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Abstract

Chickpea (Cicer arietinum L.) seeds are valued for their nutritional scores and limited information on the molecular mecha-
nisms of chickpea fertilization and seed development is available. In the current work, comparative transcriptome analysis was
performed on two different stages of chickpea ovules (pre- and post-fertilization) to identify key regulatory transcripts. Two-
staged transcriptome sequencing was generated and over 208 million reads were mapped to quantify transcript abundance
during fertilization events. Mapping to the reference genome showed that the majority (92.88%) of high-quality Illumina reads
were aligned to the chickpea genome. Reference-guided genome and transcriptome assembly yielded a total of 28,783 genes.
Of these, 3399 genes were differentially expressed after the fertilization event. These involve upregulated genes including a
protease-like secreted in CO(2) response (LOC101500970), amino acid permease 4-like (LOC101506539), and downregu-
lated genes MYB-related protein 305-like (LOC101493897), receptor like protein 29 (LOC101491695). WGCNA analysis
and pairwise comparison of datasets, successfully constructed four co-expression modules. Transcription factor families
including bHLH, MYB, MYB-related, C,H, zinc finger, ERF, WRKY and NAC transcription factor were also found to be
activated after fertilization. Activation of these genes and transcription factors results in the accumulation of carbohydrates
and proteins by enhancing their trafficking and biosynthesis. Total 17 differentially expressed genes, were randomly selected
for qRT-PCR for validation of transcriptome analysis and showed statistically significant correlations with the transcriptome
data. Our findings provide insights into the regulatory mechanisms underlying changes in fertilized chickpea ovules. This
work may come closer to a comprehensive understanding of the mechanisms that initiate developmental events in chickpea
seeds after fertilization.
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Introduction

The double fertilization process is a unique characteristic of
flowering plants and a highly complicated regulatory event
involving the fusion of one sperm cell with the egg cell and
fusion of another sperm cell with the central cell to produce
diploid zygote and triploid endosperm, respectively (Wu
et al. 2011). The zygote grows into an embryo while the
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endosperm helps to nourish the growing embryo. During
fertilization, many cell-to-cell communication events have
also been reported to achieve maximum reproductive suc-
cess (Dresselhaus and Franklin-Tong 2013). This process is
double fertilization in angiosperms and that is expected to
integrate multiple signals, and involves different metabolic
pathways and molecular functions (Zhou and Dresselhaus
2019). Various plant hormones, gene families, and transcrip-
tion factors, direct the double fertilization process and fur-
ther seed development in plant species (Yang et al. 2002; Wu
et al. 2007; Kang et al. 2013).

Fertilization triggers the activation of sets of genes for
the proper development of the embryo to meet the corre-
sponding demand at transcripts, proteins, and metabolite
levels. Before fertilization, female gametes are in a quies-
cent stage and activated just after fertilization and transcrip-
tion of zygote genome starts just immediately or soon after
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fertilization (Schulz and Harrison 2019). The non-equivalent
contributions of parental and maternal genomes have been
documented in the transcriptome of early plant embryos (Del
Toro-De Le6n et al. 2014). The epigenetic modifications in
male and female genomes have also contributed to variation
in expression profiles of their respective genes before and
after fertilization events. The regulatory mechanism includ-
ing epigenetic regulation, polycomb group genes, and RNA
silencing also contribute transcription activation/deactiva-
tion during before and after fertilization processes (Gehring
2013). Genes associated with plant-fertilization have been
documented in Arabidopsis thaliana (Takahashi et al. 2018;
Adhikari et al. 2020). Deep sequencing studies of male and
female reproductive organ(s) transcriptomes have been con-
ducted in plants. These studies include pre- and post-meiotic
samples, many on anthers, mature pollen and whole female
organs in numerous plant species using various approaches
for identification of especially expressed genes (Honys and
Twell 2003; Yu et al. 2005; Deveshwar et al. 2011; Ma et al.
2018).

The female gamete (ovule) is the precursor of the seed
and an organ of central importance (site of embryo sac
development) during fertilization in flowers/life cycle of
angiosperms (Endress 2011). In-fact, all important events
including development of female gametophyte, fertilization
process, and embryo and endosperm development occur in
the ovule (Kelley and Gasser 2009). Before fertilization,
the ovule consists of nucellus, integument (inner and outer)
and micropyle and connected the placenta via funiculus and
development of ovules has been well documented in Arabi-
dopsis thaliana (Schneitz et al. 1995). In-fact, the ovule
contains all the female tissues and functions for embryo
development. The transcriptome analysis of abortive and
developing ovules have been investigated during fruit devel-
opment in many plant species including Solanum chacoense,
Corylus heterophylla, and Xanthoceras sorbifolium (Tebbji
et al. 2010; Cheng et al. 2015; Zhou and Cai 2021). Zhou
and Cai (2021) documented the potential role of ethylene in
the regulatory mechanism of ovule after fertilization in Xan-
thoceras sorbifolium. The gene regulatory network has also
been elucidated in the determination of ovule development
fate in Xanthoceras sorbifolium. The comparative expres-
sion profiling of pre-fertilized and post-fertilized ovules in
S. chacoense has also identified 1024 genes that were regu-
lated during these developmental stages. A valuable tran-
script framework of the ovule to understand the regulatory
networks of ovule development has been curated in Jatropha
curcas (Xu et al. 2019). The molecular mechanisms of ovule
development have been studied in many other plant spe-
cies including Arabidopsis thaliana, Brassica napus, and
Oryza sativa (Baker et al. 1997; Whittle et al. 2010; Kubo
et al. 2013). Kubo et al. (2013) analyzed the transcriptome
of developing ovules using microarray gene expression data
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in rice (Oryza sativa). In Arabidopsis thaliana, genome-
wide gene expression profiles during ovule development
were analyzed and a large number of transcription factor
genes having dynamic or enriched expression were iden-
tified (Schmidt et al. 2011). The transcriptome of mature
female gametophyte has also been analyzed using RNA-Seq
in maize (Chettoor et al. 2014).

The rapid progresses have been noticed toward under-
standing of the specific developmental processes of several
plant species by providing publicly available transcriptome
data set with detailed description. However, a few such
studies have been performed in legumes including chickpea
(Severin et al. 2010; Singh et al. 2013; Pradhan et al. 2014).
Kalve and Tadege (2017) have been described various devel-
opmental stages of flowers including closed bud, hooded
bud, half open flower, fully opened flower, fading flower
of chickpea in comprehensive details. The fertilization has
been documented after 3 days in half opened flower stage
of chickpea (Kaleve and Tedege 2017). Singh et al (2013)
analyzed the chickpea transcriptome in 11 selected samples
(vegetative and flower tissues) has been analyzed to meas-
ure gene expression using RNA-Seq approach. A number of
genes were found to be differentially expressed during flower
development as compared to vegetative tissues. However, as
far as is known, there is no report regarding the transcrip-
tome analysis of male and female gametophytes in chickpea.
Chickpea is an agriculturally important legume crop and
ranks second after common beans worldwide in consump-
tion. Despite increasing demand for consumption and poten-
tial scope for yield improvement, chickpea productivity is
relatively low due to being affected by several biotic and
abiotic interventions. Thus, there is an urgent need to pay
attention toward understanding of reproductive processes
using RNA-Seq in chickpea to gain insight for improvement
of seed productivity.

To understand the fertilization event, RNA-Seq method
was performed to investigate transcriptome profile in pre-
fertilized and post-fertilized ovules of C. arietinum (desi
chickpea cultivar, ICC4958). The identification of stage-
specific genes and developmental process related genes
will enrich our knowledge about the developmental clues of
fertilization event in chickpea. The RNA-Seq has offered a
throughout scenario after fertilization in chickpea transcrip-
tome. High quality reads were obtained further mapped with
reference genome has been screen out potential differen-
tially expressed genes involve after fertilization. Functional
annotation of differentially expressed genes was found in the
enrichment of differentially expressed genes in carbohydrate
metabolism and transport, and various binding and enzy-
matic activities. In addition, these differentially expressed
genes were validated by quantitative real-time PCR. The
comparative transcript profiling approach between pre-
fertilized and post-fertilized ovules offers an insight into a
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subset of genes comprising this transcriptome. This work
will deepen our knowledge of the complex transition process
during fertilization and offer potential targets for improving
yield and seed quality either by biotechnological or breeding
means and both.

Materials and methods
Plant materials

Desi chickpea cultivar, ICC4958, was selected for the pre-
sent study and the different samples were harvested at two
different reproductive stages of flower pre-fertilized and
post-fertilized. The different reproductive stages were identi-
fied based on specific measurements of floral bud according
to Kalve and Tedege (2017), the pre-fertilized stage is repre-
sented by closed bud while fertilized stage is represented in
or after half opened flower of same size. The interval dura-
tion between these two selected stages has been observed
approximately 3 days. Only healthy and uniform size buds
were used for the isolation of ovules.

Morphological and histological analysis of different
stages of chickpea

Buds of pre- and post-fertilized were collected and ovary
samples were isolated. Ovary samples were fixed in 3:1
ethanol-acetic acid (Farmer solution) for 24 h and then sof-
tened in 8 M sodium hydroxide (NaOH) for 8 h. Further,
samples washed with distilled water, and stained with 0.1%
aniline blue for 24 h. To visualize, stained samples were
placed on glass slides and analyzed with the help of a light
microscope. For histological analysis, ovary samples were
fixed in Formaldehyde-acetic acid-alcohol (FAA) for 24 h.
Further, dehydration was carried out using a series of etha-
nol and further with xylene series. Infiltration was carried
out by paraffin wax and finally embedded in paraffin wax and
sectioned with the help of microtome. Then, thin sections
of samples were placed on slides and observed under light
microscope.

Ovule isolation

The closed buds of pre-fertilization stage and half opened
flowers of post-fertilization stage were collected in RNase
free water. With the help of DEPC treated forceps and blade,
sepals, petals and anthers were removed to disclose the
female gametophyte. Then the ovules were collected by gen-
tly pressing the micropylar end of the female gametophyte
with the help of a DEPC treated needle. Only healthy and
unruptured ovules were taken for further isolation of RNA.

RNA isolation and quantification of RNA

Total RNA was isolated from pre- and post-fertilized ovules
using TRI reagent (Sigma Life Science, St. Louis, MO)
according to the manufacturer’s instructions with three
replicates. The concentration of RNA and its purity were
checked on the Nanodrop 2000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). RNA was isolated from
individual samples in three independent replicates. The
quality of RNA samples was also cross checked by RNase-
free agarose gel electrophoresis and bioanalyzer (Bio-Rad,
USA). Best quality RNA samples (two biological replicates
of each stages) with a good 260/280 ratio and RNA integrity
number (RIN > 7.0) were further selected for transcriptome
sequencing.

Library preparation and sequencing

Total RNA (~5 pg) from four samples (two best replicates
from each category) was used for library preparation and
sequencing. Pre-fertilized ovule samples were labeled as
VBF (VBF-01 and VBF-02) and post-fertilized ovule sam-
ples were named as VAF (VAF-01 and VAF-02). Librar-
ies were prepared using the Illumina TrueSeq RNA library
method preparation guide (Illumina Technologies, San
Diego, CA) and paired-end sequencing was performed for
all 4 samples using Illumina Genome Analyzer II (Illumina)
to obtain > 25 million reads of 100 bp length.

Quality control and mapping on a reference genome

Raw data were processed through a quality check using the
FastQC protocol (https://github.com/OpenGene/fastp), and
high-quality (Phred score >30) reads by removing low qual-
ity reads (Phred score < 30), reads containing adaptors and
poly-N. Further, the GC content of high-quality reads was
estimated. Chickpea genome (Cicer arietinum) latest ver-
sion (GCA_000331145.1) and its annotation file was used
for mapping of high-quality reads using HISAT?2 alignment
tool (http://dachwankimlab.github.io/hisat2/main/) using the
default parameters. The sequencing reads of all four samples
were mapped individually on the genome.

Identification of differentially expressed genes

Fragments per kilobase of transcript per million (FPKM) was
used for identification of differentially expressed (DE) genes
between pre-fertilized ovules and post-fertilized ovules sam-
ples using Cuftdiff (a Cufflinks utility) (http://cole-trapnell-
lab.github.io/cufflinks/cuffdift/) using default parameters. The
FPKM value of each sample was also used to visualize their
distribution in low dimension space using principal compo-
nent analysis (PCA). Genes with |ILog, (Fold Change, FC)I> 1
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and a false discovery rate (FDR) <0.05 were considered to be
significant differentially expressed genes. Volcano plot was
used to visualize the abundance and expression of differen-
tially expressed genes. Identification of transcription factors
(TFs) encoding genes from differentially expressed genes was
searched from the chickpea annotation.

Gene coexpression network analysis for modules
construction

Gene coexpression network analysis was performed using
WGCNA package for differentially expressed genes. The
TPM values more than one at least at time point in both post-
fertilized and pre-fertilized stages were used. A convenient
one-step network construction and module detection function
were used for generation of co-expression gene network and
recognition of each module with different functions. Heatmap
of module 1 and module 3 was generated. Go- enrichment
analysis was performed using R programming.

Gene ontology annotations and pathway analysis

Gene ontology (GO) terms differentially expressed genes
were obtained by searching the Arabidopsis orthologous
genes downloaded from TAIR (https://www.arabidopsis.
org). Biological process and molecular functions GO terms
were also downloaded from TAIR. The Fisher exact test with
P-value <0.05 was used as a cutoff to find out the signifi-
cantly enriched GO terms. Kyoto Encyclopedia of Genes and
Genomes (KEGG) (available online: http://kobas.cbi.pku.edu.
cn/) was used for pathway analysis.

Quantitative real-time PCR analysis

Quantitative real-time PCR (qRT-PCR) analysis was per-
formed to validate the differentially expressed genes obtained
from our sequencing analysis. A total of 17 differentially
expressed genes from transcriptome analysis were selected
for qRT-PCR. Gene specific primers were designed for each
gene using Primer3 (version 0.4) software. A list of primers
used for qRT-PCR has been provided in Table 1. The qRT-
PCR was performed using Step One Real-Time PCR System
(Applied Biosystem). The normalized expression of the tran-
scripts obtained from qRT-PCR was plotted using Microsoft
Excel. Pearson correlation of selected genes was also com-
puted between the expression level of qRT-PCR and transcrip-
tome analysis values.
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Results

Morphological and histological analyses of different
stages of chickpea buds

To capture the pre- and post-fertilization stages of chick-
pea, different stages (of flower buds) have been selected
for the present work according to their size and morpho-
logical characters. The selected stages were found to have
considerable differences, the flower buds (pre-fertiliza-
tion) were identified as closed with green petals, while
flower buds (post-fertilization) were identified as opened
with pink petals (Fig. 1A). Similarly, many distinguished
changes have also been noticed in gynoecium in selected
stages. The pre-fertilized ovary has been found to be small,
highly delicate and somewhat swollen in shape. In con-
trast, the post-fertilized ovary has been found to be elon-
gated with fine hair on the surface (Fig. 1B). Pre-fertilized
and post-fertilized ovary seen under the light microscope
(Fig. 1C). Similar observations have also been documented
in pre-fertilized ovules with small, transparent and highly
delicate and post-fertilized ovules opaque, increased size
due to rapid cell division (Fig. 1D). Histological analysis
of pre- and post-fertilized ovary and ovule has been show-
ing the formation of embryo sac in post-fertilized ovules
as compared to pre-fertilized ovules (Fig. 1E).

Transcriptome sequencing and reference-guided
assembly

For identification of differential gene expression, the
selected samples named verified before fertilization (VBF)
and verified after fertilization (VAF) have been used for
RNA-Seq analysis. A total of 211,002,516 raw reads were
generated from Illumina sequencing platform. A total of
208,771,148 high-quality reads were obtained after filter-
ing low quality reads (an average of 52,192,787 reads per
sample) using FASTQ. The percentage of high-quality
reads obtained range from 99 to 98.85% with an aver-
age of 98.94% per sample. The Q30 and GC content of
different samples was reported as >97.70% and 42.81%
respectively. Only the high-quality reads having a phred
score > 30 were used for further analysis. The high-qual-
ity reads of each sample (an average 48,478,117) were
mapped on the reference genome of chickpea latest version
(GCA_000331145). The percentage of mapped reads per
sample ranged from 88.58 to 96.66% with an average of
92.88% per sample. The workflow of the whole analysis is
also provided (Fig. 2A). The statistics of raw reads, high-
quality reads, mapped reads and percentage of mapped
reads are also given in Table 2. These results indicated that
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Table 1 List of primer pairs used for qRT-PCR

Serial No Gene name Locus Id Primer pairs (5'-3")
1 Repetitive proline-rich cell wall protein 2 LOCI101489541 TGGCTTCCTTAAGCGTCCTA
TTGGTACCCTGGTGGTTTGT
2 Glucose-6-phosphate/phosphate translocator 2 LOC101492580 CTTGGTGGGCTTTGAATGTT
TCAACTTTTGGGGAATCAGC
3 Homeobox-leucine zipper protein ATHB-40 LOCI101492395 AAGGCAAGACGGAGACGTAA
ATCCAAACCAAGCTCCATTG
4 1-aminocyclopropane-1-carboxylate oxidase homolog 1-like LOCI101512278 CAAAGGGCCAAGAGTTTCTG
ACTTGAAAGGCTCCAAAGCA
5 Ribonuclease S-F11-like LOCI101495153 CACCACCACCACCTCCTTAT
GGTTGCTGACCGGTTATGTT
6 MYB-related protein 305-like LOC101493897 TAGCCAAAGCTGCTGGTCTT
GCAATTTTGGACCACCTGTT
7 Pectinesterase-like LOC101492300 AGCTGGGCCACATAAACATC
AGTGCATTGCCAAACACAAA
8 Protein RADIALIS-like 3 LOC101499379 TCAGCATCAGGTTCATGGAG
GGGAATGGAACTTGACCTGA
9 Probable isoaspartyl peptidase/L-asparaginase 2 LOCI101510278 CATCACTGCTCTTCGTTCCA
GGCGCCACATCTTCTCTTAG
10 L-ascorbate oxidase homolog LOC101495562 TGATGTTGGACAGTGGTCGT
TGAACAACGTGTGAGCCTTC
11 Pectate lyase-like LOC101493043 TCATCCGACAAGACCATTGA
CAGAGAGAGCATCACCGTCA
12 Pectate lyase-like LOCI101509352 CAAAAACATGCAGCAGGAGA
GGGTACCAGGTTTTGGGTTT
13 L-ascorbate oxidase homolog LOCI101514053 CTGCTTCCAGGGTTAATGGA
GTACGGAAAGTGGCGTTGAT
14 L-ascorbate oxidase homolog LOCI01514709 AAGGCCTAACCCACAAGGTT
GCAACGTAACACTGCTTGGA
15 Putative pectinesterase/pectinesterase inhibitor 45 LOC101499304 AATGGCGTTTCAAGATTTCG
TTGTTGCTACCACCACCGTA
16 Uncharacterized LOCI101510421 GACTTGGGAAGGAACATCCA
AGTGATGCCACAAATGTCCA
17 Fasciclin-like arabinogalactan protein 14 LOC101499073 ACACCGTTTCGGTTCTTCAG
AAAACAGCACCAACGAATCC

the sequenced data were high throughput, and the sequenc-
ing quality required further analysis. The high-quality
reads were further assembled with a reference genome
and generated a total of 28,783 genes (Supplementary
Table 1). Normalized read counts in the form of FPKM
were obtained after mapping the sequencing reads on the
genome. This information was used further for reclassi-
fication of verified before fertilization (VBF) and veri-
fied after fertilization (VAF) samples using hierarchical
clustering (HCL) and PCA analysis. The HCL clustering
showed a clear differentiation of VBF and VAF samples
(both replicates) (Fig. 2B). In addition, during PCA analy-
sis, the VBF samples were found to be very close to each
other (Fig. 2C). The correlation plot between two biologi-
cal replicates of VBF and VAF deciphered that VBF sam-
ples are very much correlated (+*=0.97) as compared to
VAF (*=0.82) samples (Fig. 2D). The coorelation issue

of VAF could be possible due to sampling of tissue in dif-
ferent condition of day. This analysis confirms that VBF
and VAF samples are very distinct from each other and
their transcriptional fingerprint is also uniquely different
from each other. The transcript data generated in present
investigation has also been submitted in the GEO database
with accession number GSE217186.

Differentially expressed genes after fertilization

A total of 3399 differentially expressed genes (Supple-
mentary Table 2) were identified in VAF. Among them,
2207 were found to be upregulated and 1192 were found
to be downregulated. The gene, CO(2)-response secreted
protease-like (LOCI101500970) was found to be highly
upregulated after fertilization and annotating for serine-
type endopeptidase activity. Other genes including amino
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Fig. 1 Morphological differ-
ences between pre-fertilized and
post-fertilized stages of chick-
pea. A Pre-fertilized and post-
fertilized buds. B Pre-fertilized
ovary with transparent, shiny,
smooth surface and post-
fertilized ovary with opaque,
pale green, hairy surface. C
Pre-fertilized and post fertilized
transparent ovary with resolu-
tion. D The microstructure
observation of post- fertilized
stage ovules. E Histological
analysis of pre-fertilized ovary
and post-fertilized ovary

acid permease 4-like (LOC101506539), homeobox-leucine
zipper protein ATHB-40 (LOCI101492395), ribonucle-
ase S-Fll1-like (LOCI101495153), vacuolar-processing
enzyme-like (LOCI101497152), proline transporter 2-like
(LOC101499779), protein LIGHT-DEPENDENT SHORT
HYPOCOTYLS 10-like (LOC101497242), IAA-amino acid
hydrolase ILRI-like 6 (LOC101510101), endoglucanase
11-like (LOC101489804), repetitive proline-rich cell wall
protein 2 (LOC101489541), glucose-6-phosphate/phos-
phate translocator 2, chloroplastic-like (LOC101492580),
1-aminocyclopropane-1-carboxylate synthase I-like
(LOCI101495414), asparagine synthetase (LOC101504705),
1-aminocyclopropane- 1-carboxylate oxidase homolog 1-like
(LOC101512278), heat shock protein 83 (LOCI101511551),
protein trichome birefringence-like 38 (LOCI101491454),
protein EXORDIUM-like (LOC101494486), F-box/kelch-
repeat protein Atlg67480 (LOC101495569), bidirectional
sugar transporter N3-like (LOC101498095) were also found
to be highly upregulated after fertilization.

In continuation, among downregulated expressed genes,
the MYB-related protein 305-like (LOC101493897) was
found to be highly downregulated after the fertilization
event. Similarly, other downregulated expressed genes
including receptor like protein 29 (LOCI101491695),
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fasciclin-like arabinogalactan protein 14 (LOC101499073),
protein RADIALIS-like 3 (LOC101499379), pectate lyase-
like (LOCI101509352), pectate lyase-like (LOCI101493043),
plasma membrane ATPase 4 (LOC101499920), probable
isoaspartyl peptidase/L-asparaginase 2 (LOCI101510278),
putative pectinesterase/pectinesterase inhibitor 45
(LOC101499304), L-ascorbate oxidase homolog
(LOC101495562), pectinesterase-like (LOC101492300),
transcription factor bHLHIS-like (LOCI01515651),
L-ascorbate oxidase homolog (LOCI101514709), L-ascor-
bate oxidase homolog (LOCI101514053), auxin-respon-
sive protein SAUR78-like (LOCI101493674), pectinest-
erase (LOCI101513899), pectinesterase inhibitor 10
(LOC101489391) and ethylene-responsive transcription
factor ERF086-like (LOC101500468) were also found to
be downregulated after fertilization. A list of highly upregu-
lated and downregulated differentially expressed gene with
its log,-fold change value has been provided in Table 3.
A list of genes/transcript identified which are involved in
fertilization, embryo or seed development processes is also
presented in Table 4.

In conclusion, the volcano plot has been presented to
show the upregulated and downregulated genes in VAF and
VBF (Fig. 3A). The heatmaps of differentially expressed
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Work flow for the transcriptome analysis
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Fig.2 Workflow and re-classification of samples. A Workflow of
transcriptome analysis. B Phylogenetic relationship showing the sim-
ilarities of replicates. C PCA plot showing the similarities and dis-

Table 2 Statistics of sequencing reads and their mapping status

Sample Rawreads High qual- Mapped % mapped
ity (Phred reads on reads on
score > 30) genome genome (%)

VAF-01 54,932,750 54,304,430 48,104,156  88.58

VAF-02 57,471,612 56,898,900 53,998,848  94.90

VBF-01 46,939,340 46,456,046 42,916,729  92.38

VBF-02 51,658,814 51,111,772 48,892,732 95.66

(DE) genes displayed that VAF comprises the higher number
of genes showing greater expression as compared to VBF
(Fig. 3B). In conclusion, post-fertilization, the greater tran-
scriptional activation was found to be higher as compared
to pre-fertilization event.

Weighted gene co-expression network analysis
(WGCNA)

WGCNA analysis using (3399) differentially expressed genes
after fertilization and pairwise comparison, successfully

B Re-classification of samples
8
= 8 5 8 5
@ & < <
> > S S
D .
% %N * % X * %K
vAFa 0.82 | 0.79 | 0.84
) * % X * % K
; VAF-01
qo 0.85 | 0.77
dexA
, VBF-00 i
BT 0.97 |:
B S :
< 7 VBF-01

similarities of samples. D Correlation of the expression value of gene
expression among the different replicates of samples

constructed four co-expression modules. Module 1 comprises
of 1315 differentially expressed genes with VAF-01 and
VAF-02 having high number of genes showing high expres-
sion as compared to VBF-01 and VBF-02. Module 2 having
very less number of differentially expressed gene as shown
(Fig. 4B). Module 3 has been constructed using 16 differen-
tially expressed genes of VAF-01, VAF-02 comparatively
VBF-01 and VBF-02 and among them, 10 are having high
expression in after fertilized stage as compared to before fer-
tilized stage (Fig. 4C). Module 4 also has very less number of
differentially expressed genes (Fig. 4D). Heatmap of module
1 differentially expressed genes (1315 DE genes) displayed
that VAF-01, VAF-02 comprises higher number of genes
showing greater expression as compare to VBF-01 and VBF-
02 (Fig. 4E). Heatmap of module 3 differentially expressed
genes (16 genes) displayed that VAF-01, VAF-02 comprises
the low number of genes showing great expression as compare
to VBF-01 and VBF-02 (Fig. 4F). GO enrichment analysis on
stage-specific modules revealed that majorly enrichment in
polysaccharide catabolic process, cellulose catabolic process,
glutamine metabolic process, biosynthetic processes, devel-
opmental processes, auxin activated signaling pathways, lipid
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Table 3 List of highly upregulated and downregulated DE genes with Log,-fold change values

Gene name Locus ID Log 2 fold
change value
Upregulated CO(2)-response secreted protease-like LOC101500970 11.4639
Amino acid permease 4-like LOC101506539 9.49148
Homeobox-leucine zipper protein ATHB-40 LOC101492395 8.72617
Ribonuclease S-F11-like LOCI101495153 8.67134
Vacuolar-processing enzyme-like LOC101497152 7.92538
Proline transporter 2-like LOC101499779 7.75282
Protein LIGHT-DEPENDENT SHORT HYPOCOTYLS 10-like LOCI101497242 7.63213
1AA-amino acid hydrolase ILR1-like 6 LOCI101510101 7.38214
Endoglucanase 11-like LOC101489804 7.36709
1-aminocyclopropane-1-carboxylate synthase I-like LOC101495414 7.25615
Downregulated Genes MYB-related protein 305-like LOC101493897 —6.1669
Receptor like protein 29 LOC101491695 —5.51231
Fasciclin-like arabinogalactan protein 14 LOC101499073 —5.42952
Protein RADIALIS-like 3 LOC101499379 —5.40723
Pectate lyase-like LOC101509352 —5.29702
Pectate lyase-like LOCI101493043 —5.21477
Plasma membrane ATPase 4 LOC101499920 —5.13334
Probable isoaspartyl peptidase/L-asparaginase 2 LOCI101510278 —-4.96111
Putative pectinesterase/pectinesterase inhibitor 45 LOC101499304 —4.9541
L-ascorbate oxidase homolog LOC101495562 —4.90468

Table 4 List of genes/
transcripts identified to

be specifically involved in
fertilization, embryo or seed 1
development processes before in
pre-fertilized and post-fertilized
ovules of chickpea

Sr.no  Gene name Locus ID Functional annotations
Upregulated genes/transcripts after fertilization
Seed maturation protein LEA 4 LOCI01506718 Embryo development ending in
seed dormancy

2 Protein HEADING DATE REPRESSOR I LOC101499518  Regulation of flower development

3 Phytosulfokines 2-like LOC101514134  Cell population proliferation

4 Uncharacterized LOC101500771  Recognition of pollen

5 G-type lectin S-receptor-like serine/threo- LOC101514619

nine-protein kinase

6 Expansin-like A2 LOCI101514490  Sexual reproduction

7 Putative expansin-B2 LOCI101515268

8 Expansin-B3 LOCI101507266
Downregulated genes/transcripts after fertilization

9 Growth-regulating factor 9 LOCI01506579 Developmental process

10 Growth-regulating factor 1 LOC101497429

transport, carbohydrate metabolic process, methylation, pho-
tosynthesis. Other minor enrichment in embryo development
ending in seed dormancy, regulation of transcription, transla-
tion, transmembrane transport, and so on (Fig. 4G).

Differentially expressed genes encoded
transcription factors

Transcription factors regulate the transcriptional regu-
lation during the fertilization event. In present study, the
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expression dynamics of transcripts encoded different tran-
scription factors were also analyzed. A total, 247 transcripts
encoded the transcription factor have been identified to be
differentially expressed after fertilization. Among them, 119
genes encoded transcription factors were found to be upregu-
lated while 128 genes encoded transcription factors were
found to be downregulated after fertilization (Fig. 5) In-fact,
of total, approximately 48.18% gene encoded transcription
factors were found to be upregulated, while approximately
51.82% gene encoded transcription factors were found to be
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Fig. 3 Expression of differentially expressed (DE) genes in both sam-
ples. A Volcano plot showing the upregulated and downregulated
genes, Log,-fold change>1 or< —1 with FDR<0.01 was consid-
ered as DE genes. B Heatmap illustrating the differential expression
of genes between pre-fertilized and post-fertilized stages of ovules in
chickpea. The blue color represents the least expression whereas, red
color showed the higher expression of genes

downregulated post-fertilization process. Majority of tran-
scription factors encoding differentially expressed genes
have been reported from different transcription factor fami-
lies including basic helix-loop-helix (bHLH), C,H, zinc fin-
ger, ethylene responsive factor (ERF), MYB, MYB-related,
and WRKY.

A total of 31 genes encoding proteins from basic helix-
loop-helix (bHLH) transcription factor family were found
to be differentially expressed, among them, 14 were found
to be upregulated and 17 were found to be downregulated
in after fertilization. Similarly, a total of 19 genes encod-
ing transcription factors of the C,H, zinc finger family
were found to be differentially expressed after fertiliza-
tion. Among total, 10 C,H, zinc finger were found to be
upregulated and 19 were found to be downregulated after
fertilization. The 19 genes encoding transcription factors of
ethylene responsive factor (ERF) family were found to be
differentially expressed, and among them, 9 were found to

be upregulated and 10 were found to be downregulated. In
the MYB transcription family, a total of 17 genes encod-
ing this transcription factor, were found to be differentially
expressed. Among them, 7 were found to be upregulated
and 10 genes encoded by the MYB family were found to be
downregulated after fertilization. Similarly, MYB-related
transcription factor family, a total of 9 genes encoding tran-
scription factor were found to be differentially expressed
and among them 6 were reported to be upregulated and 3
are downregulated. In WRKY transcription factor family,
12 genes encoding transcription factor were found to be dif-
ferentially expressed and among them 5 were reported to
be upregulated and 7 were reported to be downregulated.
Among, major differential expressed genes encoding tran-
scription factors were found to be from bHLH (12.55%) and
C,H, zinc finger (7.69%) transcription factor families.
Other transcription factor families are also found to be
differentially expressed including AP2, B3, bZIP, DBB,
GATA, GRF, NAC, SBP, SRS, and WOX after fertilization.

Functional annotation

Gene ontology enrichment analysis was carried out for anno-
tation of differential expression genes with corresponding
processes and molecular functions. In present study, Arabi-
dopsis orthologous genes have been used to discover their
respective biological process and molecular function GO
terms because this database is gold mine standard for plant-
related research. Most differentially expressed genes were
found to be involved in different biological processes catego-
ries including photosynthetic and light harvesting, methyla-
tion, carbohydrate metabolism, carbohydrate transport, bio-
synthetic processes, lipid metabolic processes and cell wall
biosynthesis (Fig. 6A). Similarly, in the molecular functions
category, most of differentially expressed genes were found
to be involved in oxidoreductase activity, methyltransferase
activity, catalytic activity, transferase activity, hydrolase
activity, DNA binding, ATP binding (Fig. 6B).

The differentially expressed genes including glycosyl
hydrolase 5 family protein-like (LOC101490831), alpha-
galactosidase-like (LOC101513035), polygalacturonase-like
(LOC101509102), cysteine-rich receptor-like protein kinase
25 (LOC101500690), and probable beta-D-xylosidase 7
(LOC101497926) were found to be involved in carbohydrate
metabolism and significantly upregulated after fertilization.
Similarly, many differentially expressed genes involved in
carbohydrate transport (sugar transport protein 5-like, sugar
transporter ERD6-like 6, and bidirectional sugar transporter
SWEETI3-like) were also reported to be upregulated after
fertilization. The differentially expressed genes involved
in lipid related pathways including protein ECERIFERUM
1-like were also found to be upregulated after fertilization.
Similarly, differential upregulated genes involved in lipid
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Fig.4 Co-expression network analysis with curated modules. A Gene
co-expression network of module 1. B Gene co-expression network
of module 2. C Gene co-expression network of module 3. D Gene
co-expression network of module 4. E Heatmap shows the expres-

metabolic process after fertilization are documented as PI-
PLC X-box domain-containing protein DDB_G0293730-
like (LOC101497953) and PI-PLC X domain-containing
protein At5g67130 (LOC101489369). The genes involved
in lipid transport including non-specific lipid-transfer pro-
tein AP10-like (LOC101515705), GDSL esterase/lipase
At4g10955-like (LOC101499273), non-specific lipid-trans-
fer protein-like protein At5g64080 (LOCI101508788), and
non-specific lipid-transfer protein 1 (LOC101495412) were
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sion profile of all the coexpressed genes in the module 1. F Heatmap
shows the expression profile of all the coexpressed genes in the mod-
ule 3. G Gene ontology enrichment of all the coexpressed genes of
module 1

also found to be upregulated after fertilization. In continu-
ation, the genes including oxygen-evolving enhancer pro-
tein 2 (LOCI101515625), thylakoid lumenal 19 kDa protein
(LOC1015051279) and photosystem I reaction cente r subu-
nit III (LOC101506661) were found to be upregulated after
fertilization process.

The various hormone related genes were also found
to be differentially expressed after the fertilization pro-
cess. The gene cytokinin riboside 5'-monophosphate
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Fig.5 Expression of differentially expressed (DE) transcription fac-
tors. Heatmap illustrating the differential expression of transcrip-
tion factor genes of pre-fertilized and post-fertilized chickpea ovule
stages. Enriched transcription families are labelled. The color scale at
the right shows high and low expressions as red and blue, respectively

phosphoribohydrolase LOGI-like (LOC101496786) iden-
tified as integral gene activity of cytokinin biosynthetic pro-
cess was found to be upregulated after fertilization. Simi-
larly, another gene, allene oxide cyclase (LOC101500382)
involved in the jasmonic acid biosynthetic process was found
to be upregulated after fertilization. The genes involved in
abscisic acid biosynthetic pathway (zeaxanthin epoxidase:
LOCI101503567), and involved in regulation of abscisic
acid biosynthetic pathway (nodulin-related protein 1-like:
LOC101494085) were found to be upregulated after fertili-
zation. The abscisic acid-activated signaling pathway gene
(protein LIRI8B-like: LOC101502390) and auxin acid-acti-
vated signaling pathways genes auxin-responsive protein
IAA31, auxin-responsive protein IAA16, auxin efflux carrier
component 4-like, auxin-induced protein 22E-like, auxin-
induced protein 22B-like) were also found to be upregulated
after fertilization.

Differential expression of genes related with KEGG
metabolic pathway

The differential expression pattern of genes related to KEGG
metabolic pathway was also identified and among 3399
DEGs, 1733 DEGs with pathway annotation were identified

and further classified into three major categories: metabo-
lism, cellular processes and signaling, and information stor-
age and processing (Fig. 7).

In category of metabolism, total annotated genes with
gene frequency was found to be involved in different path-
ways including secondary metabolites biosynthesis/transport
and catabolism (8.02%), inorganic ion transport and metab-
olism (5.40%), lipid transport and metabolism (5.42%),
coenzyme transport and metabolism (0.92%), nucleotide
transport and metabolism (1.10%), amino acid transport and
metabolism (6.69%), carbohydrate transport and metabolism
(8.66%) and energy production and conversion (5.48%).

In cellular processes and signaling, differential expressed
genes with frequency was found to be involved in cell cycle
control, cell division and chromosome partitioning (2.13%),
nuclear structure (0.06%), defence mechanism (1.04%), sig-
nal transduction mechanism (10.62%), cell wall/membrane
biogenesis (1.33%), cell motility (0.06%), cytoskeleton
(2.42%), extracellular structure (0.40%), intracellular traf-
ficking, secretion and vesicular transport (2.13%), post-
translational modification, protein turnover and chaperone
(12.52%).

In the category of information storage and processing,
total annotated genes with gene frequency were found to be
involved in pathways including translation, ribosomal struc-
ture and biogenesis (2.42%), RNA processing and modifica-
tion (2.25%), transcription (6.92%), replication recombina-
tion, and repair (3.63%), chromatin structure and dynamics
(0.92%).

Among 1733 DEG, the majority of DEGs (18.98%) was
documented with general function prediction with gene
function. The highest number of differentially expressed
genes, 12.52% were found to be involved post-translational
modification, protein turnover, and chaperones related cel-
lular processes.

Verification of differentially expressed genes
through qRT-PCR

To verify the result of transcriptomic analysis, quantitative
real-time PCR (qRT-PCR) was performed using 17 ran-
domly selected differentially expressed genes as identified
by transcriptomic data analysis. Among 17, five genes were
found to be upregulated and 12 were found to be down-
regulated after the fertilization process in silico analysis.
Five upregulated genes were identified as repetitive proline-
rich cell wall protein 2 (LOC101489541), glucose-6-phos-
phate/phosphate translocator 2 (LOC101492580), home-
obox-leucine zipper protein ATHB-40 (LOC101492395),
1-aminocyclopropane-1-carboxylate oxidase homolog
1-like (LOCI101512278), ribonuclease S-F11-like
(LOC101495153). Another 12 downregulated genes
were MYB-related protein 305-like (LOCI101493897),
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Fig.6 Functional annotation of
DE genes. Gene ontology (GO)
enrichment of differentially
expressed genes for biological
processes (A) and molecular
functions (B). The size of the
circle represents the gene ratio.
The P-value was computed
using the Fisher exact test with
Benjamini—-Hochberg correction
method. Only the GO terms
with adjusted P-value <0.05
were considered as significant

Fig.7 KEGG Classification
analysis. KEGG Classification
analysis of the differentially
expressed genes of pre-fertilized
and post fertilized chickpea
ovule stages
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pectinesterase-like (LOC101492300), protein RADI-
ALIS-like 3 (LOC101499379), probable isoaspartyl
peptidase/L-asparaginase 2 (LOCI101510278), L-ascor-
bate oxidase homolog (LOC101495562), pectate lyase-like
(LOC101493043), pectate lyase-like (LOCI101509352)
L-ascorbate oxidase homolog (LOC101514053), L-ascor-
bate oxidase homolog (LOC101514709), putative pectinest-
erase/pectinesterase inhibitor 45 (LOC101499304),
uncharacterized LOC101510421, and fasciclin-like arabi-
nogalactan protein 14 (LOC101499073). The expression of
all selected genes was verified using real time PCR in VBF
and VAF samples. A scatterplot was also made by compar-
ing the log,-fold change values obtained by the transcrip-
tome analysis and qRT-PCR (Fig. 8A). The correlation
among these analyses was examined and the results revealed
that expression patterns of all these genes obtained by qRT-
PCR analysis were found to be well correlated with those
by transcriptome analysis with R?=0.95, thus validating the
reliability of transcriptome analysis. Similarly, the expres-
sion values of the 17 genes for RNA-Seq and qRT-PCR are
depicted in graphical representation (Fig. 8B). In conclu-
sion, the patterns obtained from real-time PCR analysis were
found to be highly correlated with those from transcriptomic
analysis.

Discussion

Chickpea seeds are a rich source of proteins for a large
number of people in developing countries and have drawn
much more attention from researchers worldwide (Agarwal
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et al. 2012). A lot of chickpea genomic and transcriptomic
resources have also been developed in the last ten years, and
all these resources have been utilized for the improvement
of quantity and quality of chickpea seed with elucidation
of complexity of seed development and key differences in
desi and kabuli chickpea seed (Hiremath et al. 2011; Jhan-
war et al. 2012; Kudapa et al. 2014). The seed-size related
traits have been found to play a crucial role in determining
seed quality, appearance, and yield in chickpea and other
legumes (Cobos et al. 2007; Chen et al. 2021). Similarly,
in depth understanding of seed development has also been
performed in various plant species including Arabidopsis,
soybean and oat using different high throughput methods
(Le et al. 2010; Jones and Vodkin 2013; Gutierrez-Gonzalez
et al. 2013). The seed development process just initiates after
double fertilization, and fertilized ovules develop into a seed
and the ovary differentiates into fruit and fully developed
components of seeds nourish and protect the developing
embryo. Just after fertilization, intensive cross-talk has been
established between different components of seeds. Thus,
already a number of key genes and their functions in double
fertilization have been investigated in many plant species
including Arabidopsis, rice etc. (Takahashi et al. 2018; You
et al. 2021). However, similar transcriptomic information
in chickpea is very limited and only a few reports have been
published related to different stages of whole flower buds
(Singh et al. 2013; Bajaj et al. 2015). In other plant spe-
cies including Solanum melongena, Solanum aethiopicum,
transcriptomics analysis of fertilization events has been
reported (Li et al. 2020). In-fact, the ovule has been pro-
posed as a model system for the investigation of genetic
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Fig.8 Validation of the RNA-Seq using the gRT-PCR. A Close correlation (+>=0.95) of randomly 17 selected genes between RNA-Seq dataset
and qRT-PCR’s result. B Comparison of the RNA-Seq and the qRT-PCR considering the expression of the 17 selected genes
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regulation during fertilization in many plant species (Li et al.
2020). However, no such comprehensive information about
the transcriptomic analysis of fertilized chickpea ovules has
been yet not carried out. In continuation, this in-depth re-
examination of the influence of fertilization on ovule is nec-
essary to unravel the early development and early structural
aspects of seed development and seed size related traits in
chickpea. The whole transcriptome sequencing strategy was
used to study the expression of transcripts and define their
putative function in fertilized ovules. A comparative gene
expression data set of pre-fertilized and post-fertilized chick-
pea ovules (208 million high-quality reads, total) has been
generated using [llumina sequencing strategy. The generated
high-quality reads were mapped with the chickpea genome
latest version (GCA_000331145) and 92.23% high-quality
reads mapped with reference genome with curation of more
than 28,000 genes.

Different developmental stages of chickpea flower includ-
ing closed bud (immature stigma), hooded bud (receptive
stigma), half opened flower (self pollination take place),
fully opened flower (fertilization has been occurred) and
fading flower (ovary elongated) have been well defined
(Kalve and Tadege 2017). Earlier, several flower buds have
been used to capture the different stages of fertilization and
seed development (Singh et al. 2013; Pradhan et al. 2014).
However, based upon the morphological and histological
analysis, the closed bud and half opened flowers have been
found to be closely related to pre-fertilization and post-fer-
tilization events in present work. The approximately time
in-between these two stages have been estimated as 3 days.
In-fact, the fertilization has been found to initiate many
morphological changes in ovary and ovule of chickpea. The
ovary is found to be highly delicate, shiny, and somewhat
swollen pre-fertilization and post-fertilization, it was found
to be elongated, pale in color, with surface covered with
fine hairs like structures. The ovule was found to be trans-
parent and highly delicate pre-fertilized and size of ovule
was found to be increased due to rapid cell division in post-
fertilized stage. These easily distinguished changes proved
that these two selected stages of chickpea ovule offered a
clear different molecular and biological set of information
and investigation of comparative outputs about these two
different biological samples is useful to assess the effect of
fertilization event on the early stages of seed development.
A list of genes/transcripts in Table 4 also reflected transcript
behavior of genes specifically related to fertilization and
seed developmental related processes. The seed maturation
protein LEA 4 related to embryo development and expansin-
like A2, putative expansin-B2, expansin-B3 related to sexual
reproduction have been found to be upregulated after fertili-
zation event. Two genes/transcripts related to developmental
process named as growth-regulating factor 9 and factor 1
were found to be downregulated after fertilization event.
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In flowering plants, fertilization activates the transition of
ovule to seed and this process is highly energy consuming
that depends on efficient utilization of sucrose as an energy
source (Ruan et al. 2012). It is reported that, after fertiliza-
tion, development of seed is greatly influenced by alternation
in starch metabolism related enzyme activity (Kumar et al.
2022). Starch concentration in the ovule at specific stages of
development is also found to be closely associated with fer-
tility (Rodrigo and Herrero 1998). It has been documented
that low hexose-to-sucrose ratio leads to increase in starch
biosynthesis and cease cell division in embryo during early
seed development stage, in contrast high hexose-to-sucrose
ratio suppresses accumulation of starch and initiate cell divi-
sion in embryo (Weber et al. 1995). In present study, majority
of differentially expressed and upregulated genes including
glycosyl hydrolase 5 family protein-like (LOC101490831),
alpha-galactosidase-like (LOC101513035), polygalacturo-
nase-like (LOCI101509102), probable beta-D-xylosidase 7
(LOC101497926) etc. were found to be involved in carbohy-
drate metabolism processes after fertilization. Sugar trans-
porter plays a very important role in providing signaling and
nutritional sugar into developing embryo and endosperm
after fertilization. Role of sugar transporter encoding tran-
script OsSWEET1 I has been investigated during early stages
of grain filling of rice and found strong expression of OsS-
WEETI I in developing caryopsis. Defective grain filling
was reported due to decreased concentration of sucrose by
CRISPR-Cas9 mediated knockdown of OsSWEETI1 (Ma
et al. 2017). Genes related to carbohydrate transport bidi-
rectional sugar transporter N3-like (LOC101498095), sugar
transport protein 5-like (LOC101488983), bidirectional
sugar transporter SWEET3 (LOC101504169), bidirec-
tional sugar transporter SWEET3-like (LOC101491054)
were also reported to be upregulated after fertilization. To
meet the sufficient demand for energy source, carbohydrate
metabolism and carbohydrate transport related genes were
found to be upregulated post-fertilized stage. Previously, the
effect of pollination and fertilization on sugar transporters
has been documented in the styles and ovaries of tomato
(Shen et al. 2019). Thus, this report dissects the effect of fer-
tilization on carbohydrate metabolism, carbohydrate trans-
port and its related genes in ovules of chickpea and could be
a good source for further investigation.

In plants, the elevated carbon dioxide levels as environ-
mental stimuli has been reported to be involved in stomatal
development. Engineer et al. (2014) reported the involve-
ment of CO(2)-response secreted protease (CRSP) encoded
protein as negative regulation of stomatal development
elevated CO, level in Arabidopsis thaliana. The expres-
sion of this gene has been reported in many tissues includ-
ing meristemoids- and pavement-cell-enriched samples
(Pillitteri et al. 2011). In present work, the expression of
CO(2)-response secreted protease-like (LOC101500970)
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gene was found to be highly upregulated in the fertilized
ovule of chickpea. This observation provides evidence that
extracellular signaling in response to CO, has been managed
by this protease during cell fate specification in develop-
ing embryo and endosperm. The another highest expressed
gene, amino acid permeases 4-like was documented after
fertilization and its expression precedes storage protein syn-
thesis by amino acid supply in developing seeds (Miranda
et al. 2001). Hirner et al. (1998) documented the potential
role of AtAAP in amino acid import in embryo as well as
in endosperm. Similarly, higher expression of PsAAPI in
the transfer cell layer of cotyledon supports the function
in uptake of a wide range of amino acids from seed coat
(Tegeder et al. 2000). Thus upregulation of amino acid trans-
port after fertilization has been documented as their role in
storage protein accumulation. Similarly, homeobox-leucine
zipper protein ATHB-40 (LOC101492395) was found to be
highly expressed in fertilized ovules. The encoded protein
by this gene was reported to have a potential role during
embryogenesis in plants (Roodbarkelari and Groot 2017).
The expression of this gene has been reported in regulat-
ing apical-basal and adaxial-abaxial patterning during post
embryonic development of plants (Ariel et al. 2007; Harris
et al. 2011). The higher expression of this gene indicates
the active determination of apical-basal and adaxial-abax-
ial pattern during rapid cell division after fertilization. In
contrast, many genes have been found to be downregulated
after fertilization including MYB-related protein 305-like
and receptor-like protein 29. The cDNA encoding the orna-
mental tobacco MYB305 has been isolated, characterized
and documented as a transcription factor. The knockdown
lines of MYB305 has also resulted in reduced expression of
both nectarines and flavonoids biosynthetic genes and con-
cluded as regulator of netarin genes in the floral nectary. The
expression of MYB305 has also been abruptly downregulated
after fertilization (Liu et al. 2009). This previous observa-
tion is highly correlated with findings of our research work
in which downregulation of MYB305 has been reported in
fertilized ovules. Thus, the highly upregulated and down-
regulated documented genes in fertilized ovule showed sig-
nificant outcomes in line of previous findings.

Previously, the gene regulatory circuitry of seed matura-
tion mechanism has been well refined on the bases of tran-
scriptome profiling of various part of seed in Arabidopsis
(Belmonte et al. 2013). Transcriptional modules discovery
can leads to recognition of gene regulatory network that
regulate biological mechanism related with seed develop-
ment (Becker et al. 2014). Recently, WGCNA analysis has
been approved to an effective method for recognizing key
modules and genes associated with target trait. In chickpea,
WGCNA analysis has been conducted to identify the mod-
ules and hub gene associated with seed size/weight during
seed development (Garg et al. 2017). In present study, four

gene co-expression network of differentially expressed genes
has been curated. Module 1 was found to be having higher
number of differentially expressed genes and reflected high
expressions in post fertilized ovule stage. This result pro-
vided that lot of genes have been upregulated after fertiliza-
tion and involve in different developmental processes.

The coordination of regulatory complex events required
for development of three different seed compartments, has
been carried out using various molecular factors including
hormones. Numerous studies have reported that hormones
are associated with fertilization, embryo and seed develop-
ment in plants (Alabadi et al. 2009; Locascio et al. 2014;
Matilla 2020). Abscisic acid plays a very critical task in
regulating various plant developmental processes after
fertilization including embryo morphogenesis, seed matu-
ration and desiccation (Kanno et al. 2010). It has been
reported that, in ABA-deficient mutant, maternal abscisic
acid transfer from vegetative tissue to increase to embryo
growth suggesting maternally derived abscisic acid regu-
lates seed development in Nicotiana plumbaginifolia after
fertilization (Frey et al. 2004). Subsequently, biosynthesis of
ABA also initiates in the embryo after fertilization (Cheng
et al. 2014). Spatiotemporal expression of abscisic acid bio-
synthesis gene suggested that abscisic acid is generated in
all seed compartments during seed development (Seo and
Marion-Poll 2019). In the present study, the gene, nuclear
transcription factor Y subunit C-3-like (LOCI101503561)
that is involved in the abscisic acid biosynthetic process
was found to be significantly upregulated after fertilization.
Similarly, genes protein LIR18B-like (LOC101502390) and
MLP-like protein 423 (LOC101499631) that are reported
to be involved in abscisic-activated signaling pathway were
also found to be upregulated after fertilization. Similarly, in
present work, gene, allene oxide cyclase (LOC101500382)
has been found to be significantly upregulated after fertili-
zation and this is reported to be involved in the jasmonic
acid biosynthetic process (Li et al. 2019). The jasmonic
acid has been already reported to be involved in regulating
reproductive development in plants including Arabidopsis
thaliana (Yuan and Zhang 2015). Another genes, cyto-
kinin riboside 5'-monophosphate phosphoribohydrolase
LOG-like (LOC101496786) and cytokinin dehydrogenase
3-like (LOC101493024) and cytokinin dehydrogenase 1
(LOC101493173) have also been found to be upregulated
and involved in the cytokinin biosynthetic/metabolic pro-
cess after fertilization. Thus, genes related to jasmonic acid
and cytokinin biosynthetic/metabolic processes have been
found to significantly contribute to early seed development
after fertilization. Auxin, phytohormone, has already been
documented to play a critical role during the fertilization of
ovule, further embryogenesis, embryo polarity determina-
tion, and seed development (Ribalta et al. 2019). The genes,
auxin-responsive protein IAA16 (LOCI101498926), auxin
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efflux carrier component 4-like (LOC101502756), auxin-
induced protein 22E-like (LOCI101503044), auxin-respon-
sive protein IAA31 (LOCI101504852), and auxin-induced
protein 22B-like (LOC101512178) were found to be upregu-
lated in fertilized ovule and proved significant correlation of
auxin related molecular activity with early seed development
of chickpea. In conclusion, the molecular activity of differ-
ent phytohormones including auxin, cytokinin, abscisic acid
and jasmonic acid biosynthesis and their related signaling
pathways significantly upregulated in post-fertilized ovules
of chickpea.

The transcription factors play a very significant role in the
various developmental and biochemical processes to stimu-
late or repress different metabolic processes during differ-
ent plant developmental stages (Tolosa and Zhang 2020).
In present investigation, a total of 247 transcription factor
encoding genes were found to be differentially expressed
after fertilization and most of these belong to transcription
factor families such as bHLH (basic helix-loop-helix), C,H,
zinc finger, ERF (ethylene responsive factor), MYB, NAC,
WRKY. In Arabidopsis, bBHLH-encoding gene SPATULA
was documented to regulate flowers and fruit development
(Groszmann et al. 2008). In Brassica rapa, bHLH transcrip-
tion factor has been reported to determine seed coat color
(Li et al. 2012). In present study, bHLH transcription factor
encoding gene were found to be upregulated in after ferti-
lization. In plants, WRKY transcription factors are one of
the most numerous families of transcriptional regulators and
make the integral component of signaling webs that regulate
various plant processes. WRKY gene has been implicated in
various gene expression studies during seed development
(Rhuston et al. 2011). In Solanum chacoense, SCWRKY 1,
a group of WRKY transcription factor was reported to be
transiently and strongly expressed in fertilized ovules at
torpedo stage (Lagacé and Matton 2004). In present study,
five genes encoding WRKY transcription factor were found
to be upregulated after fertilization. Similarly, MYB tran-
scription factor family is reported to be involve in various
plant mechanism including development, metabolism, dif-
ferentiation, biotic and abiotic stresses, defence and so on
(Ambawat et al. 2013). In Arabidopsis thaliana, MYB56
transcription factor was found to be dominantly expressed
in developing seeds regulating the expression of genes that
involve in cell division and expansion, controlling seed size
(Zhang et al. 2013). In this study, seven genes encoding
the MYB transcription factor were found to be upregulated
after fertilization. Ethylene responsive factors (ERFs) have
a very important regulatory role in various developmental
processes in plants. In Rice, OsERF101, an ERF encoding
transcription factor gene was reported to be predominantly
expressed in reproductive tissues and having a vital role in
the improvement in seed setting rate under drought condi-
tions (Jin et al. 2018). In present study, nine genes encoding
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the ERF transcription factor were found to be upregulated
after fertilization. It has been already reported the involve-
ment of the NAC transcription factors in various develop-
mental processes in plants (Sun et al. 2018). The transcrip-
tion factors of the NAC family, like CUC gene, has been
already reported to be involved in ovule primordial devel-
opment (Galbiati et al. 2013). Xu et al. (2019) also docu-
mented the significant contribution of the NAC family in
the development of ovule and 11 NAC transcription factors
were found to upregulated during ovule development in the
Jatropha curcas. Similarly, members of the NAC family,
also reported to have played a vital role in embryo and seed
development after fertilization in plants (Souer et al. 1996;
Agarwal et al. 2011). In Arabidopsis thaliana, NAC family
members have been documented to regulate cell division and
also mediate cytokinin signaling during cell division (Kim
et al. 2006). Thus, upregulation of NAC family members
after the fertilization event in present work is correlated with
all previously reported research and plays a significant role
in regulating cell division after the fertilization process.

Conclusions and future prospective

In conclusion, the comparative transcriptome analysis of
pre-fertilized and post-fertilized ovules after the morpho-
logical study of ovules in C. aretinium revealed the genes
and transcription factors upregulated after the fertilization
event. This investigation has also revealed a large set of
genes that contribute essential roles during the early stage
of seed development and could be further used to find out
their significant roles after the fertilization process and
could be useful targets for crop improvement via breeding
and genetic engineering approaches. The data can serve as a
better understanding of plant reproductive biology and gene
regulation to assess the impact of fertilization of an ovule
in chickpea and could be further use for minimize the ovule
abortion in agriculture crops.
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