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SUMMARY

The mature seed in legumes consists of an embryo and seed coat. In contrast to knowledge about the

embryo, we know relatively little about the seed coat. We analyzed the gene expression during seed devel-

opment using a panel of cultivated and wild pea genotypes. Gene co-expression analysis identified gene

modules related to seed development, dormancy, and domestication. Oxidoreductase genes were found to

be important components of developmental and domestication processes. Proteomic and metabolomic

analysis revealed that domestication favored proteins involved in photosynthesis and protein metabolism

at the expense of seed defense. Seed coats of wild peas were rich in cell wall-bound metabolites and the

protective compounds predominated in their seed coats. Altogether, we have shown that domestication

altered pea seed development and modified (mostly reduced) the transcripts along with the protein and

metabolite composition of the seed coat, especially the content of the compounds involved in defense. We

investigated dynamic profiles of selected identified phenolic and flavonoid metabolites across seed develop-

ment. These compounds usually deteriorated the palatability and processing of the seeds. Our findings fur-

ther provide resources to study secondary metabolism and strategies for improving the quality of legume

seeds which comprise an important part of the human protein diet.

Keywords: domestication, gene expression, metabolomics, phenylpropanoid pathway, pea, seed proteomics,

seed coat.

INTRODUCTION

The mature seed of an angiosperm consists of an embryo

(E), a seed coat (SC), and in many cases, an endosperm

(ES) (Baroux & Grossniklaus, 2019). Seed development

involves the coordinated activities of these three geneti-

cally distinct entities. While E and ES are products of fertili-

zation and combine paternal and maternal genotypes, SC

is derived solely from maternal tissue. The E represents

the next generation, the ES is nourishing tissue, and SC

has protective and dispersal functions. Although the mor-

phology of seeds varies among different plant families and

is used taxonomically, the fundamental components of the

E (cotyledons, hypocotyl, and radicle) are highly con-

served. Much of the information about the genetic regula-

tion of seed development has been gained from the study

of Arabidopsis mutants (Bradford & Nonogaki, 2009) and
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related Brassicas (Gao et al., 2022; MacGregor et al., 2015),

tomato (Bizouerne et al., 2021), Medicago truncatula (Bui-

tink et al., 2006; Fu et al., 2017; Gallardo et al., 2007; Ver-

dier, Dessaint, et al., 2013; Verdier, Lalanne, et al., 2013),

and other economically important legumes such as lentil

(Yu et al., 2023), chickpea (Garg et al., 2017), and soybean

(Gao et al., 2018) and pea (Balarynov�a et al., 2022, 2023;

Cechov�a et al., 2017; Hradilov�a et al., 2017; Jansk�a et al.,

2019; Krej�c�ı et al., 2022; Zablatzk�a et al., 2021). The devel-

opment of SC is important for the establishment of viable

seeds; perturbation results in a decrease in seed viability

and germination, essential for species survival in nature as

well as in crop establishment.

Legumes represent one of the largest and most

diverse families of flowering plants, with approximately

20 000 classified species (Lewis et al., 2005). Legume seed

biology has been studied for more than 150 years using

descriptive, physiological, biochemical, molecular, and

genetic approaches (Le et al., 2007). Despite the impor-

tance of legumes in human nutrition, however, there is

limited information on their seed development and particu-

larly SC development in relation to domestication (except

for economically important species such as soybeans).

Most species of the legume family, including pea, have

non-endospermic seeds with cotyledons serving as storage

organs. In the mature legume seed, the E is enclosed

solely by the SC as the only seed-covering layer. Seed coat

development begins after fertilization events inducing the

integuments of the ovule to differentiate. Young pea SC

serves as a transient storage organ accumulating storage

starch and proteins before the E starts its activity and SC

serves as a buffering compartment during seed develop-

ment (Rochat et al., 1995; Weber et al., 2005). Fully devel-

oped mature legume seed is composed of the E and the

SC, where SC is formed by dead cells, yet metabolically

active tissue (Grafi, 2020). The SC can further be divided

into sub-regions based on morphological and anatomical

features (Fu et al., 2017; Hradilov�a et al., 2017; Sm�ykal

et al., 2014; Z�ablatzk�a et al., 2021). During seed filling, SC

supports storage compound synthesis by transmitting

nutrients from the phloem, mainly sugars and amino acids,

through the apoplast (Weber et al., 2005). However, the

main role of the SC is to protect the mature seeds from

adverse effects of the environment. Moreover, the mater-

nally derived SC protects the E, mediates nutrients and sig-

nals from the maternal environment, limits desiccation

during dormancy and germination, and facilitates seed dis-

persal (Haughn & Chaudhury, 2005; Sm�ykal et al., 2014).

Besides a mechanical function, such protection is provided

by the rich spectra of secondary metabolites such as flavo-

noids, impacting also the physiology and in the case of

crops agronomic quality of the seed (Corso et al., 2020;

Debeaujon et al., 2000; Lepiniec et al., 2006; MacGregor

et al., 2015; Winkel-Shirley, 2001). In contrast to knowledge

about the E and ES, we have comparably less

knowledge of the SC, especially at gene expression and

molecular levels. Although some genes involved in SC

metabolism have been identified (Balarynov�a et al., 2022;

Du et al., 2017; Hradilov�a et al., 2017; Khan et al., 2014), the

developmental pathways controlling SC development are

not completely elucidated, and global genetic program

associated with SC development was described mainly in

Arabidopsis model (Verma et al., 2022) or closely related

brassicas (Gao et al., 2022), while comparably less is

known in legumes (Fu et al., 2017; Hradilov�a et al., 2017;

Verdier, Dessaint, et al., 2013; Verdier, Lalanne, et al., 2013;

Yu et al., 2023). Mutant analysis, also used in seed devel-

opment, is extremely challenging in the case of subtle phe-

notypes, such as those with minor changes in metabolic

processes. Comparative transcriptomics has greatly

enhanced our ability to identify differential gene expres-

sion both in temporal as well as spatial resolution (Gao

et al., 2022; Khan et al., 2014) and to identify gene regula-

tory networks, including Medicago seed dormancy and

longevity (Verdier, Dessaint, et al., 2013; Verdier, Lalanne,

et al., 2013).

Seeds accumulate a wide range of secondary metabo-

lites, especially phenolics (phenylpropanoids and alka-

loids) as a part of the desiccation tolerance (Sano et al.,

2016) and chemical defense against abiotic (drought, tem-

perature, toxic metals, and UV irradiation) and biotic (her-

bivores, biotic pathogens, and plant competitors) stress

(Corso et al., 2020; Francoz et al., 2018). The accumulation

is spatiotemporally regulated at transcriptional and

post-transcriptional levels (Corso et al., 2020; Lepiniec

et al., 2006). Flavonoids and lignins have received particu-

lar attention for being altered during plant domestication

(Alseekh et al., 2021; Ku et al., 2020; Paauw et al., 2019) as

the result of human selection. Tannin-rich seeds have often

astringent taste and affect food digestibility (as a result of

their defensive role to herbivory) and bioavailability. Espe-

cially outer integument has a higher amount of these sub-

stances, and phenolic oxidation and polymerization

contribute to the physical protection of the seeds (Huss &

Gierlinger, 2021; Steinbrecher & Leubner-Metzger, 2018).

Chemical modifications (i.e., hydroxylation, glycosylation,

methylation, and acetylation) contribute to metabolite’s

diversity and affect their physicochemical properties hence

their bioactivity and transport (Corso et al., 2020). These

are often environment and developmentally regulated, as

in the case of seeds transmitting this information from the

mother plant to the progeny (Boutet et al., 2022; Geshniz-

jani et al., 2019; MacGregor et al., 2015).

Advances in genomics provide an opportunity to

assess the effect of domestication at the genome level by

the comparison of progenitors and respective crops. In addi-

tion, the application of transcriptomics along with associ-

ated proteome and metabolome analysis provides the
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opportunity to explore another dimension of domestication

(Bellucci et al., 2014; Lu et al., 2016; Swanson-Wagner et al.,

2012) as shown on soybean seed (Du et al., 2017; Gao

et al., 2018; Lu et al., 2016), wheat glume (Zou et al., 2015),

and our work on pea seed and pod development

(Balarynov�a et al., 2022, 2023; Hradilov�a et al., 2017). There

is evidence that spatiotemporal regulation of gene expres-

sion played an important role in the domestication process

(Doebley et al., 2006; Du et al., 2017; Lu et al., 2016). Com-

parative analysis of wild progenitor and cultivated crop

counterparts provides an attractive means to identify under-

lying genetic networks leading to profound changes occur-

ring in a short evolutionary time (Sm�ykal et al., 2018).

In this study, we have analyzed the gene expression at

the proteome, metabolome, and seed coat composition level

during development using a set of cultivated and wild pea

genotypes. We report the comprehensive gene expression

changes related both to development as well as domestica-

tion status. Analysis of seed developmental stages revealed

extensive modification of gene expression between wild pea

progenitor and cultivated pea crop, resulting in altered

proteomic and metabolite profiles of the mature seed coat.

RESULTS

Embryo and seed coat gene expression differ between

wild and cultivated pea

To obtain spatial and temporal representation, we per-

formed RNA sequencing analysis of isolated seed tissues

(SC and E) at five developmental stages (D1-5). There were

three genotypes representing wild (P. elatius, JI64, JI261,

JI1794), two domesticated (P. sativum, JI92 landrace and

cv. Cameor) and Ethiopian P. abyssinicum (PI358617, PA).

Reads from each sample were mapped to the pea refer-

ence genome (Cameor V1.0) providing 65 246 gene

models, hereafter referred to as genes. A total of 44 751

(68%) of these genes corresponded to genes from refer-

ence genome and 22 450 (32%) were newly assembled

genes. In total, 147 854 transcripts were observed since

22 179 were multi-transcript genes with approximately 2.3

transcripts per gene. Although the reference genome is

based on Cameor, we identified 4231 new genes in Cameor

SC sample, 5478 in JI92, 6661 in JI64, and 5430 in JI1794.

These newly identified genes can be either assembler

noise but surely some of them represent new genes, espe-

cially from JI64, JI1794, and JI92 genotypes. The largest

part of the Cameor new genes (2278 and 4231, respec-

tively) is common for E and SC tissue, while 1291 and 662

are specific for SC or E, respectively. A total of 503 genes

were determined as contamination (largely microbial)

based on mapping to the non-plant database. A compari-

son of SC and E samples at the respective stages has

shown a rather constant number of shared genes

expressed in both tissues (13 000–15 000 with the highest

number in stage 1). In E, there is expressed comparably

lower number (1000–2000) of tissue-specific genes than in

SC (3000–4000). To see the dynamics of transcription dur-

ing wild and cultivated pea seed development, a principal

component analysis (PCA) was conducted on E and SC

together (Figure 1a) and separately for each tissue

(Figure 1b,c). Transcriptional dynamics of SC and E sam-

ples were characterized by two principal components (PC),

where PC1 (24.62%) divided samples according to a culti-

vation status and PC2 (14.12%) described a direction of

development. The biological replicates for each sample

were clustered together as well as samples from the same

tissue and the same developmental stage. Transcripts of

SC of domesticated Cameor were set aside from other SC

samples, while landrace JI92 was closer to wild pea. A sig-

nificant difference in gene expression dynamics appeared

between early and late developmental stages D1, D2, and

D3, D4 and D5 in JI64, where the expression was increased

3- to 5-fold and 5- to 10-fold, respectively (Figure 1d). The

hierarchical dendrogram showed clustering of E samples,

where samples of D1 and D2, and D3–D5 stages of Cameor

clustered together. Similarly in PA, stages D1–D4 clustered

together and D5 was separated. In the case of other four

genotypes (landrace JI92 and wild JI64, JI1794, and JI261)

only replicates clustered together (Figure 1e). Samples of

PA, stages D2–D5, made one shared cluster. Similarly,

there was a cluster of wild genotype, JI1794, where stages

D2–D4 clustered together. Other genotypes (landrace JI92,

and wild: JI64, JI261) clustered separately (Figure 1e). At

D1 stage, SC samples of all genotypes clustered together,

while during the development, the clustering was more

distinct. Thus, at early stages D1 and D2, wild and domesti-

cated genotypes shared over 500 genes (Figure S1a). In

later stages D4 and D5, there were about 150 shared genes.

Surprisingly, in stage D3, which corresponds to the point

of physiological maturation of pea seed, only 19 genes

shared between all genotypes were found. Comparing

genes within stages revealed much more shared genes

among all three cultivated genotypes (Cameor, JI92, and

PA) than among three wild genotypes (JI64, JI1794,

and JI261) (Figure S1b). These results point to a change in

the functions of SC through seed development, mainly

during the time of physiological maturity establishment.

As the main aim of the study related to domestication, we

focused on the analysis of SC, as this tissue is crucial for

the establishment of seed dormancy (Sm�ykal et al., 2014).

Gene co-expression network reveals differences related to

development, dormancy, and domestication

To obtain a view of the transcriptional regulation across the

SC development as well as domestication status, we per-

formed an unbiased weighted gene co-expression network

analysis (WGCNA) on a set of 26 951 SC-expressed genes

(Figure 2a). This resulted in the identification of 20 gene
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expression modules (Figure 2b), where each module was

correlated with a module eigengene (ME, idealized repre-

sentative gene to represent the overall expression trend of

the module), the number of genes in each module varied

from 48 (ME18) to 7442 (ME19) (Figure 2c). Every module

had either positive or negative relation to seed traits (dor-

mancy and developmental stages) at a particular level.

While most of the modules did not show different expres-

sion patterns between wild and cultivated genotypes

(Figure 2d) we focused further on four modules, which con-

tained genes differing in the expression level between wild

and domesticated genotypes. Of these, ME1-Blue and

ME19-Turquoise showed a pattern of developmentally regu-

lated genes up and down during the development, respec-

tively, while ME15-Midnightblue was positively associated

with seed dormancy, and ME6-Yellow, was positively asso-

ciated with domestication. In addition, there was

ME11-Black module with genes specific for Ethiopian P.

abyssinicum. We analyzed the top four overrepresented GO

terms in the ME1-Blue module (5377 genes) for the molecu-

lar function, which indicated: “oxidoreductase activity,”

“transporter activity,” “kinase activity,” and “RNA binding

activity” (Table S1a), while in ME19-Turquoise (7442 genes)

“oxidoreductase activity,” “RNA binding activity,” “kinase

activity,” and “hydrolase activity, acting on acid anhy-

drides” (Table S1b). GO terms “oxidoreductase activity,”

“kinase activity,” “transporter activity,” and “vitamin bind-

ing” were also enriched in ME15-Midnightblue module (196

genes) (Table S1c). ME6-Yellow module (1584 genes) was

characterized especially by the GO terms “oxidoreductase

activity,” “transporter activity,” “RNA binding activity,” and

“kinase activity” (Table S1d). The module with genes spe-

cific to Ethiopian pea (ME-Black, 802 genes) involved partic-

ularly the GO terms “RNA binding,” “lyase activity,”

“hydrolase activity, acting on glycosyl bonds,” and “trans-

ferase activity, transferring glycosyl groups” (Table S1e).

Within 20 identified gene modules, 692 genes encoding

transcription factors (TF) were found, with the most 12 abun-

dant classes, including MYB (158), AP2/ERF (79), C2H2 (52),

bZIP (42), WRKY (42), GRAS (36), bHLH (30), WD40 (29), B3

(27), Homeobox (25), HSF (19), and AUX/IAA (13)

(Figure S2). Most TFs were identified within ME19-Turquoise

and ME1-Blue modules supporting their role in the regula-

tion of seed development.

Flavonoid biosynthesis genes are downregulated in

domesticated pea

We analyzed differentially expressed genes (DEGs)

between set of cultivated Cameor and wild pea genotypes

(JI64, JI1794, and JI261) labeled as WILD. The 2651 upregu-

lated and 1809 downregulated genes were identified in

WILD set at stages D2, D3, and D4. Most DEGs belong to

GO category with oxidoreductase activity (257 genes), fol-

lowed by kinase (183 genes) and RNA-binding activity (176

genes, Table S2). Among these, the genes belonging to

ME19-Turquoise (230 genes, module related to develop-

ment) and ME1-Blue (151 genes, module related to devel-

opment) expression modules are the most abundant. In

the ME19-Turquoise module, the DEG genes encoding leu-

coanthocyanidin reductase, flavonoid-30-hydroxylase (TT7),

chalcone–flavanone isomerase, or glutathione dehydroge-

nase were among the most highly expressed genes. Simi-

larly, in the ME19-Turquoise module, DEGs encoded

polyphenol oxidase (PPO), lipocalin, pectinesterase, and

calmodulin-binding lipid transferase (Table S3a) were the

most abundant. Moreover, to filter genetic variability in

cultivated genotypes, we compared all wild genotypes

against all cultivated ones. Notably, there were no DEGs

identified between Cameor and JI92, and Cameor and PA.

In this comparison, labeled as DOM, we found 154 and 170

up- and downregulated genes, respectively, characterized

especially by GO terms oxidoreductase activity (26 genes),

kinase activity (20 genes), and transporter activity

(16 genes) (Table S3b). Among the most differentially

expressed genes were polyphenol oxidase (PPO), a cyto-

chrome P450 enzyme, or 12-oxophytodienoate reductase

(involved in the biosynthesis of jasmonates).

We found chalcone synthase (CHS) genes encoding

the key enzyme of flavonoid/isoflavonoid biosynthetic

pathway together with chalcone flavanone isomerase

(CHI), flavonoid -30-hydroxylase (F30H), dihydroflavanol/iso-
flavone reductase (DFR), flavanone/naringenin-3--

dioxigenase (F3H), leucoanthocyanidin reductase (LAR),

and anthocyanidin reductase (ANR) to be downregulated

in Cameor (Table S4). Moreover, three genes encoding

MYB111 and MYB12 transcription factors regulating early

steps of flavonoid biosynthesis were also downregulated

in Cameor SC samples. MYB12 was downregulated not

only in Cameor but also in SC of wild JI64. Furthermore,

a homolog of R2R3-MYB TT8 Glabrous 3 gene

(Psat6g060480) was not expressed in Cameor (Table S4).

Peroxidase gene Psat7g051800, which is expected to poly-

merize monolignols into lignin, showed higher expression

level in wild pea genotypes. Similarly, PPO gene, already

described in pea SC (Balarynov�a et al., 2022), was signifi-

cantly more expressed in wild genotypes as well. Finally,

PA were compared with domesticated Cameor and wild

samples to get PA-specific DEGs. These included especially

Figure 1. Principal component analysis (PCA) of transcriptome data of seed coat (a), embryo (E) samples (b), and SC and E samples together (c) showing the

relationship of three domesticated (Cameor, JI92, and Pisum abyssinicum PI358617 = PA) and three wild (JI64, JI1794, and JI261) peas over five seed develop-

mental stages (13, 17, 20, 23, and 28 DAP, labeled as D1-5). Gene expression dynamics of SC samples (d). Hierarchical cluster dendrogram illustrating the rela-

tionship between SC and E of studied developmental stages (e).
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genes with oxidoreductase, kinase, and RNA-binding activ-

ity (Table S3c).

Domestication favored proteins involved in

photosynthesis and protein metabolism at the expense of

seed defense

As the representatives of domesticated and wild geno-

types, we have compared domesticated landrace JI92 and

wild pea JI64 SC samples at three developmental stages

(D1, D2, and D6). The total SC protein fraction was

extracted (Table S5) and the correctness of protein deter-

mination was cross-validated by SDS-PAGE (Figure S3).

Measurement of the total line densities revealed 155 825 �
11 280 (1.55 9 105 � 0.11 9 105) arbitrary units (a.u.) and

showed low relative standard deviation (7.24%) required

for the precision of the protein determination. In total,

1570 and 1444 non-redundant proteins were identified in

JI92 and JI64, respectively (Figures S4 and S5). Some pro-

teins could not be identified in all groups, due to the phe-

nomenon of under-sampling, that is, the numbers of

Figure 2. Weighted gene co-expression gene network of seed development of wild (JI64, JI1794, and JI261) and domesticated (Cameor, JI92, and Pisum abyssi-

nicum, PA) peas. Spatial resolution of gene modules (a) according to their relationship to particular traits, ME1 – blue, ME2 – red, ME3 – light cyan, ME4 – light

green, ME5 – brown, ME6 – yellow, ME7 – green yellow, ME8 – gray 60, ME9 – pink, ME10 – salmon, ME11 – black, ME12 – cyan, ME13 – magenta, ME14 – tan,

ME15 – midnight blue, ME16 – green, ME17 – purple, ME18 – light yellow, ME19 – turquoise, ME20 – gray. Module–trait relationship depiction (b). Cluster den-

drogram showing hierarchical relationship between samples of SC and E (c). Expression of genes of different modules during pea development (d). The number

at the right bottom indicates the number of genes contained in each module.
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unique proteins could be expected to be lower than

appeared as the result of the DDA experiments. To over-

come this well-known limitation of the DDA experiments,

label-free quantification with feature alignment across the

whole dataset was accomplished. This analysis revealed

393 differentially expressed proteins detected among D1,

D2, and D6 stages and two genotypes (JI64 and JI92). The

principal component analysis (PCA) showed a clear separa-

tion between the developmental stages and genotypes

with the first principal component (PC1) explaining 43.5%

of the variability (Figure S6a). The highest difference was

observed between the proteomes of the mature (D6) and

early (D1 and D2) stages. Heatmap data visualization

(Figure S6b) showed that SC sampled at the D6 stage clus-

tered separately (indicating the most pronounced

changes), whereby the D1 and D2 clustered separately but

with a lower distance. This result makes the time-based

paired comparisons more logical than the analysis of the

genotype-related clusters. To address the time-based

inter-genotype differences in more detail, we made the cor-

responding paired comparisons.

Functional annotation of differentially expressed pro-

teins in SC from domesticated landrace JI92 at D1 stage

(Figure S7) showed higher abundance (in comparison

to JI64) of 73 proteins mostly involved in sugar (with

the most strongly regulated representative—sucrose-

phosphatase 1, 5-fold) and protein metabolism (most

regulated—isoaspartyl peptidase/L-asparaginase, 10-fold)

and photosynthesis. Interestingly, despite that both JI92

and wild JI64 have SC pigmentation, proteins involved in

epigallocatechin synthesis (anthocyanidin reductase), syn-

thesis of cyclic metabolites derived from the C18 fatty acid

a-linolenic acid (12-oxophytodienoic acid-reductase, 9-fold)

were more abundant in the domesticated JI92 (Table S6a).

Furthermore, proteins involved in the detoxification of

reactive oxygen species (ROS), such as glutathione

S-transferase, thioredoxin, peroxiredoxin, and caleosin,

were also more abundant in wild JI92. On the other hand,

78 proteins involved in the protein and amino acid metabo-

lism were less abundant in SC of domesticated JI92 in

comparison to the wild pea. Later in the development

(D2 stage), the patterns of differential expression

became less diverse and were represented with only 33

proteins (Figure S8, Table S6b). Proteins more abundant in

JI92 were mostly involved in secondary metabolism, lipid,

amino acid, and protein metabolism and metabolism

of hormones, while 12 proteins more abundant in wild

JI64 were involved in amino acid, nucleotide, and

protein metabolism. Functional annotation of differentially

expressed proteins in mature seeds (Figure 3) revealed

Figure 3. Functional annotation of the pea seed coat proteins (accomplished with the Mercator MapMan v3.6 tool), characterized with significantly higher

expression in the mature seeds of JI92 (white columns) and JI64 (black columns).

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 118, 2269–2295

Domestication has altered pea seed coat 2275

 1365313x, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16734 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [12/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



127 polypeptides significantly more abundant in JI92,

and these were involved in photosynthesis (e.g., photosys-

tem II 22 kDa protein, 22-fold, chlorophyll a-b binding

protein, 7-fold, chlorophyll a-b binding protein, 7-fold,

ferredoxin-NADP reductase, 4-fold) and sugar metabolism

(glyceraldehyde-3-phosphate dehydrogenase, fructose-

bisphosphate aldolase, alpha-1,4 glucan phosphorylase,

threonine synthase, aspartate aminotransferase, aspartate

carbamoyltransferase 3). Furthermore, 58 proteins encod-

ing ribosomal proteins, two Ca-binding proteins (caleosin

and calcium ion-binding protein, 8-fold), and several seed

storage proteins (late embryogenesis abundant protein-

like, 53-fold, Group 3 LEA protein) were more represented

in mature SCs of domesticated JI92 in comparison to wild

JI64 (Table S6c).

Among the 86 proteins more abundant in D1 stage of

the wild JI64, the polypeptides involved in secondary

metabolism, cell wall formation, lipid, amino acid, protein

metabolism, RNA processing (NOP56-like pre-RNA

processing ribonucleoprotein, 122-fold), and DNA repair

(putative DNA repair protein Rad4, 1173-fold). Notably, a pro-

tein with N-linked glycosylation activity (dolichol-

diphosphooligosaccharide–protein glycosyltransferase subu-

nit 2) was highly abundant (4816-fold) in JI64 (Table S6d).

Furthermore, polyphenol oxidase (PPO), an enzyme involved

in the oxidation of diphenols, was more abundant in JI64 (34-

fold). Later in the development (D2), proteins involved in

RNA processing (NOP56-like pre-RNA processing ribonucleo-

protein, 73-fold, RNA helicase, 7-fold) or DNA-repair (putative

DNA repair protein Rad4, 1000-fold) were again more abun-

dant in JI64 (Table S6e). The secondary metabolism func-

tional class was represented by three highly upregulated

enzymes of phenylpropanoid and polyphenol metabolism,

with 151-fold upregulation of PPO in JI64 wild-type seeds

(Balarynov�a et al., 2022), caffeic acid 3-O-methyltransferase

(COMT, 2-fold), and dihydro flavanol 4-reductase (6-fold). In

addition, proteins involved in sugar (sucrose synthase, 4-

fold) and protein biosynthesis (carboxypeptidase, 104-fold,

adenosylhomocysteinase, 11-fold, glutamine amidotransfer-

ase, 45-fold) (Figure S8) and secondary metabolism, lipid,

amino acid, and metabolism of hormones were observed.

Notably, there was the differential expression of lipoxygen-

ase protein (434-fold) known to differ between JI64 and JI92

(North et al., 1989).

In the mature (D6) stage, the proteins of cell wall metab-

olism group more abundant in JI64 were represented by

enzymes involved in the decarboxylation of sugar acids and

pectin modification (pectinesterase, pectin acetylesterase,

each 2-4-fold), enzymes of fatty acid biosynthesis (Table S6f),

with protease activity (class I glutamine amidotransferase,

214-fold), auxin (indole-3-acetyl-amido synthetase), GA (gib-

berellin 2-beta-dioxygenase, 4-fold) metabolism, and short-

chain alcohol dehydrogenase (33-fold upregulated) (Figure 3).

Dihydro flavanol 4-reductase (2-fold), cinnamic acid 4-

hydroxylase, flavanone-3-hydroxylase, cinnamyl alcohol

dehydrogenase, and chalcone-flavanone isomerase family

protein (1- to 3-fold) connected to monolignol and flavonoid

biosynthesis were also more abundant in JI64. Among them,

caffeic acid 3-O-methyltransferase (COMT, 10.7-fold) and

polyphenol oxidase (133-fold) were more abundant in wild

JI64 compared to JI92 landrace. By cellular localization, the

SC proteins were predicted to be in cytoplasm, nucleus, and

chloroplast compartments (34, 25, and 23%, in JI92 and 28,

27, and 12% in wild JI64, respectively) and this distribution

remained unchanged throughout the development

(Figure S9).

The seed coat of wild peas has a larger amount of soluble

protective metabolites

The properties of the seed coat (especially its permeability

for water and solutes) might depend both on its soluble

constituents (i.e., those extractable with organic solvents

and/or aq. alcoholic mixtures) and cell wall-bound compo-

nents (i.e., extractable only upon alkali or acid treatment).

Analysis of the extractable metabolome revealed 170 fea-

tures, which were identified in the aqueous methanolic

extracts (Table S7). As some metabolites appeared as sev-

eral isomers or derivatives, the total number of identified

primary metabolites was 109, represented by 20 amino

acids, five amines, three fatty acids and their esters, 31

organic acids, 52 sugars (monosaccharides and their

phosphorylated derivatives); di- and oligosaccharides, two

phenolic compounds, three phosphoric acids, six represen-

tatives of other classes; and 34 could not be identified

(Table S7). To address the changes in the primary metabo-

lome associated with seed dormancy, we compared the

abundances of individual metabolites isolated from the SC

of domesticated (Cameor and JI92) and wild pea (JI1794,

JI64, and JI261) genotypes, as shown in principal compo-

nent analysis (PCA) score plot (Figure S10a). The compari-

son of Cameor and JI261 samples (t-test with Volcano plot

representation) revealed 23 and 18 metabolites significantly

(P ≤ 0.05, FC ≥2) down- and upregulated in the seeds of the

domesticated genotype, respectively. In agreement with

this, hierarchical clustering analysis revealed (Figure S10b)

two contrasting clusters (Figure S11b). The metabolites,

downregulated in the Cameor SC in comparison to wild

JI261, were represented by mono- and oligosaccharides,

and organic acids (including amino acids). The most

pronounced differences, associated with domestication, for

example, loss of dormancy, were observed for nicotinic

acid (297-fold abundance decrease), mannitol (65-fold),

4-aminobutyric acid (GABA, 16-fold), and the unknown

trisaccharide RI3295 (up to 29-fold) (Table S8). On the

other hand, upregulated metabolites were represented by

organic acids with the most significant changes observed

in the levels of caffeic and dehydroascorbic acids (up to

21-fold).

� 2024 The Authors.
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Comparison of mature (D6) stage SC of non-dormant

landrace JI92 and dormant wild JI261 revealed complete

separation both in PCA score plot (with 88% of the

explained difference in the PC1, Figure S12a) and hierarchi-

cal clustering (Figure S12b) with two pronounced clusters

of 30 most confident features (Figure S12c). The t-test anal-

ysis with Volcano plot showed 15 and 25 metabolites

(Figure S12d) significantly down- and upregulated, respec-

tively (Table S9). Mannitol (20-fold) and unknown trisac-

charide RI3295 (12-fold) were the most strongly

downregulated, while upregulated metabolites were repre-

sented by organic acids, dehydroascorbic (85-fold) and

ascorbic (14-fold) acid, as well as epigallocatechin (19-fold)

and unknown metabolite RI 1833 (54-fold). Finally, a paired

comparison of wild genotypes, that is, JI1794 versus JI261

(Figure S13) and JI64 versus JI261 (Figure S14) showed 18

and 9 downregulated metabolites, indicating genotypic

specificities. Among them, sugar alcohols—mannitol (32-

fold), galactinol (14-fold), and unknown trisaccharides

(RI3295 and RI3206, 14-fold) (Figure S14) were found.

These differences were accompanied by 2- to 3-fold higher

relative contents of organic acids (glucaric, succinic, malo-

nic, ribonic, malic) in wild JI64 along with a 2-fold differ-

ence in the levels of alanine (2.5-fold) (Tables S10 and

S11).

Seed coats of wild peas are rich in cell wall-bound

metabolites

To address the patterns of the metabolites covalently

bound to the cell walls, analysis of SC and sequentially

subjected to alkali and acid hydrolysis was performed to

access ester- and ether-bound metabolome, respectively.

The first analysis was expected to yield information on the

periphery lignin and lignin-associated non-phenolic mole-

cules, whereas the second one provided information on

the composition of lignin itself (so-called core lignin). As,

based on our previous experience, both these fractions

were expected to be represented mostly with phenolics

(Frolov et al., 2013), we used QqTOF-MS analysis in nega-

tive ion mode (Table S12). Importantly, due to the forma-

tion of different adduct ions and in-source fragmentation

(which are both known to be universal limitations of elec-

trospray ionization), each metabolite might be represented

by multiple features. This increase in the potential analyte

numbers essentially extends the analysis space and makes

correction for multiple comparisons stricter. To

compensate for this effect, we used Benjamini–Hochberg
false discovery rate (FDR) correction at P ≤ 0.1 (instead of

the conventionally used threshold of P ≤ 0.05).

The UHPLC-QqTOF-MS analysis of the alkali cell wall

hydrolysates in negative ion mode yielded over 7500 sig-

nals of quasi-molecular negative ions (mostly the [M-H]�

ones). These signals could be annotated with their exact

m/z values (with a mass tolerance of 10 ppm) and retention

times (tR). The resulting patterns showed clear differences

between wild and domesticated SCs in the composition of

the cell wall-bound metabolites (Figure S15a,b) and

revealed 1791 and 18 metabolites significantly down-

and upregulated in the non-dormant domesticated cultivar

Cameor (Figure S15a,b). The application of a stricter (FC

≥10) filter reduced the list of downregulated features to 47

(Figure S16). Manual evaluation of the mass spectra and

extracted ion chromatograms (XICs) allowed confirmation

of 26 signals for reliable determination of elemental com-

position and MS/MS analysis (Table S13), whereas the

other 21 either could not be confirmed or showed too low

intensity (below 200 counts in the XICs). About half of the

differentially abundant species could not be identified by

the available MS/MS spectra (although even additional tar-

geted MS/MS experiments were performed). The other 13

species could be tentatively annotated to certain structures

of at least chemical classes based on their MS/MS frag-

mentation patterns. Remarkably, the second non-dormant

domesticated genotype (JI92) showed an order of magni-

tude less abundant pattern of downregulated signals in

comparison to the dormant JI261 (Figure S17), whereas

the two wild pea genotypes (JI1794 and JI64) demon-

strated less pronounced differences (Figures S18 and S19).

Considering the differences in the patterns of the cell wall-

bound metabolites, it can be seen that the loss of dor-

mancy in the domesticated Cameor was associated with

strongly pronounced (up to 3.9-fold decrease in lgFC,

Table S13) downregulation of 13 compounds cleavable by

alkali solutions. Among the seven tentatively identified

species among those downregulated in cultured

non-dormant genotype, four represented low-molecular

phenolics/phenylpropanoids or conjugates (one of which,

O-acetyl-2-phosphono-3-(4-hydroxyphenyloxy)-succinic

acid, appeared to be the most depleted in the non-dormant

SCs), one polyphenol and two fatty acid conjugates (which

were more than 200-fold downregulated, Table S13). Sur-

prisingly, the differences between the dormant genotype

JI261 and the non-dormant genotype JI92 were much less

pronounced both in the numbers and relative abundances

of regulated metabolites. Thus, only five metabolites (two

of which—unknowns) were annotated as downregulated in

the non-dormant genotype. These three metabolites also

represented the classes of low-molecular-weight phenolics

and fatty acids. Remarkably, this downregulation was

much less pronounced (� lgFC did not exceed 2.0 in this

case). A comparison of two dormant JI261 and JI64 yielded

slightly different patterns of differentially abundant metab-

olites. These patterns were featured with phenolic-fatty

acid conjugates (compounds 22–25). Interestingly, two of

these conjugates (24, 25) were more abundant in the SCs

from JI64, whereas two (22, 23) showed higher abundance

in JI261, Finally, a comparison of JI261 with JI1794 did not

reveal any phenolics and fatty acids among the only three

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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metabolites, which were annotated as differentially abun-

dant. The MS/MS spectra of annotated cell wall-bound

metabolites are shown in Figure S20.

Phenolic compounds are formed, oxidized, and

accumulated during pea seed development

Untargeted metabolomics based on flow injection–electro-
spray ionization–high-resolution tandem mass spectrome-

try (FIA-ESI-HRTMS) was used to study metabolite

dynamics during seed development. The score plot from

the principal component analysis (PCA) shows the distribu-

tion of samples through the development and

domestication status. Cultivated and landrace genotypes

were separated from the wild ones through development,

with clear differences at D4-5-6 stages (Figure 4a), while at

early D1-2 stages, the metabolic profiles were more similar

both in negative (Figure 4a) and positive (Figure 4b) ioniza-

tion mode. To obtain metabolic markers for early and late

developmental stages, we compared early stages (D1 and

D2) against late ones (D5 and D6). Identified compounds

from the most significantly differential signals (MSDS)

were taken from S-plot obtained by orthogonal projection

to latent structures (OPLS-DA; datasets contained signals

of 1888 markers in negative ionization mode and 635

Figure 4. Principal component analysis of FIA-ESI-MS measurements of metabolite signal changes in negative (a) and positive (b) ESI modes. The seed coats of

two domesticated (Cameor and JI92) and three wild (JI64, JI1794, and JI261) peas were studied at five developmental stages (13, 17, 23, and 28 DAP and mature

seed, labeled as D1, D2, D4, D5, and D6, respectively). Heatmaps show profiles of most significantly differential metabolites in A-Cameor, B-JI92, C-JI64, D-

JI1794, and E-JI26 1 (vertically); at developmental stages D1, D2, D4, D5, and D6 (horizontally from left to right); (c) coniferol dimers (m/z 357.1236); (d) hydroxy-

benzoyl glucoside (m/z 299.0843); (e) 7-O-methyldaidzein (isoformononetin; m/z 267.0841); (f) sarmentosin (m/z 274.1028); (g) ophthalmic acid (m/z 288.1233); (h)

30,40,50-trihydroxy-5,7,8,-trimethoxy-2,3-dihydroflavone dihexoside (m/z 701.2209); (i) stachyose/cellotetraose (m/z 665.2463); (j) gibberellin A3/A6 (m/z 345.1344);

(k) feruoylglucoside (m/z 355.0974); (l) gallocatechin trimer, type A (m/z 911.2072); (m) coniferol (caffeoyl)glucoside (m/z 539.1605); (n) hydroxybenzoic acid (m/z

137.0297); (o) nitidanin (tentatively; m/z 403.1433); (p) vaniloylconiferol (m/z 329.1020); (q) gallic acid (m/z 169.0217); (r) genistein (malonyl)glucoside (m/z

517.1082); (s) dehydrated hexose trimer with methyl group (m/z 273.0776, ([M + 2Na-2H]2+)/2); (t) hexose octamer with acetyl and methyl group (m/z 707.2167,

([M + 2Na]2+)/2); (u) hexose tetramer with carboxyl group and three methyl groups (m/z 723.1985, ([M + Na]+)); (v) hexose hexamer with carboxyl group and

three methyl groups (m/z 1065.3158, ([M + Na]+)); (w) dehydrated hexose tetramer with methyl group (m/z 354.1065, ([M + 2Na]2+)/2); (x) hexose trimer with

methyl group (m/z 281.5763, ([M + 2Na]2+)/2); (y) dehydrated hexose hexamer with methyl group (m/z 525.1646, ([M + 2Na]2+)/2); (z) hexose hexamer with

methyl and carboxyl group (m/z 533.1569, ([M + 2Na-2H]2+)/2); (a)-hexose octamer with three carboxyl groups (m/z 704.1968, ([M + 2Na]2+)/2); (ß) hexose tetra-

mer with methyl group (m/z 362.1019, ([M + 2Na-2H]2+)/2); (v) dehydrated hexose octamer with methyl group (m/z 696.2092, ([M + 2Na]2+)/2); (d) hexose dimer

with carboxyl group (m/z 381.1023, ([M + Na]+)).

� 2024 The Authors.
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markers in positive ionization mode, respectively, ordered

according to p(corr)[1] coordinate) (Table S14). Identified

MSDS more abundant in mature (D5 and D6) developmen-

tal stages were: coniferol dimers (m/z 357.1236); hydroxy-

benzoyl glucoside (m/z 299.0843); 7-O-methyldaidzein

(isoformononetin; m/z 267.0841); sarmentosin (m/z

274.1028); ophthalmic acid (m/z 288.1233); 30,40,50-
trihydroxy-5,7,8,-trimethoxy-2,3-dihydroflavone dihexoside

(m/z 701.2209); stachyose/cellotetraose (m/z 665.2463); gib-

berellin A3/A6 (m/z 345.1344); feruoylglucoside (m/z

355.0974); gallocatechin trimer, type A (m/z 911.2072); coni-

ferol (caffeoyl)glucoside (m/z 539.1605); hydroxybenzoic

acid (m/z 137.0297); nitidanin (tentatively; m/z 403.1433);

vaniloylconiferol (m/z 329.1020); gallic acid (m/z 169.0217);

genistein (malonyl)glucoside (m/z 517.1082) (negative ion

mode, Figure 4c–r; Table S15). Identification of metabolites

was based on the exact mass measurement and fragmen-

tation pattern. The main diagnostic fragmentation pro-

cesses observed in MS/MS spectra of phenolic compounds

included loss of dehydrated hexoses in the case of glyco-

sylated forms, fission of polyphenolic skeletons (loss of

water, CO, and retro-Diels–Alder fragmentation), loss

of carboxyl group in the form of CO2 and cleavage of

methyl radical from methoxy groups. In the collision spec-

tra of gibberellin(s), this included a loss of carboxyl group,

water, and splitting of the middle five-membered cycle.

Fragmentation of sarmentosin included loss of water and

cyano-group. The selectivity of CID experiments in tandem

mass spectra of hydroxybenzoyl glucoside and 30,40,50-
trihydroxy-5,7,8-trimethoxy-2,3-dihydroflavone dihexoside

was increased using ion mobility separation (Figures S21

and S22).

In early developmental stages, modified sugars

(dimers–octamers) containing methyl, acetyl, and carboxyl

groups were found among MSDS significantly more abun-

dant compared to late ones. In related MS/MS spectra,

losses of dehydrated hexose(s) and sugar chains contain-

ing acetyl, methyl, and carboxyl groups were observed

confirming the proposed structures. The decrease of modi-

fied sugar oligomers abundance during SC development

can be explained by their polymerization and formation of

insoluble long sugar chains including pectins (Figure 4s–d;
Table S16).

Wild pea seed coats accumulate flavonol glycosides and

gallocatechin oligomers

We compared metabolites in SC samples from late D5 and

D6 stages between two domesticated (Cameor and JI92)

and three wild (JI64, JI1794, and JI261) pea genotypes.

Score plot from PCA analysis showed the separation of

domesticated samples from wild ones (Figure 5a). Among

the most differential metabolites present at significantly

higher amounts in wild SC compared to domesticated ones,

altogether nine metabolites were identified (Figure 5b–j;
Table S17) including flavonol glycosides such as myricetin-

galloyl glucoside, myricetin-3-caffeoyl glucoside, and phlor-

idzin, a glycosylated dihydrochalcone phloretin. The

remaining identified metabolites increased during SC

development were gallocatechin oligomers and glycosides

(gallocatechin di-/trimer glycosides, gallocatechin trimer,

gallocatechin gallate glycoside), dehydrated gallocatechin-

trihexoside, and hydroxybenzoic acid. The main diagnostic

fragmentation processes observed in MS/MS spectra

included loss of dehydrated hexoses, acylhexoses and acyls

(galloyl, caffeoyl), gallocatechin units and gallocatechin

hexosides, fission of polyphenolic skeletons (loss of water,

retro-Diels–Alder fragmentation), and loss of carboxyl

group (-CO2) (Table S17). Figures S23–S26 describe the

MS/MS spectra where the ion mobility separation was

applied (i.e., spectra of gallocatechin gallate hexoside, myri-

cetin 3-galloyl hexoside, myricetin 3-caffeoyl hexoside, and

dehydrated gallocatechin-trihexoside). LC/HRTMS analysis

confirmed the presence of both p-hydroxybenzoic and sal-

icylic acids (Figure S27) in comparison of dormant JI64 and

domesticated landraces JI92.

Next, we focused on the phenylpropanoid pathway

with a monolignol branch to check if there is a change in

metabolic flow, as indicated by proteomic analysis. Signals

of selected metabolites of the monolignol pathway were

compared across the five developmental stages of five

genotypes (Figure 6). Cinnamate and p-coumaraldehyde

were detected as dominant metabolites during D1 and D2

stages, except for dormant JI261, where the expression

was low in all stages. Metabolites of the monolignol

pathway strongly correlated with gene expression of the

ME1-Blue and ME19-Turquoise gene modules (Figure S28).

Positive correlation with genes from the ME19-Turquoise

module (decreasing expression during development) pro-

vided metabolites whose intensities decreased with devel-

opment, such as phenylalanine, cinnamic acid, p-coumaric

acid, p-coumaraldehyde (except JI261), and vanillin.

Metabolites positively correlated with genes from the ME1-

Blue module (increasing expression during development)

were p-coumaroyl quinate, coniferyl-/5-hydroxyconiferyl-/

sinapaldehyde (with two exceptions: 5-hydroxyconiferyl-/

sinapaldehyde in JI261), p-coumaroyl-/coniferyl-/

caffeoyl-/5-hydroxyconiferyl-, sinapyl-alcohol, and syringin

(in JI261). During SC development, caffeic acid content

increases in non-dormant genotypes, while changes only

slightly in JI64. In the remaining two dormant genotypes,

it first decreases then followed by an increase. SC of geno-

type JI261, the dormant one, showed a low abundance of

mostly measured metabolites in comparison with other

genotypes. Pigmented genotypes (JI92, JI64, JI1794, and

JI261) have a higher expression of enzymes 4CL (4-couma-

rate:CoA ligase), HCT (hydroxycinnamoyl CoA:shikimate

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 118, 2269–2295
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hydroxycinnamoyltransferase), and CAD (cinnamyl alcohol

dehydrogenase) in SC. Finally, COMT (caffeic acid 3-O-

methyltransferase) and CCoAMT (caffeoyl-CoA O-

methyltransferase) are more expressed in wild pea geno-

types (Table S18). Altogether, wild peas synthesize fewer

monolignols, probably because of channeling a part of pre-

cursors to the flavonoid biosynthetic pathway. Identifica-

tion of metabolites from the phenylpropanoid pathway

was based on exact mass measurement and fragmentation

pattern. The main diagnostic fragmentation processes

observed in MS/MS spectra of phenolic compounds

included loss of water, losses of CO2 and acetic acid in the

case of phenolic acids, losses of CO and acetaldehyde in

the case of aldehydes, losses of CH3OH and C2H5OH in the

case of alcohols and losses of shikimate/quinate and their

combined losses with CO2, and acetic acid in the case of

phenolic acids shikimate/quinate derivates. In the collision

spectra of glycosylated forms, the losses of hexoses were

observed. Fragmentation of phenylalanine included loss of

amino group (Table S19).

DISCUSSION

This work presents the first comprehensive gene expres-

sion, proteomic, and metabolomic profiling of pea seed

coat development in relation to seed dormancy and

domestication. It complements previous studies of gene

expression, anatomy, and metabolite profiles of seed coats

between wild and cultivated peas (Balarynov�a et al., 2022,

2023; Hradilov�a et al., 2017; Jansk�a et al., 2019; Zablatzk�a

et al., 2021) (Figure 7). Although seed development

involves the coordination of molecular, cellular, and bio-

chemical processes among the embryo, endosperm, and

seed coat, this study focused on the seed coat, as its per-

meability changed during domestication is important for

dormancy in many species (Sm�ykal et al., 2014). Relatively

advanced stages of seed development, from 13 DAP to the

mature dry stage, were analyzed to capture changes

related to differences in seed coat properties when dor-

mancy is established (Balarynov�a et al., 2023; Jansk�a et al.,

2019; Sm�ykal et al., 2014). Moreover, this study compared

Figure 5. Principal component analysis of FIA-ESI-MS measurements of metabolites in negative ESI mode (a) describing differences among wild and cultivated

genotypes at late developmental stages (D5-6). Heatmaps represent the profiles of identified the most significantly differential metabolites taken from S-plot pro-

vided by orthogonal partial least squares discriminant analysis. A-Cameor, B-JI92, C-JI64, D-JI1794, E-JI261 (vertically); D1, D2, D4, D5, and D6 describe the

developmental stages (horizontally from left to right); (b) myricetin 3-galloyl glucoside (m/z 631.1017); (c) phlorizin (m/z 435.131); (d) myricetin 3-caffeoyl gluco-

side (m/z 641.1139); (e) gallocatechin trimer glucoside (m/z 1073.1982); (f) gallocatechin dimer (m/z 609.1249); (g) gallocatechin trimer (m/z 913.183); (h) dehy-

drated gallocatechin trihexoside (tentatively; m/z 771.1346); (i) gallocatechin gallate glucoside (m/z 619.1041); (j) hydroxybenzoic acid (m/z 137.0247).

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 118, 2269–2295
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wild and domesticated genotypes, in contrast to typical

single-genotype studies of cultivated crop. This experimen-

tal setup of several genotypes and developmental stages,

however, brought also some difficulties related to the mul-

tidimensionality of the analysis and genotypic specificities.

The latter were visible in gene expression, protein, and

metabolome profiles. Cameor, as representative of modern

pea varieties set apart, while landrace (JI92) was closer to

wild peas. Wild pea genotypes also displayed specificities.

Interestingly, wild JI1794 had gene expression closer to

cultivated pea. This might reflect its genetic relationship,

as representative of wild progenitor closer to pea crop

(Hellwig et al., 2022; Sm�ykal et al., 2017; Trn�en�y et al.,

2018). RNA-seq analysis revealed more tissue-specific

genes expressed in the seed coat than in the embryo, sup-

porting the important role of SC in the regulation of pea

seed development (Sm�ykal et al., 2014) and is in agree-

ment with results on lentil seeds (Yu et al., 2023). Tran-

scriptomic data showed the largest change in gene

expression between stages D2 and D3 corresponding to 17

and 20 DAP (days after pollination), respectively

(Figure 1d). This relates to reaching the physiological

maturity of the seeds (Balarynov�a et al., 2023), involving

accumulation of osmoprotectants and LEA proteins in con-

nection to desiccation, antioxidant accumulation, and ABA

metabolism. Conclusively, this developmental part is the

point of the transmission from the early stage to the matu-

ration phase characterized by changes in seed transcription

and metabolism as shown by developmentally regulated

genes in ME1-Blue and ME19-Turquoise modules

(Figure 2b,d).

There are some comparable studies of the legume

crop seed development. The issue of seed coat permeabil-

ity was studied in soybean (Ranathunge et al., 2010) lead-

ing to the identification of genes involved in cutin and

suberin formation and modulation of unsaturated fatty

acid levels (regulated by fatty acid desaturases). These

genes have not been detected in pea seed coat, except for

lipoxygenases and thioredoxins, likely due to physiological

differences between soybean (rich in oil) and pea seeds.

When the black and brown soybean seeds were compared

(Kovinich et al., 2011), genes of the phenylpropanoid/flavo-

noid pathways such as UDP-glycose-flavonoid-3-O-

glycosyltransferase, anthocyanin-30-O-methyltransferase,

and caffeoyl-CoA-O- methyltransferase were identified as

differentially expressed genes. This largely agrees with the

Figure 6. Scheme of monolignol biosynthetic pathway with metabolites identified in cultivated (Cameor and JI92) and wild (JI64, JI1794, and JI261) pea seed

coats during development. Annotated enzymes (Figure S18) are written in blue letters. Genotypes and developmental stages are labeled as A-Cameor, B-JI92, C-

JI64, D-JI1794, E-JI261 (vertically) and D1, D2, D4, D5, and D6 (horizontally from left to right), respectively. PAL: phenylalanine ammonia-lyase, C4H: cinnamate-

4-hydroxylase, C3H: 4-coumarate-3-hydroxylase, COMT: caffeic acid O-methyltransferase, 4CL: 4-coumaroyl: CoA ligase, CSE: caffeoyl shikimate esterase, HCT/

HQT: hydroxycinnamoyl CoA:shikimate hydroxycinnamoyltransferase, CCR: cinnamoyl CoA reductase, CCoAMT: caffeoyl CoA-3-methyltransferase, F5H:

ferulate-5-hydroxylase, CAD: cinnamyl alcohol dehydrogenase.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 118, 2269–2295
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findings in pea. Similarly, a comparison of variously col-

ored pea seeds of domesticated genotypes identified phe-

nylpropanoid pathway genes and metabolite differences

(Ferraro et al., 2014) and this is reflected in polyphenolic

profiles (Jha et al., 2019). Pigmented domesticated land-

races (JI92) apart from modern-type pea (Cameor) were

deliberately included to capture differences related to

domestication and dormancy. However, numerous genes,

proteins, and metabolites of the phenylpropanoid pathway

were found to be significantly upregulated in wild pea pro-

genitor, in agreement with previous analyses (Balarynov�a

et al., 2022; Cechov�a et al., 2017, 2019; Hradilov�a et al.,

2017; Krej�c�ı et al., 2022). Until now, the only genetically

proven genes controlling seed coat permeability in legumes

have been shown in soybean, encoding calcineurin-like pro-

tein and 1,4-b-glucanase (Jang et al., 2015; Sun et al., 2015)

and those identified by mutagenesis in Medicago

truncatula, encoding KNOX4 transcription factor (Chai et al.,

2016) altering beta-ketoacyl-CoA synthase expression (Chai

et al., 2021) and ultimately affecting hydroxylated fatty acid

profiles (Chai et al., 2016). Analysis of closely related alfalfa

(M. sativa) showed a higher amount of fatty acid conjugates

in hard (dormant) seeds (Wang et al., 2023). Despite the tar-

geted analysis of respective homologous genes, studies

have not found these to be associated with pea seed dor-

mancy, suggesting that different mechanisms and path-

ways were altered during pea domestication (Sm�ykal

et al., 2018). The convergence or parallelism of the domesti-

cation process is one of the main questions of man-directed

evolution (Lenser & Theißen, 2013) and awaits the identifi-

cation of respective genes in various phylogenetically and

geographically distant species.

Recently, transcriptomic and metabolomic analysis

was done on lentil seed development, although only at a

Figure 7. The scheme summarizing the principal results supplemented with several recent findings involving hormonal levels, point of seed desiccation, and

functionality of the polyphenol oxidase (PPO) gene. The upper part shows abscisic acid (ABA) and gibberellin (GA) contents during pea seed development. The

black arrow presents the direction of development, D1-D6 are studied developmental stages (13, 17, 20, 23, and 28 days after pollination and dry seed, respec-

tively). The solid and dashed lines represent the levels of ABA and GA1, respectively, while the line color corresponds to a specific pea genotype. The triangles

mark the point at which the seed desiccates. This part of the scheme was adapted from Balarynov�a et al. (2023). The dark blue and turquoise triangles represent

ME1-Blue (genes whose expression increases with development) and ME19-Turquoise (genes whose expression decreases with development) gene expression

modules, respectively, described using the most abundant GO categories. The bottom part of the scheme is divided by the black dashed line into the right and

left parts representing domesticated and wild pea genotypes, respectively. The rectangles represent ME15-Midnightblue and ME6-Yellow gene expression mod-

ules describing the most abundant GO categories of genes associated with dormancy and domestication, respectively. Balarynov�a et al. (2022) described func-

tional and non-functional alleles of the PPO gene, represented by black and red arrows, respectively. This enzyme catalyzes oxidation and polymerization of the

gallocatechin in the pea seed coat (SC). SC metabolites specific for the particular pea genotype are highlighted by the same color as the corresponding geno-

type. Finally, the main metabolites identified in mature wild or domesticated pea genotypes are summarized.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 118, 2269–2295
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single cultivated lentil genotype, leading to the identifica-

tion of isoflavonoid pathway genes expressed in later

stages (Yu et al., 2023), in agreement with a previous

(Hradilov�a et al., 2017) and this pea study. Since lentil and

pea are phylogenetically closely related (Sm�ykal et al.,

2015), these two studies are the most comparable,

although lentil study did not include a wild progenitor.

Phylogenetically more distant, yet topically relevant, is the

study of seed coat development about hard seededness

(permeability) in pomegranate (Qin et al., 2020) identifying

genes and metabolites of the lignin and monolignol bio-

synthesis pathways, including coniferyl alcohol and sina-

pyl alcohol, accumulated in the pomegranate seed coat.

This parallels of results on pea seed coat.

Although Arabidopsis seeds display physiological dor-

mancy (Baskin & Baskin, 2014), a series of testa mutants

(Appelhagen et al., 2014) showed alteration in seed coat

permeability and its importance for seed germination,

related to phenylpropanoid metabolism (MacGregor et al.,

2015). Moreover, it impacts also seed longevity (Sano

et al., 2016), as flavonoids and proanthocyanidins are

strong antioxidants. Legume seeds accumulate various

secondary metabolites as protection against abiotic and

biotic stress factors, for signaling and communication with

the surrounding environment (Weston & Mathesius, 2013)

and these are often species specific (Wink, 2013). These

pathways are regulated by transcription factors (Zhao

et al., 2013) and many of them were found within the ME1-

Blue and ME19-Turquoise gene modules together with

genes coding enzymes of phenylpropanoid and flavonoid

biosynthetic pathway, similar to Medicago truncatula (Fu

et al., 2017). Two TFs, namely, MYB5 and MYB14, were

identified in M. truncatula seeds regulating the last steps

of proanthocyanidins biosynthesis (Liu et al., 2014). In

agreement with this, we have found MYB5 homolog in

ME15-Midnightblue module positively correlated with dor-

mancy (Figure 2b).

Domestication and seed coat modification

The impact of the domestication process on plant traits is

well known (reviewed in Lenser & Theißen, 2013; Purugga-

nan & Fuller, 2009; Sm�ykal et al., 2018). Mostly visible mor-

phological changes were of primary focus and inspired

Charles Darwin. Less is known about metabolic changes,

except for visible seed and fruit pigmentation (Alseekh

et al., 2021; Lyu et al., 2023; Maeda & Fernie, 2021; Paauw

et al., 2019; Sm�ykal & Parker, 2023). However, it can be

expected that besides morphology, human selection

altered the nutritional value and composition of storage

organs (fruits, seeds, and tubers). Examples include

millennia-long selection and centuries of breeding for

attractive color; reduced bitterness; and altered acidity,

sweetness, and starchiness, as well as fragrances. Loss of

pigmentation in the course of domestication process is

common both in plants and animals (Sm�ykal et al., 2018;

Sm�ykal & Parker, 2023) and the underlying molecular

mechanism has been identified in several legumes (Hellens

et al., 2010; Pal et al., 2023). On the other hand, domesti-

cated pea, lentil, or chickpea with non-dormant seeds can

have both pigmented and non-pigmented seed coats

(Balarynov�a et al., 2022; Hradilov�a et al., 2017; Pal et al.,

2023; Sedl�akov�a et al., 2021, 2023) indicating that pigments

(in broad sense) are not directly responsible for seed dor-

mancy (reviewed in Sm�ykal et al., 2014). As seed metabo-

lites are associated not only with nutritional value but also

with physiological properties such as seed maturation,

desiccation, and germination (Rao et al., 2014), it is not sur-

prising to see differences related to domestication status in

pea. Three classes of phenylpropanoid-derived compounds

are particularly abundant in seeds: flavonoids, lignins, and

lignans (Corso et al., 2020; Francoz et al., 2018) contribut-

ing also to seed color variation. These metabolites were

found to play a role in seed dormancy in several plants

such as pomegranate (Qin et al., 2020), Rubus (Wada

et al., 2011), chickpea (Sedl�akov�a et al., 2023), alfalfa (Wang

et al., 2023), and pea (Cechov�a et al., 2017, 2019; Hradilov�a

et al., 2017; Jansk�a et al., 2019; Krej�c�ı et al., 2022) influenc-

ing likely seed coat permeability (Sm�ykal et al., 2014).

Comparative analysis of wild progenitors, landraces, and

modern varieties has shown a reduction in the content of

these (reviewed in Ku et al., 2020). The question is if these

have been selected directly, such as visual appearance or

palatability (Cosson et al., 2022), or because of relation to

other seed compounds, namely, storage proteins and

sugars (Sm�ykal et al., 2018; Sm�ykal & Parker, 2023). The

importance of phenylpropanoid pathway and alteration of

respective metabolites in relation to pea domestication

was shown recently. The activity of PPO differed between

wild and domesticated pea seeds (Figure 7) as a result of

loss-of-function mutation (Balarynov�a et al., 2022), and the

same was found in faba bean seeds (Jayakodi et al., 2023).

More enzymes involved in phenolic synthesis were altered

during domestication. Transcriptomic and proteomic ana-

lyses showed a higher amount of caffeic acid O-

methyltransferase (COMT) in wild pea seed coats. COMT

enzyme controls important agronomic traits by regulating

the level of lignin (Ma & Xu, 2008; Oraby & Ramadan,

2015) and melatonin (Chang et al., 2021) in plant tissue.

Overexpression of COMT gene resulted in higher melato-

nin content increasing accumulation of osmolytes regula-

tory substances and stress tolerance in seeds (Bai

et al., 2020; Chang et al., 2021; Lv et al., 2021). Suppressing

of COMT caused a decrease in total lignin content of Bras-

sica napus seeds (Oraby & Ramadan, 2015) and melatonin

in Arabidopsis seeds resulting in a higher germination (Lv

et al., 2021).

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 118, 2269–2295
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Wild pea seed coat is rich in defensive metabolites

Numerous metabolites accumulate in the seeds to provide

physical and biochemical protection (Corso et al., 2020;

Francoz et al., 2018). This is not surprising, considering the

soil environment and herbivory. Consequently, a large

number of SC genes (ME1-Blue module, Figure 2b) are

related to primary and secondary metabolic processes

such as cell wall biosynthesis, phenylpropanoid, flavonoid

biosynthetic processes and annotated as having oxidore-

ductase activities, and this agrees with previous studies on

Medicago, soybean or lentil (Fu et al., 2017; Kovinich

et al., 2011; Yu et al., 2023). Notably, several peroxidases,

glutathione peroxidase and primary amine oxidases were

found to be associated with seed dormancy in Medicago

(Renzi et al., 2020) and Arabidopsis (Renard et al., 2020) by

the GWAS approach, and identified in Medicago SC devel-

opment (Fu et al., 2017).

Legumes in particular are known to be rich in isofla-

vones. These are found in seeds and their content increase

during germination (in chickpea; Wu et al., 2012). Their bio-

logical function in seeds is seed–microbe communication,

facilitating mycorrhization (Dos Santos et al., 2020; Liu &

Murray, 2016) and rhizobial colonization (Liu & Mur-

ray, 2016). The development of SC includes biosynthesis of

phenolic secondary metabolites (phenolic acids, lignans, fla-

vones, flavanols, and isoflavonoids, either glycosylated or

present as aglycons) performing antioxidant, protective,

and growth control functions. The production of

gallocatechin-based metabolites helps to protect plant tis-

sues from fungal infection (Hammerbacher et al., 2018).

Among identified metabolites present in SC of mature dry

seed, there are several ones involved likely in seed defense,

such as coniferol dimers, p-hydroxybenzoylconiferylalcohol,

formononetin, and sarmentosine. Recently, these metabo-

lites were found in hard-seeded alfalfa seeds (Wang

et al., 2023). Formononetin is a precursor of pterocarpans,

maackiain, and pisatin playing an important role in the inter-

action between fungi and the pea plant (DiCenzo & VanEt-

ten, 2006; Kaimoyo & VanEtten, 2008). Pinoresinol is one of

the structurally simplest lignan, a dimer of coniferyl alcohol,

found in the wood and acts as seed coat protective neo-

lignan (Yonekura-Sakakibara et al., 2020). Beta- and gamma-

hydroxynitrile glucosides (such as sarmentosine) along with

cyanogenic glucosides provide defense against pathogens

and herbivores, communication with other plants, and

adaptation to stressful environment. However, little is

known about their biosynthesis and biological significance.

Interestingly, arthropods which contain sarmentosin

obtained from their host plants were reported to be strong

deterrents against their predators (Bjarnholt et al., 2012).

Detection of salicylic acid (SA) and isomeric p-

hydroxybenzoic acid (reviewed in Shah, 2003) particularly

in SC of wild peas further supports the importance of

defense as SA is known to be an important signaling mole-

cule in plant defense responses and it is involved in the

modification of the redox balance (Wildermuth et al.,

2001). Exogenous application of SA increased the level of

unsaturated triglycerides, polyamines, and phenolics (such

as quinic acid) in pea seeds (Berkov�a et al., 2023). The rela-

tionship between SA and lignin levels was proposed and

the association between phloridzin (dihydrochalcone gly-

coside related to flavonoids and produced on the side

branch of phenylpropanoid pathway) SA and lignin was

shown in apple (Chen et al., 2009; Zhou et al., 2019). Impor-

tantly, phloretin, an aglycon of phloridzin, is a substrate for

polyphenol oxidase as shown in tomato (Kampatsikas

et al., 2019) and pea PPO displays high homology to this

(Balarynov�a et al., 2022). Phloridzin is particularly abundant

in apples, including seeds, where its content is lowered

during cold stratification required for seed germination

(Lewak, 2011); however, knowledge about the physiologi-

cal relevance of phloridzin in planta is limited (reviewed in

Gosch et al., 2010) although its role in defense against fun-

gal pathogens was described (Zhou et al., 2019).

Altogether, accumulated antioxidants, such as tocoph-

erols, glutathione, ascorbate, polyols, quinones, and sec-

ondary metabolites such as flavonoids in seed coat are

known to affect seed longevity (Sano et al., 2016). It is,

thus, not surprising to find sugar alcohols (mannitol and

galactinol) in seed coats, which are linked to seed longev-

ity (de Souza Vidigal et al., 2016). Since ophthalmic acid (c-
glutamyl-L-2-aminobutyryl-glycine) is a marker of oxidative

stress in plants and animals (Servillo et al., 2018), it fits

into the antioxidative system and regulation of the redox

state during seed maturation. Ascorbic acid (ASC) pro-

motes seed germination when applied exogenously

(Akram et al., 2017) while its endogenous level is involved

in stress perception and redox homeostasis (De Tullio

et al., 2004). Interestingly, ASC content increases during

the early stages of development, followed by a decrease

during the desiccation stage (De Tullio et al., 2004). This

contrasts with the detection of a significant amount of both

ACS and DHA in SC of mature dry pea seeds. Moreover,

these have been differentially abundant between wild and

cultivated pea SC samples (80- and 50-fold higher in culti-

vated genotypes; Tables S8 and S9).

Non-reducing carbohydrates (sucrose, raffinose, sta-

chyose) are responsible for the induction of structural

stability to membranes and proteins by replacing water

molecules as a strategy to survive seed desiccation (Salvi

et al., 2022). Indeed, galactinol and mannitol were differen-

tially present, with higher amounts in wild pea SC. Seed

desiccation of cultivated peas is slower than that of land-

race and wild peas, and seed coat displays lower ABA and

higher bioactive GA levels (Figure 7) than corresponding

embryos (Balarynov�a et al., 2023). On the other hand, ABA

and GA metabolic genes are more expressed in SC

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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compared to E (Balarynov�a et al., 2023). There is an intrigu-

ing relationship between Ca-binding proteins, lipid oxida-

tion, and caleosin/peroxygenases detected among

differentially expressed proteins. During seed germination,

lipoxygenases (LOX) may function as storage proteins and

aid the lipid bodies to degrade in the seed. Recently, these

proteins were shown to have diverse functions (Hanano

et al., 2023), including the final steps of hydroxyl-epoxy

fatty acids formation and cuticle and suberin deposition.

Notably, it has previously been identified as significantly

more abundant long-chain hydroxylated fatty acids in SC

of wild pea JI64 compared to landrace JI92 (Hradilov�a

et al., 2017; Krej�c�ı et al., 2022). Remarkably, the LOX activ-

ity is inhibited by some phenolic compounds, such as caf-

feic acid and quercetin (Szymanowska et al., 2009)

suggesting feedback regulation. Since the LOX negatively

influences the taste and smell of certain foods, as in the

case of pea via n-hexanal, an off-flavor compound derived

from lipoxygenase action (Bi et al., 2022), there has been a

target of selection in breeding and possibly already during

early domestication.

CONCLUSION

This work provides the first comprehensive gene expres-

sion, proteomic, and metabolomic profiling of pea seed

coat development. Moreover, the comparison of wild and

cultivated pea genotypes allowed analysis in relation to

seed development, dormancy, and also domestication. The

description of gene expression dynamics resulting in spe-

cific metabolic profiles provides new insight into pea

domestication. This study has shown that domestication

altered pea seed development and modified (mostly

reduced) the transcript, protein, and metabolite composi-

tion of the seed coat, especially the compounds involved

in seed defense and protection. It is tempting to speculate

that wild pea seeds have higher longevity and stress toler-

ance. This remains to be tested experimentally. Since the

seeds of wild peas must more precisely monitor their sur-

roundings and respond to various biotic and abiotic sig-

nals, this is achieved by a higher diversity of proteins and

metabolites present in their protective barrier (seed coat).

These findings can be applied in the breeding of more

resilient pea varieties.

EXPERIMENTAL PROCEDURES

Plant material

Cultivated pea cv. Cameor (Pisum sativum L., reference for pea
genome sequence; Kreplak et al., 2019), primitive domesticated
landraces JI92 and wild pea (P. elatius M.Bieb.) JI64, JI1794, and
JI261 were used as in previous studies (Balarynov�a et al., 2022,
2023; Cechov�a et al., 2017; Hradilov�a et al., 2017; Jansk�a et al.,
2019). In addition, there was Ethiopian-origin P. abyssinicum A.Br.
(PI358617) representing likely the second independent

domestication event (Hellwig et al., 2022; Trn�en�y et al., 2018). In
proteomic analysis, genotypes JI92 and JI64 were used as repre-
sentative samples for the identification of contrasting protein
groups with respect to dormancy status. Metabolomic analysis
was performed with the set of five genotypes (Cameor, JI92, JI64,
JI1794, and JI261, respectively). Plants were cultivated and seed
developmental stages were labeled as described in Zablatzk�a et al.
(2021) and Balarynov�a et al. (2022, 2023). Randomly selected
flowers were tagged on the day of opening (considered as day 0).
Seed coats and embryos were separately sampled at 13, 17, 20,
23, and 28 DAP (days after pollination) and mature dry seeds, sub-
sequently labeled as D1–D6. For proteomic analysis, seed coat
samples at D1, D2, and D6 were used. The seeds were extracted
from the harvested pods on ice. For transcriptomic and proteomic
analysis, seed coats and embryos at D1-D5 were separated and
rapidly placed in liquid nitrogen, and stored at �70°C for analyses.
At the youngest (D1, 13 DAP) stage, the sample consisted of both
SC and E, which was too small to be properly separated, while at
later stages, SC and E were sampled separately.

RNA isolation and RNAseq analysis

Frozen seed coats were ground to a fine powder with liquid nitro-
gen using a sterile mortar and pestle. Total RNA was isolated
using PureLinkTM Plant RNA Reagent (Invitrogen). Residual DNA
was removed by Baseline-ZERO DNase (Fisher Scientific, Czech
Republic) treatment followed by phenol/chloroform extraction,
and transcriptome profiles were generated using the Illumina
NovaSeq platform performed by Novogene Ltd. (Cambridge, UK).
Yield/quantity and purity were determined by using NanoDrop
2000 spectrophotometer (Fisher Scientific). The integrity of the
RNA samples was examined with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Bioinformatic pipeline
was prepared according to Pertea et al. (2016) with modifications.
Reference pea genome Pisum sativum v1a version was used (Kre-
plak et al., 2019). The annotation file was converted from gff3 to
gtf using gffread (Pertea & Pertea, 2020). Reference sequence
index for mapping was prepared using HISAT2 v2.1.0 (Kim
et al., 2015) on computational grid services of MetaCentrum using
400 GB RAM memory and 16 CPUs. Raw sequence reads were
cleaned with adapter quality trimming process using BBDuk from
BBTools v 38.73 (https://jgi.doe.gov/data-and-tools/bbtools/bb-
tools-user-guide/) with parameters minlen = 25 qtrim = rl
trimq = 10 ktrim = r k = 23 mink = 11 hdist = 1 tpe tbo. Cleaned
sequences were mapped to reference sequence transcripts using
HISAT2 v2.1.0. Sequence Alignment Map files were converted to
binary version by Samools 1.9 (http://www.htslib.org/). Reference
sequence-guided assembly was performed to reconstruct all iso-
forms of expressed genes using StringTie v2.1.0 (Pertea
et al., 2015). Newly assembled transcripts from each genotype
were compared with transcripts from reference sequences using
gffcompare (http://github.com/gpertea/gffcompare). Merging all
transcripts into an annotation file was performed using StringTie
v2.1.0. Quantification of genes and transcripts was done by String-
Tie v2.1.0. The gene count matrix and transcripts count matrix
were extracted using prepDE.py python script. Count matrices
were used as input to identify differentially expressed genes using
edgeR v3.30.3 (McCarthy et al., 2012) or DESeq2 v1.28.1 (Love
et al., 2014) R packages. Normalization of the genes count matrix
to FPKM values was performed using Ballgown v2.20.0 R package
(Fu et al., 2020). The transcripts were joined to transcriptomic
PeaAtlas (Alves-Carvalho et al., 2015) using blastn 2.5.0+ (Cama-
cho et al., 2009). Transcripts were annotated using a customized
EnTAP 0.10.6 annotation pipeline (Hart et al., 2020) against protein
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databases eggnog proteins, uniprot_sprot, plant_nr_database, uni-
prot_trembl. GO terms were searched in EggNOG database v 5.0.

PCA analysis was performed on FPKM normalized transcrip-
tion levels with filtered out genes with variance less than 0.5 using
prcomp function in R-4.2.2. (R Core Team, 2022). Data were scaled
to have unit variance and zero centered before the analysis. PCA
plot was made using ggplot2 R library (Wickham, 2016). We used
hierarchical clustering of the same FPKM values to observe
directed relationship between samples. For this UPGMA incorpo-
rated in hclust and Euclidean distance in dist R functions was
used. The circular tree was depicted using factoextra R library
(Kassambara & Mundt, 2020). Common and distinct sets between
samples and between developmental stages were shown by upset
R library (Conway et al., 2017) with only more than 0.5 FPKM
counts used.

Weighted gene co-expression network analysis (WGCNA)

Gene counts were subjected to a variance stabilizing transforma-
tion using the DESeq2 R package (Love et al., 2014), which also
included data normalization. To prepare for the WGCNA analysis
(Langfelder & Horvath, 2008), genes with counts transformed to
10 or greater that occurred in less than 20 samples were filtered
out. Out of the initial 74 142 genes, 26 951 genes met these cri-
teria and were utilized for the WGCNA analysis. The adjacency
matrix was derived from a topological overlap matrix of “signed”
type. Modules were identified as a single block using the follow-
ing parameters: soft threshold power = 6, network type = “signed
hybrid,” minModuleSize = 20, mergeCutHeight = 0.45, and deepS-
plit = 3. A gene co-expression network was visualized using
Cytoscape 3.9.0, with edges included based on an adjacency
threshold of 0.15 (Shannon et al., 2003) and arranged using a pre-
fuse force-directed layout. GO enrichment analysis was performed
using the BiNGO 3.0.3 app within Cytoscape (Maere et al., 2005),
employing the hypergeometric test. Multiple testing correction
was conducted using the Benjamini–Hochberg FDR method (Ben-
jamini & Hochberg, 1995). Enriched GO terms were defined as
those with false discovery rate (FDR) P-values less than 0.05. The
functional content of GO enrichment terms in correlated gene
groups was summarized by clustering the GO terms of genes
within modules using GOMCL, a toolkit for clustering, evaluating,
and extracting non-redundant associations of GO-based functions
(Wang et al., 2020), with default parameters.

Protein isolation and processing

The total protein fraction was isolated by the phenol extraction
(Mamontova et al., 2018, 2019). Dried SC samples were reconsti-
tuted in 10% (w/v) aq. SDS. The protein content was
determined by 2D Quant Kit and cross-validated with SDS-PAGE
(Leonova et al., 2022). Tryptic digestion relied on the filter-assisted
sample preparation (FASP) protocol of Leonova et al. (2022). The
resulting filtrates were desalted by solid-phase extraction
(Mamontova et al., 2018, 2019). The completeness of tryptic diges-
tion was verified by SDS-PAGE (Greifenhagen et al., 2016). Finally,
the pre-cleaned eluates were freeze-dried overnight and stored at
�20°C before analysis.

For the nano-LC-MS analysis, the sample set was randomized
and standardized to quality controls (QCs, injected after each of
six samples), and aliquots of a pool were obtained by mixing
10 ll of each tryptic digest. Individual digests (500 ng, 10 ll) dis-
solved in 3% (v/v) acetonitrile in 0.1% (v/v) aq. TFA were loaded
onto an Acclaim PepMap 100 C18 trap column (300 lm 9 5 mm,
3 lm particle size) for 15 min at the flow rate of 30 ll min�1. The
proteolytic peptides were separated at the flow rate of

300 nl min�1 on an Acclaim PepMap 100 C18 column (75 lm 9

250 mm, particle size 2 lm) using an Ultimate 3000 RSLC nano-
HPLC system coupled online to a hybrid LTQ Orbitrap XL mass
spectrometer via a nano-ESI source equipped with a 30 lm i.d.,
40-mm-long steel emitter (all Thermo Fisher Scientific, Bremen,
Germany). The eluents A and B were 0.1% (v/v) aq. FA and 0.08%
(v/v) FA in acetonitrile, respectively. The peptides were eluted with
linear gradients ramping from 1 to 35% B over 90 min followed by
35–85% eluent B over 5 min. The column was washed for 5 min
and re-equilibrated at 1% eluent B for 10 min. The nano-LC-MS
analysis relied on data-dependent acquisition (DDA) experiments
performed in the positive ion mode, comprising a survey
Orbitrap-MS scan and MS/MS scans for the most abundant sig-
nals in the following 5 sec (at certain tR) with charge states rang-
ing from 2 to 6. The mass spectrometer settings and DDA
parameters are summarized in the (Table S20). Identification of
peptides and annotation of proteins relied on the search with the
SEQUEST engine (run under Proteome Discoverer 2.2 software,
Thermo Fisher Scientific, Bremen, Germany) against the pea
genome database (Kreplak et al., 2019). Data processing (label-free
quantification) and post-processing (statistical interpretation) were
accomplished as described in (Table S21).

Analysis of primary metabolites

Analysis of the primary metabolites relied on the water–methanol
extraction of samples (100 � 5 mg) as described by Chantseva
et al. (2019) with minor changes. In detail, aliquots (50 ll) pre-
pared without removal of lipophilic metabolites with hexane, were
freeze-dried overnight. These were adjusted in a series of prelimi-
nary optimization experiments with 6.25, 12.5, 25, 50, 100, and
200 ll of a pooled extract. The residues were sequentially deriva-
tized with methoxyamine hydrochloride (MOA) and N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) according to Chantseva
et al. (2019). The samples (1 ll) were analyzed by gas
chromatography–electron ionization–quadrupole–mass spectrom-
etry (GC-EI-Q-MS) using a GCMS-QP2010 Ultra system under the
control of GCMS Real Time Analysis software (Shimadzu Deutsch-
land GmbH, Duisburg, Germany) and equipped with a CTC GC
PAL Liquid Injector (Shimadzu Deutschland GmbH, Duisburg, Ger-
many) and ZB-5MS capillary column (30 m 9 0.25 mm ID,
0.25 lm film thickness, Phenomenex, Aschaffenburg, Germany)
under the instrumental settings summarized in Table S22.

Analysis of the cell wall-bound phenolics and related

compounds

Isolation of cell walls was done according to Frolov et al. (2013)
with some changes. In detail, 100 mg of SC samples was
extracted three times with 1.8 ml of 80% (v/v) aq. MeOH by vortex-
ing for 3 min followed by sonication for 10 min (Sonorex Super
RK 510, Bandelin electronic, Berlin, Germany). The residues were
sequentially extracted with 3 9 1.8 ml of 70% (v/v) MeOH, water,
0.5% (w/v) SDS, 1 mol L�1 aq. NaCl, water, MeOH, acetone, and n-
hexane. After each extraction, the suspensions were centrifuged
for 15 min at 3172 g (Eppendorf Centrifuge 5417R, Eppendorf AG,
Hamburg, Germany), the supernatants were discarded and the
pellets were re-suspended. After the last extraction, the residues
were dried under air at room temperature (RT). The resulting
material was defined as “cell wall preparation” and was supposed
to be depleted of intracellular components (Frolov et al., 2013).
For cleavage of ester bonds, 10 mg of each cell wall preparation
was placed in amber glass vials, 1.5 ml of 1 mol L�1 NaOH was
added, the vials were sealed and nitrogen was purged for 10 min
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before incubation in darkness for 20 h at 80°C. Afterward, the
hydrolyzed samples (both aq. phase and solid residues) were
quantitatively transferred to 2-ml polypropylene tubes by washing
vials twice with 200 ll of 1 mol L�1 aq. NaOH and centrifuged at
16 000 g at RT. The supernatants were transferred to 2-ml tubes,
pH was adjusted to 3 with hydrochloric acid and samples were
extracted three times with 6 ml of ethyl acetate supplemented
with 2.2 lmol L�1 5-methylresorcinol (internal standard). The
pooled organic fractions were dried under vacuum in rotary evap-
orator, reconstituted in 200 ll of 80% MeOH (aq.), and stored at
�20°C. The pellets of the non-hydrolyzed residues were washed
twice with MeOH, lyophilized overnight, transferred to glass vials,
weighted, and supplemented with 1.5 ml of the dioxane – aq.
2 mol L�1 HCl (9:1) mixture for hydrolysis of ether bonds. After
purging with nitrogen for 10 min, the incubation at 90°C for 3 h
was accomplished. The hydrolyzed samples were transferred to 2-
ml polypropylene tubes and centrifuged as described above. The
pH of the supernatants was adjusted to 3–4 with 1 mol L�1 aq.
sodium acetate and samples were extracted three times with 6 ml
of dichloromethane. The pooled organic fractions were dried
under vacuum in rotary evaporator, reconstituted in 200 ll of
MeOH, and stored at �20°C before the analysis.

The composition of alkali and acid hydrolysates was analyzed
by reversed-phase ultra-high-performance chromatography coupled
online to quadrupole–time-of-flight mass spectrometry (RP-UHPLC-
QqTOF-MS). Thereby, the chromatographic separations were per-
formed with ACQUITY I-Class UPLC system (Waters, Eschborn, Ger-
many) on Nucleoshell C1-8 column (150 9 2 mm, 2.7 lm particle
size, Macherey-Nagel, D€uren, Germany) under the conditions speci-
fied in Table S23. The column effluents were transferred online in a
hybrid QqTOF mass spectrometer TripleTOF 6600 (AB Sciex, Darm-
stadt, Germany) equipped with DuoSprayTM Ion Source, controlled
by Analyst TF 1.7.1 software and operated in negative ion mode
with sequential window acquisition of all theoretical fragment ion
spectra (SWATH). Additional MS/MS experiments were performed
as product ion scans when no clearly interpretable SWATH MS/MS
spectra could be acquired. The MS settings in all experiments are
summarized in Table S12. The primary data interpretation relied on
the untargeted approach. Thereby, peak peaking, alignment, filter-
ing, and relative quantification used MSDial software (http://prime.
psc.riken.jp/compms/msdial/main.html), whereas exploration of the
spectral data, calculation of elemental composition and interpreta-
tion of MS/MS spectra were accomplished in the PeakViewTM (ver-
sion 2.2) software (AB Sciex). Verification of peak integration was
done by MultiQuantTM (version 3.0.2) software (AB Sciex). The data
post-processing and statistical interpretation relied on the MetaboA-
nalyst 4.0 online software tool (free available via www.
metaboanalyst.ca).

Untargeted metabolite analysis of the seed coat

Seed coats were ground to powder using a ball mill (Pulverisette
23, Fritsch, Germany). A mixture of 10 mg of powder and 1000 ll
of extraction solution (acetone:water, 70:30) was sonicated for 1 h
and shaken for 2 h. Extracts were centrifuged (18 400 g, 5 min)
and supernatants were dried under nitrogen. Dried residues were
dissolved in water:acetonitrile mixture (50:50) with the addition of
0.1% formic acid (v/v/v). High-resolution tandem mass spectrome-
ter with ESI ion source (Z-spray) and QqTOF analyzer equipped
with cyclic ion mobility cell (Select Series Cyclic IMS, Waters, Mil-
ford, MA, USA) were used in both positive and negative ionization
modes. Masslynx software (versus 4.2, Waters) was applied for
system control and data treatment. Analyses were done in flow-
injection analysis (FIA). Confirmation of the differential markers

identity was performed by direct infusion of SC extracts into ion
source and by liquid chromatography/mass spectrometry analysis
(LC/MS). Mass range 50–1200 Da, scan time 1 sec, capillary volt-
age 2.0 or 2.5 V, respectively, desolvation gas flow 800 L h�1, neb-
ulizer gas pressure 6 bar were used for all experimental
arrangements. Instrument calibration was done using sodium for-
mate solution (0.5 mmol L�1, dissolved in 90:10 2-
propanol/water). Leucine-enkephalin (50 pg ll�1, dissolved in
50:50 acetonitrile/water +0.1% formic acid, v/v/v) was used for lock
mass correction using a reference electrospray probe. FIA–MS
analysis was performed using an ultra-performance liquid chro-
matography system ACQUITY I-Class (UPLC, Waters) interfaced to
the Cyclic IMS mass spectrometer. Ten microliters of sample was
injected using autosampler into the flow of carrier liquid (water:
acetonitrile, 30:70, v/v with 0.1% formic acid, v/v) and delivered to
the electrospray source at a flow rate of 0.1 ml min�1. Run time
was set at 5 min. MS parameters were set as follows: source tem-
perature 100°C, desolvation temperature 250°C, trap and transfer
collision energy was set at 6 and 4 eV, respectively. MS spectra
were acquired in the range of 50–1200 Da with TOF settings for V-
mode. Time of analysis was set at 3 min. Confirmatory collision
experiments providing high number of MS scans in particular ana-
lyses were performed in MS/MS and MS/cIMS/MS modes (cIMS
denotes the ion mobility separation of precursor ions in cyclic ion
mobility cell) by direct infusion of extracts into ion source
(10 ml min�1). Collision spectra were collected for 1.5 min. ESI
source parameters were set as follows: source temperature at
120°C, desolvation temperature at 220°C. For MS/MS experiments
(cIMS cell not active), trap collision energy (TrapCE) was tuned in
the range 10–35 eV, to achieve a sufficient yield of fragments and
transfer collision energy (TransferCE) was set at 4 eV. LM resolu-
tion was set at 10 (arbitrary units). Lock mass spectra were col-
lected at the end of each analysis for 15 sec. In the case of several
metabolites (i.e., signals at m/z 619.1014; 631.1017; 641.1139;
771.1346; 299.0841; 701.1907), ion mobility separation was applied
to increase the selectivity of MS experiments. MS/cIMS/MS was
performed in single/multipass mode and cIMS parameters were
set as follows: pushes per bin: 1, number of bins: 200, cyclic TW
velocity: 375 m sec�1, array TW velocity: 375 m sec�1, TW ramp
start height: 15 V, TW ramp end height: 35 V, TW ramping rate:
2.5 V msec�1 and TW static height was selected depending on
studied structures. Cyclic IMS sequence was performed in
advanced mode and duration times of sequence parts were set as
follows: injection time: 10 msec, separation time was edited to
achieve required ion mobility separation with sufficient signal
intensity in the same time, eject to pre-store time: 0.5 msec, eject
time: 0.5 msec, reinject from pre-store time: 0.5 msec and
eject and acquire time: 13.2 msec. Cyclic ion mobility separation
was, thus, realized by tuning of two aforementioned parameters:
TW static height and separation time in cyclic sequence. TrapCE
was set at 6 eV and TransferCE was selected depending on stud-
ied structures. Tuned parameters are given in Table S24. All che-
micals were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ultrapure water was obtained from Milli-Q apparatus (Merck, Ken-
ilworth, NJ, USA).

For LC/MS analysis, the hyphenation of ACQUITY UPLC I-
class LC system with cyclic IMS mass spectrometer was used. The
chromatographic separation was performed using Raptor ARC-18
column, 100 mm 9 2.1 mm, dp = 2.7 lm, Restek (reversed-phase
mode). The volume injected into the column was 10 ll. Mobile
phases, A: water with 0.1% formic acid (v/v) and B: acetonitrile
with 0.1% formic acid (v/v), were used and the following gradient
was used: 0 min – 95% A, 14 min – 0% A, 18 min – 0% A, 20 min –
95% A. Flow rate 0.25 ml min�1 was applied.
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Collected raw FIA-MS data were processed by MassLynx soft-
ware (Waters) which comprised data extraction, normalization,
and alignment (creation of data matrix). MarkerLynx parameters
were set as follows: marker intensity threshold at 20 000 counts,
peak separation at 0.05 Da, mass range was 50–1200 Da. A com-
bined scan range type of analysis was selected. Background signal
subtraction was applied as follows: scans to combine: 130–230,
scans to subtract: 60–110 and 250–290. Prepared datasets were
analyzed by multivariate statistics software EZinfo (version 3.0,
Umetrics, Malm€o, Sweden). Principal component analysis (PCA)
and orthogonal projections to latent structures discriminant analy-
sis (OPLS-DA) were used to reveal significantly differential signals
and construct S-plots. Signals with the highest and lowest values
of y-coordinates in S-plots (i.e., p(corr)[1], Correlation) were
defined as markers, and differences in their intensities among par-
ticular genotypes were studied using Trend View tool in Marker-
Lynx. Normalized intensities of signals at particular m/z values
were used for heatmap creation. The normalized values were cal-
culated by dividing the intensity of selected signal of metabolite
by the sum of intensities of all signals in the studied MS spec-
trum. The maximal and minimal normalized intensities were
determined for each metabolite in the whole dataset (including all
genotypes and all developmental stadia) and their differences
were divided by the average value of all normalized intensities.
The range of its intensities was divided into quarters and each
quarter was then expressed by different color in the order of
increasing intensity—green, light green, yellow, and red. These
colors were then ascribed to each metabolite in particular geno-
type and developmental stadium according to its normalized
intensity.
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decreasing during seed coat development (positive ionization
mode).

Table S17. List of identified metabolites with significantly higher
content in wild compared cultivated genotypes in older develop-
mental stages (D5-6).

Table S18. Excel- Expression of genes encoding enzymes of
monolignol pathway in seed coats (SC) and embryos (E) of
domesticated (Cameor, JI92 and Pisum abyssinicum PI358617)
and wild (JI64, JI1794, JI261) peas over five seed developmental
stages (13, 17, 20, 23, 28 DAP, labelled as 1-5). PAL: phenylalanine
ammonia-lyase, C4H: cinnamate-4-hydroxylase, 4CL: 4-coumaroyl:
CoA ligase, HCT: hydroxycinnamoyl CoA:shikimate hydroxycinna-
moyltransferase, COMT: caffeic acid O-methyltransferase, CSE:
caffeoyl shikimate esterase, CAD: cinnamyl alcohol dehydroge-
nase, CCR: cinnamoyl CoA reductase, CCoAMT: caffeoyl CoA-3-
methyltransferase, F5H: ferulate-5-hydroxylase

Table S19. Studied metabolites of phenylpropanoid pathway.

Table S20. Instrument settings used in the proteomics LIT-
Orbitrap-MS and -MS/MS experiments.

Table S21. Procedures and specific settings for data processing
and post-processing of the proteomics data.

Table S22. Gas chromatographic (GC) separation conditions and
electron ionization-quadrupole-mass spectrometry (EI-Q-MS)
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settings for GC-EI-Q-MS analysis of the primary metabolites in
pea seed coats.

Table S23. Chromatographic conditions used for UHPLC separa-
tion of seed coat (cell wall) hydrolyzates and reference authentic
standards.

Table S24. Variable parameters of MS/cIMS/MS measurements.

Figure S1. The dynamics of gene expression between studied
developmental stages within all genotypes (a) or among geno-
types in particular developmental stages (b).

Figure S2. Twelve representative groups of transcription factors
described within 20 gene modules of pea SC. Visualized by Cytos-
cape 3.9.0.

Figure S3. SDS-PAGE electropherograms of the total protein frac-
tions isolated from the seed coats of JI92 (a, c, e) and JI64 (b, d, f)
seeds before and after tryptic hydrolysis. Numbers 1, 2, 3 denote
seed developmental stages: DS1, DS2 and mature seeds, respec-
tively. Letters a-d denote biological replicates. The aliquots (10 lg)
of samples before hydrolysis (a, b), the incompletely digested ali-
quots left on filter unit after peptide elution (c, d) and aliquots of
tryptic hydrolysates (corresponding to 5 lg of protein), (e, f) were
loaded on gels. Inter-gel normalization relied on the total density
of the Protein Ladder (PageRulerTM Prestained Protein Ladder
#26616, 10–180 kDa) lane (St); the ND (non-digested) sample rep-
resents a reference protein not subjected to hydrolysis.

Figure S4. The numbers of tryptic peptides (a), possible proteins
(b), and non-redundant proteins (protein groups) (c) identified in
domesticated JI92 seed coats at developmental stages D1, D2
and D6. The tryptic digests (n = 3) obtained from seed coats
were analyzed by nano-high performance liquid chromatography-
electrospray ionization linear ion trap-orbital trap mass spectrom-
etry (nanoHPLC-ESI-LIT-Orbitrap-MS) operated in positive
DDA mode.

Figure S5. The numbers of tryptic peptides (a), possible proteins
(b), and non-redundant proteins (protein groups, c) identified in
wild pea JI64 seed coats at D1, D2 and D6 stages. The tryptic
digests (n = 3), obtained from pea seedlings, were analyzed by
nano-high performance liquid chromatography-electrospray ioni-
zation linear ion trap-orbital trap mass spectrometry (nanoHPLC-
ESI-LIT-Orbitrap-MS) operated in positive DDA mode.

Figure S6. Principal component analysis (PCA) with score plot rep-
resentation (a) accomplished for seed coat proteins differentially
expressed at developmental stages D1 and D2 and in the mature
state (D6) and hierarchical clustering with a heatmap
representation (b).

Figure S7. Functional annotation (accomplished with the Mercator
MapMan v3.6 tool) of the pea seed coat proteins isolated in stage
D1. White and black columns denote the functional groups of the
proteins, which were more expressed in the developing seeds of
domesticated JI92 and wild JI64, respectively.

Figure S8. Functional annotation (accomplished with the Mercator
MapMan v3.6 tool) of the pea seed coat proteins isolated in stage
D2. White and black columns denote the functional groups of the
proteins, which were more expressed in the developing seeds of
the domesticated JI92 and wild JI64, respectively.

Figure S9. Prediction of sub-cellular localization of the proteins
more expressed in the developing seeds of JI92 and JI64 with the
BUSCA prediction tool (a, b – stage D1; c, d – stage D2; e, f – stage
D6, respectively); compartments abbreviated as: APO – apoplast,
CW – cell wall, CHL – chloroplast, CHL_oM – chloroplast outer
membrane, CHL_tM – chloroplast thylakoid membrane, CHL_tl –
chloroplast thylakoid lumen, CYT – cytosole, EX - extracellular
space, GA – Golgi apparatus, ER – endoplasmic reticulum, MIT –

mitochondrion, NUC – nucleus, oM – organelle membrane PL –
plasma membrane.

Figure S10. Evaluation of the differences in the metabolic profiles
of the mature seeds obtained from the wild JI261 and domesti-
cated Cameor by principal component analysis (PCA) with score
plot representation (a) and hierarchical clustering with heatmap
representation (b).

Figure S11. Representation of the differences in the metabolic pro-
files of the mature seed coats obtained from the wild JI261 and
domesticated Cameor by the t-test with Volcano plot representa-
tion (a) and the top 30 differentially abundant metabolites demon-
strating the most pronounced differences of corresponding GC-
MS signals associated with seed dormancy (b). The p values in
the Volcano plot were corrected for multiple comparisons, i.e.
false discovery rates (FDR) were determined by Benjamini-Hoch-
berg criterion (Benjamini-Hochberg method). The colored dots
represent metabolites showing statistically significant differences
with a threshold level of fold change (FC) ≥2 at P ≤ 0.05 compared
to controls. The blue and red dots represent the metabolites which
were down- (↓) and up-regulated (↑) in the seed coats of the
mature Cameor seeds in comparison to those obtained from the
wild JI261. The metabolites marked with grey dots showed no sta-
tistically significant differences.

Figure S12. Evaluation of the differences in the metabolic profiles
of the mature seeds obtained from the wild JI261 and domesti-
cated JI92 by principal component analysis (PCA) with score plot
representation (a) and hierarchical clustering with heatmap repre-
sentation (b). The top 30 differentially abundant metabolites dem-
onstrating the most pronounced differences of corresponding GC-
MS signals associated with seed dormancy (c) and representation
of the differences in the metabolic profiles of the mature seeds
obtained from the wild JI261 and domesticated JI92 by the Vol-
cano plot (d). The P values in the Volcano plot were corrected for
multiple comparisons, i.e. false discovery rates (FDR) were deter-
mined by Benjamini-Hochberg criterion (Benjamini-Hochberg
method). The colored dots represent metabolites showing statisti-
cally significant differences with a threshold level of fold change
(FC) ≥2 at P ≤ 0.05 compared to controls. The blue and red dots
represent the metabolites which were down- (↓) and up-regulated
(↑) in the mature JI92 seeds in comparison to those obtained from
the wild JI261. The metabolites marked with gray dots showed no
statistically significant differences.

Figure S13. Principal component analysis (PCA) illustrating distri-
bution of metabolic profiles of mature seed coats of two wild pea
genotypes, JI1794 and JI261 (a). Heatmap shows all (b) and the 30
top abundant metabolites (c). Volcano diagrams (d) characterize
the differences between the levels of seed coat metabolites of
JI1794 compared with those of JI261; x axis indicates multiple
changes in the content of metabolites (FC - fold change), y-axis
shows statistical significance of multiple changes (negative deci-
mal logarithm of P-value). P-values were corrected by multiple
comparison correction FDR (False Discovery Rate) using
Benjamini-Hochberg criterion (Benjamini-Hochberg method). Col-
ored dots represent metabolites showing statistically significant
differences with a threshold level of FC ≥2 at P-value ≤0.05 com-
pared to controls, namely, blue dots represent metabolites with
lower levels compared to controls; red dots represent metabolites
with higher levels compared to controls. Metabolites marked with
gray dots have no statistically significant differences. The legend
shows the number of metabolites whose levels increase (↑) or
decrease (↓) compared to controls.

Figure S14. Principal component analysis (PCA) demonstrates the
distribution of mature seed coat metabolic profiles of two wild
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pea genotypes, JI64 and JI261(control) (a). Heatmap represents all
(b) and the 30 top abundant metabolites (c). Volcano diagrams (d)
characterize the differences between the levels of seed coat
metabolites of JI64 compared with those of JI261, x axis - multiple
changes in the content of metabolites (FC - fold change), y-axis -
statistical significance of multiple changes (negative decimal loga-
rithm of P-value). P-values were corrected by multiple comparison
correction FDR (False Discovery Rate) using Benjamini-Hochberg
criterion (Benjamini-Hochberg method). Colored dots represent
metabolites showing statistically significant differences with a
threshold level of FC ≥2 at P-value ≤0.05 compared to controls,
namely, blue dots represent metabolites with lower levels com-
pared to controls; red dots represent metabolites with higher
levels compared to controls. Metabolites marked with gray dots
have no statistically significant differences. The legend shows the
number of metabolites whose levels increase (↑) or decrease (↓)
compared to controls.

Figure S15. Evaluation of the differences in the patterns of the cell
wall-bound metabolites obtained from mature seed coats of wild
JI261 and domesticated Cameor: principal component analysis
(PCA) with score plot representation (a), hierarchical clustering
with heatmap representation (b) and t-test analysis with the
Volcano-plot representation (c).

Figure S16. Statistical analysis (t-test with Volcano plot represen-
tation) characterizing the differences between the levels of mature
seed coat cell wall-bound metabolites of Cameor compared with
those of wild JI261. x axis represents the multiple changes in the
contents of metabolites (FC - fold change), whereas the y-axis
shows the statistical significance of the corresponding individual
changes (negative decimal logarithm of P ). The resulting P-values
were adjusted by the multiple comparison correction FDR (False
Discovery Rate) procedure using the Benjamini-Hochberg criterion
(Benjamini-Hochberg method). Coloured dots represent metabo-
lites showing statistically significant differences with a threshold
level of FC ≥10 at P ≤ 0.1 compared to the JI261. Namely, blue
dots correspond to the metabolites demonstrating the lower levels
compared to JI261. The legend shows the number of metabolites
with the contents in the seed coats of the Cameor seeds higher (↑)
or lower (↓) in comparison to the JI261.

Figure S17. Principal component analysis (PCA) illustrates the
distribution of mature seed coat metabolic profiles of domesti-
cated JI92 and wild JI261 (a). Heatmap shows all metabolites
(b), Volcano diagrams (c, d) characterize the differences
between the levels of seed coat metabolites of JI92 compared
with those of JI261, x axis - multiple changes in the content of
metabolites (FC - fold change), y-axis - statistical significance of
multiple changes (negative decimal logarithm of P-value). P-
values were corrected by multiple comparison correction FDR
(False Discovery Rate) using Benjamini-Hochberg criterion
(Benjamini-Hochberg method). Colored dots represent metabo-
lites showing statistically significant differences with a threshold
level of FC ≥2 (c) and FC ≥4 (d) at P-value ≤0.1 compared to
controls, namely, blue dots represent metabolites with lower
levels compared to controls; red dots represent metabolites
with higher levels compared to controls. Metabolites marked
with gray dots have no statistically significant differences. The
legend shows the number of metabolites whose levels increase
(↑) or decrease (↓) compared to controls.

Figure S18. Principal component analysis (PCA) shows the distri-
bution of metabolic profiles of mature seed coats of two wild pea
genotypes, JI1794 and JI261, control, (a). Heatmap shows a repre-
sentation of all metabolites (b), Volcano diagram (c) characterizing
the differences between the levels of seed coat metabolites of
mature JI1794 seeds compared with those of JI261, x axis -

multiple changes in the content of metabolites (FC - fold change),
y-axis - statistical significance of multiple changes (negative deci-
mal logarithm of P-value). P-values were corrected by multiple
comparison correction FDR (False Discovery Rate) using
Benjamini-Hochberg criterion (Benjamini-Hochberg method). Col-
ored dots represent metabolites showing statistically significant
differences with a threshold level of FC ≥2 at P-value ≤0.1 com-
pared to controls, namely, blue dots represent metabolites with
lower levels compared to controls; red dots represent metabolites
with higher levels compared to controls. Metabolites marked with
gray dots have no statistically significant differences. The legend
shows the number of metabolites whose levels increase (↑) or
decrease (↓) compared to controls.

Figure S19. Principal component analysis (PCA) demonstrates the
distribution of mature seed coat metabolic profiles of two wild
genotypes, JI64 and control JI261 (a). Heatmap representation of
all metabolites (b). Volcano diagram (c) characterizing the differ-
ences between the levels of mature seed coat metabolites of JI64
compared with those of JI261, x axis - multiple changes in the
content of metabolites (FC - fold change), y-axis - statistical signifi-
cance of multiple changes (negative decimal logarithm of P-
value). P-values were corrected by multiple comparison correction
FDR (False Discovery Rate) using Benjamini-Hochberg criterion
(Benjamini-Hochberg method). Colored dots represent metabo-
lites showing statistically significant differences with a threshold
level of FC ≥2 at P-value ≤0.1 compared to controls, namely, blue
dots represent metabolites with lower levels compared to con-
trols; red dots represent metabolites with higher levels compared
to controls. Metabolites marked with gray dots have no statisti-
cally significant differences. The legend shows the number of
metabolites whose levels increase (↑) or decrease (↓) compared to
controls.

Figure S20. Annotated cell wall-bound metabolites extracted from
the seed coats of the dormant wild pea genotype JI261 and the
seed coats from several pea genotypes varying in their dormancy
(Cameor, JI92, JI64, and JI1794) upon alkali hydrolysis of corre-
sponding isolated and purified cell wall material. The analysis
relied on RP-UHPLC-QqTOF-MS accomplished with a Waters
ACQUITY I-Class UPLC System (Waters GmbH, Eschborn, Ger-
many) coupled on-line to a Triple-TOF6600 hybrid mass spectrom-
eter (Sciex, Darmstadt, Germany) in the negative ion mode. The
MS/MS spectra of individual metabolites are listed as Figure
S20a–o. The number in the column behind a metabolite refers to
the order in Table S13.

Figure S21. Ion mobility separation of m/z 299.0841. Mobilogram
(a) of compounds with nominal mass 299. Peak with arrival time
at 1.32 msec belongs to the studied structure of hydroxybenzoyl-
glucoside with signal at m/z 299.0841. View to the signal at m/z
299.0841 in the zoomed spectrum without cyclic ion mobility sepa-
ration (b). View to the signal at m/z 299.0841 in the zoomed spec-
trum with cyclic ion mobility separation (c). Spectrum was
combined in the mobilogram range from 1.20 to 1.80 msec.
MSMS spectrum with ion mobility separation and fragmentation
after collision induced activation in Transfer collision cell of m/z
299.0841 (d). Spectrum covers the full mobility range. MSMS
spectrum with ion mobility separation and fragmentation after
collision induced activation in Transfer collision cell of m/z
299.0841 (e). Spectrum was combined in the mobilogram range
from 1.20 to 1.80 msec.

Figure S22. Ion mobility separation of m/z 701.1907. Mobilogram
(a) of compounds with nominal mass 701. Peak with arrival time
at 9.50 msec belongs to the studied structure of 3´,4´,5´-
trihydroxy-5,7,8,-trimethoxy-2,3-dihydroflavone dihexoside with
signal at m/z 701.1907. View to the signal at m/z 701.1907 in the
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zoomed spectrum without cyclic ion mobility separation (b). View
to the signal at m/z 701.1907 in the zoomed spectrum with cyclic
ion mobility separation (c). Spectrum was combined in the mobi-
logram range from 9.20 to 10.00 msec. MSMS spectrum with ion
mobility separation and fragmentation after collision induced acti-
vation in Transfer collision cell of m/z 701.1907 (d). Spectrum
covers the full mobility range. MSMS spectrum with ion mobility
separation and fragmentation after collision induced activation (e)
in Transfer collision cell of m/z 701.1907. Spectrum was combined
in the mobilogram range from 9.20 to 10.00 msec.

Figure S23. Ion mobility separation of m/z 619.1041. Mobilogram
(a) of compounds with nominal mass 619. Peak with arrival time
at 6.90 msec belongs to the studied structure of gallocatechin gal-
late hexoside with signal at m/z 619.1041. View to the signal at
m/z 619.1041 in the zoomed spectrum without cyclic ion mobility
separation (b). View to the signal at m/z 619.1041 in the zoomed
spectrum with cyclic ion mobility separation (c). Spectrum was
combined in the mobilogram range from 5.50 to 8.00 msec.
MSMS spectrum with ion mobility separation and fragmentation
after collision induced activation in Transfer collision cell of m/z
619.1041 (d). Spectrum covers the full mobility range. MSMS
spectrum with ion mobility separation and fragmentation after
collision induced activation in Transfer collision cell of m/z
619.1041 (e). Spectrum was combined in the mobilogram range
from 5.50 to 8.00 msec.

Figure S24. Ion mobility separation of m/z 631.1017. Mobilogram
(a) of compounds with nominal mass 631. Peak with arrival time
at 1.65 msec belongs to the studied structure of myricetin 3-gal-
loyl hexoside with signal at m/z 631.1017. View to the signal at
m/z 631.1017 in the zoomed spectrum without cyclic ion mobility
separation (b). View to the signal at m/z 631.1017 in the zoomed
spectrum with cyclic ion mobility separation (c). Spectrum was
combined in the mobilogram range from 1.75 to 2.00 msec.
MSMS spectrum with ion mobility separation and fragmentation
after collision induced activation in Transfer collision cell of m/z
631.1017 (d). Spectrum covers the full mobility range. MSMS
spectrum with ion mobility separation and fragmentation after
collision induced activation in Transfer collision cell of m/z
631.1017 (e). Spectrum was combined in the mobilogram range
from 1.75 to 2.00 msec.

Figure S25. Ion mobility separation of m/z 641.1139. Mobilogram
(a) of compounds with nominal mass 641. Peak with arrival time
at 1.78 msec belongs to the studied structure of myricetin 3-caf-
feoyl hexoside with signal at m/z 641.1139. View to the signal at
m/z 641.1139 in the zoomed spectrum without cyclic ion mobility
separation (b). View to the signal at m/z 641.1139 in the zoomed
spectrum with cyclic ion mobility separation (c). Spectrum was
combined in the mobilogram range from 1.40 to 2.00 msec.
MSMS spectrum with ion mobility separation and fragmentation
after collision induced activation in Transfer collision cell of m/z
641.1139 (d). Spectrum covers the full mobility range. MSMS
spectrum with ion mobility separation and fragmentation after
collision induced activation in Transfer collision cell of m/z
641.1139 (e). Spectrum was combined in the mobilogram range
from 1.40 to 2.00 msec.

Figure S26. Ion mobility separation of m/z 771.1346. Mobilogram
(a) of compounds with nominal mass 771. Peak with arrival time
at 2.90 msec belongs to the studied structure of dehydrated
gallocatechin-trihexoside with signal at m/z 771.1346. View to the
signal at m/z 771.1346 in the zoomed spectrum without cyclic ion
mobility separation (b). View to the signal at m/z 771.1346 in the
zoomed spectrum with cyclic ion mobility separation (c). Spec-
trum was combined in the mobilogram range from 2.20 to
3.50 msec. MSMS spectrum with ion mobility separation and

fragmentation after collision induced activation in Transfer colli-
sion cell of m/z 771.1346 (d). Spectrum covers the full mobility
range. MSMS spectrum with ion mobility separation and fragmen-
tation after collision induced activation in Transfer collision cell of
m/z 771.1346 (e). Spectrum was combined in the mobilogram
range from 2.20 to 3.50 msec.

Figure S27. Reconstructed chromatograms of p-hydroxybenzoic
and salicylic acids in DS5 of dormant JI64 and domesticated land-
races JI92 (LC/HRTMS, negative ionization mode).

Figure S28. Module-trait relationship depiction showing the corre-
lation between expression of the gene modules and the abun-
dance of identified metabolites of the monolignol pathway.
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