrome c oxidase. Pathogen protection involves both chitin
binding and chitinase activity. Quaternary ammonium group
binding and protein self-association contribute to the
development and stability of complexes. The binding of abscisic
acid controls stress reactions. RNA and rRNA binding, translation
initiation and regulator functions all work together to promote
effective protein synthesis. Transmembrane transporter functions
preserve cellular homeostasis and nutrient transport, both of
which are necessary for seed viability and germination. Unfolded
protein binding and structural components of ribosomes are also
critical for appropriate protein folding and assembly.

Comparison 4 (black naked seed vs black seed coat)

Comparative transcriptomic profiling of black naked seed vs black
seed coat

910 genes that were found to be differently expressed in the
black naked seed of the cultivar EC993950 were found to be
different from those in the black seed coat cultivar. There were
302 upregulated genes and 608 downregulated genes out of 910
genes in the black naked seed as compared to the black seed
coat (Table 4). There are significant differences between the
black naked seed and the black seed coat, as shown by the PCA.
In Fig. 24, which uses regularised log count data and a plot to
illustrate variation both within and across groups to explain data
variability, the PCA models’ percentage of explained dispersion
was 83 %. The largest percentage of variation (67 % for PC1 and
16 % for PC2) may be explained by the two main components
that are displayed on the horizontal and vertical axes.

Between the groups of black naked seed and black seed
coat, the MA-plot displays the distribution of gene expression.
The average of the samples' normalised expression counts is
represented by the log on the X axis, while the Log2 fold change
is displayed on the Y axis. Based on the p-value (<0.05), genes
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that are up-regulated (> +2) and down-regulated (<-2) are shown
by red and blue dots, respectively. The non-significant genes
with p-values greater than 0.05 are represented by a grey dot. As
seen in Fig, 25, it was evident that the black bare seed had more
upregulated genes than the black seed coat. A heatmap of
regularised log-transformed values displaying the top 50 genes
with the highest variance across samples displays the
differentially expressed transcripts profile. Similarly, the volcano
plot revealed the expression of numerous DEGs, of which 20
were up-regulated and 19 were down-regulated (Fig. 26). This
indicates that the expression of certain genes contributes to the
formation of the black seed coat and black bare seed.

Characterisation and functional annotation of DEGs in the black
naked seed and black seed coat

To investigate the highly enriched genes in comparison to the
genomic background, DEGs in the black naked seed and black
seed coat were employed to map the GO database, utilising the
ShinyGO 0.76 toolkit, with a false discovery rate (FDR values 0.05)
set as the cutoff. A total 54 significant GO keywords were identified
between the two gene ontologies in the up-regulated DEGs of a
naked black seed, as compared to the black seed coat, according
tothedata.

The primary classes that contributed to the biological
process were "seed oilbody biogenesis, response to freezing, lipid
storage, protein complex oligomerisation, response to hydrogen
peroxide, response to water, response to acid chemical, response
to ROS, seed development, response to temperature stimulus,
fruit development, response to heat, neg. reg. of peptidase activity,
response to salt stress, response to inorganic substance, neg. reg.
of hydrolase activity, lipid localisation, response to oxygen
containing compound, response to abiotic stimulus (Fig. 27).

The principal classes within the cellular-function category
were aleurone grain, storage vacuole, protein storage vacuole,
lipid droplet, 1,3-beta-D-glucan synthase complex, monolayer
surrounded lipid storage body (Fig. 28). In the molecularfunction
category, the primary class were " NAD+ ADP-ribosyltransferase
activity, serine-type endopeptidase inhibitor activity, protein
self-association 1,3-beta-d-glucan synthase activity,
endopeptidase inhibitor activity, peptidase inhibitor activity,
endopeptidase regulator activity, peptidase regulator activity
p-type ion transporter activity, nutrient reservoir activity,
atpase-coupled cation transmembrane transporter activity,
unfolded protein binding, carbon-carbon lyase activity,
calmodulin binding, atpase-coupled transmembrane transporter
activity,  glucosyltransferase  activity, = primary  active
transmembrane transporter activity, ubiquitin-protein transferase
activity, ubiquitin-like protein transferase activity, which were
shown in Fig. 29. Key mediators in soybean black naked seed and
black seed coat are connected to the top molecular networks
linked to each of the significantly changed genes.

Functional regulatory network analysis (KEGG pathway enrichment)
of black naked seed and black seed coat

The KEGG pathway database was then examined for specifically
identified DEGs in the black naked seed and black seed coat to
elucidate the distinct biochemical processes involved in the
formation of soybean seeds in the black naked seed and black
seed coat. Linoleic acid metabolism pathways in soybean signal
transduction from KEGG with query genes highlighted in red, as
shown in Fig. 31, alpha-linolenic acid metabolism, protein
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Fig. 24. Principal component analysis (PCA) plot of comparison 4.

Fig. 25. MA plot of comparison 4.
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Fig. 26. Volcano plot of comparison 4.
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Fig. 27. Functional enrichment of top-most significant (FDR<0.05) categories of biological processes (GO terms) for comparison 4.

Fig. 28. Functional enrichment of top-most significant (FDR<0.05) categories of cellular component (GO terms) for comparison 4.
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Fig. 29. Functional enrichment of top-most significant (FDR<0.05) categories of molecular function (GO terms) for comparison 4.
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Fig. 31. Linoleic acid metabolism pathways in soybean signal transduction from KEGG with query genes highlighted in red.

processing in endoplasmic reticulum, glycerolipid metabolism,
ubiquitin-mediated proteolysis, glutathione metabolism, starch
and sucrose metabolism, MAPK signalling pathway,
plant-pathogen interaction,  biosynthesis of  secondary
metabolites, are among the major mechanisms elevated in the
black naked seed coat (Fig. 30).

Identification of transcription factors in black naked seed and black
seed coat

Furthermore, the DEGs encode the TF. The following transcription
factors were discovered to be involved in controlling the colour of the
black seed coat and black naked seed. GY4 (glycinin G4), PM31 (seed
maturation protein PM31), PM28 (seed maturation protein PM28) and

psbN (photosystem biogenesis factor 1) were the upregulated
transcription factors in  black naked seeds. LOC100306228,
LOC100500475, GYL,GY2, PM16 (phenolic glucoside malonyltransferase
1), PM22 (peripheral myelin protein 22), LOC100527754, P91 (P24
oleosin isoform B), KTI1 (kunitztype trypsin inhibitor KTI1),
LOC100788249, LOC100809384, DNAIl (2'3 cyclic-nucleotide 3-
phosphodiesterase) LOC100301903, LOC100799034, LOC100805806.

Downregulated TF in black naked seed were
LOC100800034, CHIAL (chitinase), LOC100782177, LOC100790246,
LOC102669860, LOC100809699, LOC100809699, LOC102669860,
LOC100781398, LOC100785986, LOC100790246, E3.2.1.15 (E3
ubiquitin-protein ligase brll), LOC100790433, LOC100811246,
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LOC100782277, LOC100787252, LOC100801060, E3.2.1.14
(E3  ubiquitin-protein  ligase listerin), G4DT  (Glycinol

4-dimethylallyltransferase), CYP93Al (3,9-dihydroxypterocarpan
6A-monooxygenase), LOC100810057, LOC00787814.

Comparative assessment of seed quality and storability in black and
white seed coat soybean genotypes

Values represent mean observations of seed quality parameters,
including germination percentage, seedling vigour indices | and I,
electrical conductivity and size of hilar opening in black and white
seed coat soybean seeds under fresh and accelerated ageing
conditions. Electrical conductivity is expressed as uS cm? g* and
indicates membrane integrity, while hilar opening size is presented
as mean +standard error (um).

The comparative evaluation of seed quality parameters
revealed that black-seeded soybean genotypes exhibited superior
storability and stress tolerance compared to white seed coat seeds
(Table 5). Although fresh white seeds showed slightly higher
germination (96 %) than black seeds (90 %), black seeds maintained
better performance after accelerated ageing, with higher
germination (75 %) and significantly greater seedling vigour indices |
and Il than white seeds (65 %). Lower electrical conductivity values in
black seeds under both fresh and aged conditions indicated better
membrane integrity and reduced solute leakage, reflecting
enhanced physiological quality. Furthermore, black seeds
possessed a smaller hilar opening size compared to white seeds,
both in fresh and aged conditions, which likely contributed to
reduced moisture ingress and slower deterioration during storage.
Overall, the results demonstrate that black-seeded soybean seeds
have improved longevity, membrane stability and vigour retention
under ageing stress, making them more suitable for long-term
storage and better seed quality maintenance than white seed coat
counterparts.

Overview of metabolism

Many biological systems make sure that seeds develop with
resistance and healthy growth. Lipid storage and seed oilbody
biogenesis supply vital energy reserves. Protein complex
oligomerisation guarantees the assembly of functional proteins.
Seeds are able to tolerate environmental stressors such as freezing,
heat, water, salt stress, inorganic chemicals and temperature
stimulation. Detoxifying toxic substances is part of the reaction to
ROS and hydrogen peroxide. Unwanted protein degradation is
avoided via the negative control of peptidase and hydrolase activity.
Within the seed, appropriate lipid distribution is ensured by lipid
localisation. Cellular stability is preserved by reactions to substances
that are acidic and those that contain oxygen. Together, these
mechanisms facilitate fruit development and seed germination,
guaranteeing successful growth and germination. Black naked
seeds have a higher functional enrichment of these genes than the
black seed coat.
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Minerals and proteins required for germination are stored by
aleurone grains during seed formation. Lipid storage structures and
lipid droplets encircled by a monolayer retain lipids that are high in
energy and essential for the seedlings' energy requirements.
Proteins necessary for growth are accumulated and shielded by
storage vacuoles, which include protein storage vacuoles. The
1,3-beta-D-glucan synthase complex is engaged in the synthesis of
beta-glucans, which contribute to the structural integrity and
strength of cell walls. The activity of NAD+ ADP-ribosyltransferase is
involved in signalling and DNA repair. Protein selfassociation
promotes complex formation, while peptidase inhibitor, regulator
and serine-type endopeptidase activities stop protein breakdown.
Components of the cell wall are synthesised by the
1,3-beta-D-glucan synthase complex. lon homeostasis is preserved
via P-type ion and ATPase-coupled cation transmembrane
transporter activities. The operation of the nutrient reservoir
guarantees a supply of necessary nutrients. Calmodulin binding
controls calcium signalling, while unfolded protein binding facilitates
protein folding. Carbohydrates are changed by glucosyltransferase
activity and protein breakdown is controlled by ubiquitin-protein
transferase activity.

Conclusion

This study analysed transcriptional profiles of black and white
soybean seed coat genotypes and revealed significant differences in
gene expression associated with seed quality. Principal component
analysis demonstrated clear segregation between the two
genotypes, indicating distinct expression patterns. Notably, black
seed coat genotypes exhibited upregulation of genes involved in
lysine biosynthesis and related metabolic pathways. The enhanced
expression of these genes may contribute to improved protein
quality, increased stress tolerance and greater seed longevity
observed in black-coated soybean varieties. Key pathways included
hormonal regulation and metabolism of lysine, starch, sucrose,
protein and galactose, which collectively contributed to the superior
seed quality observed in black-coated soybean genotypes. The
claim is also supported by lab experiments on seed quality
parameters. The differential expression of transcription factors
provided insights into the regulatory networks underlying these
traits. These findings offer a genomic foundation for improving seed
quality, with future studies potentially using gene silencing to
validate gene functions and enhance seed longevity. Future work
will involve validating key candidate genes involved in pigment
biosynthesis, hormone signalling and metabolic pathways using
gRT-PCR to strengthen the reliability of the identified differentially
expressed genes.
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