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Abstract

MicroRNAs (miRNAs) are non-coding small RNAs that regulate gene expression at
transcriptional and post-transcriptional levels. The role of miRNAs in seed develop-
ment and seed size/weight determination is poorly understood in legumes. In this
study, we profiled miRNAs at seven successive stages of seed development in a small-
seeded and a large-seeded chickpea cultivar via small RNA sequencing. In total, 113
known and 243 novel miRNAs were identified. Gene ontology analysis revealed the
enrichment of seed/reproductive/post-embryonic development and signaling path-
ways processes among the miRNA target genes. A large fraction of the target genes
exhibited antagonistic correlation with miRNA expression. The sets of co-expressed
miRNAs showing differential expression between the two cultivars were recog-
nized. Known transcription factor (TF) encoding genes involved in seed size/weight
determination, including SPL, GRF, MYB, ARF, HAIKU1, SHB1, KLUH/CYP78A5, and
E2Fb along with novel genes were found to be targeted by the predicted miRNAs.
Differential expression analysis revealed higher transcript levels of members of SPL
and REVOLUTA TF families and lower expression of their corresponding miRNAs in
the large-seeded cultivar. At least 19 miRNAs known to be involved in seed develop-
ment or differentially expressed between small-seeded and large-seeded cultivars at
late-embryogenesis and/or mid-maturation stages were located within known quan-
titative trait loci (QTLs) associated with seed size/weight determination. Moreover,
41 target genes of these miRNAs were also located within these QTLs. Altogether,
we revealed important roles of miRNAs in seed development and identified candi-
date miRNAs and their target genes that have functional relevance in determining

seed size/weight in chickpea.
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1 | INTRODUCTION

Seed development ensures the continuation of next generation, which
is initiated after fertilization and terminates with breakage of seed
dormancy or germination (Huijser & Schmid, 2011; Le et al., 2007).
Seed provides the primary source of dietary intake in humans and
livestock (Nambara & Nonogaki, 2012; Sabelli & Larkins, 2015). To
fulfill the requirements of the exponentially increasing population,
crop yield needs to be increased proportionately. Numerous stud-
ies have been performed to understand the molecular mechanisms
underlying seed development (Jones & Vodkin, 2013; Kurdyukov
et al., 2014; Le et al., 2010; Rangan et al., 2017; Xu et al., 2012).

MicroRNAs (miRNAs) are 20-24 nt non-coding small RNAs that
provide specificity to Argonaute (AGO) protein(s) to repress gene ex-
pression via transcript cleavage or DNA methylation (Bartel, 2004;
Krol et al., 2010; Wu et al., 2010). In plants, roles of miRNAs in reg-
ulating the expression of genes involved in the development, hor-
mone biosynthesis, and signaling pathways have been analyzed
during various stages of development (Reinhart et al., 2002; Rogers
& Chen, 2013; Tang & Chu, 2017). In particular, miRNAs belonging
to miR156, miR166, miR172, miR319, and miR396 families, were
shown to play an important role during seed development (D’Ario
et al.,, 2017; Rodrigues & Miguel, 2017). Recently, miR396- and
miR397-mediated regulation of seed size/weight determination in
Arabidopsis and rice has been revealed (Debernardi et al., 2014;
Duan et al., 2015; Li, Gao, et al., 2016; Wang et al., 2014; Zhang
et al., 2013). Moreover, the role of a few miRNAs has been analyzed
in regulating cell growth and division during seed development in
legumes (Bandyopadhyay et al., 2016; Song et al., 2011).

Chickpea being the second most cultivated legume crop world-
wide, understanding of seed development and seed size/weight
traits is important to provide a foundation for its improvement.
Recently, transcriptome analysis during seed development in two
chickpea cultivars with contrasting seed size/weight suggested that
extended period of cell division at late-embryogenesis and high
level of endoreduplication at mid-maturation stages are the possi-
ble factors that determine large seed size/weight in chickpea (Garg
etal.,, 2017). Although miRNAs and their targets have been analyzed
in different tissues/organs (mostly vegetative) in chickpea (Jain
et al.,, 2014; Khandal et al., 2017; Khemka et al., 2016; Srivastava
et al.,, 2015), their analysis during seed development and role in seed
size/weight determination remains to be explored.

In this study, we sought to analyze the role of miRNAs in seed
development and seed size/weight determination using a small-
seeded (Himchana 1) and a large-seeded (JGK 3) chickpea cultivar.
Small RNAs (smRNAs) from seven successive stages of seed devel-
opment and leaf tissue were sequenced from both the cultivars.
Several known and novel miRNAs were identified and their differ-
ential expression at different stage(s) of seed development within
and between the cultivars was determined. To understand the in-
fluence of miRNAs on gene regulation, the correlation between ex-
pression and/or differential expression of miRNAs with their target

genes was analyzed. The sets of co-expressed miRNAs and their

functional relevance in seed size/weight determination were also
interrogated. Further, we investigated the role of miRNAs in regulat-
ing sets of genes encoding transcription factors and genes located
within known quantitative trait loci (QTLs) associated with seed size/
weight determination. Overall, we provide a comprehensive analysis
of miRNAs and revealed their roles in seed development and seed
size/weight determination in chickpea.

2 | MATERIALS AND METHODS
2.1 | Plant materials and RNA isolation

Seeds at different stages of development (51-S7) in a small-seeded
(Himchana 1) and a large-seeded (JGK 3) chickpea (Cicer arietinum L.)
cultivar were collected from the field-grown plants as described in
the previous study (Garg et al., 2017). Seeds from 5 to 40 days after
pollination (DAP), representing S1-S7 stages, along with mature
leaves were collected from both cultivars. These stages of seed de-
velopment represent, early embryogenesis (S1), mid-embryogenesis
(S2), late-embryogenesis (S3) early maturation (S4), mid-maturation
(S5), late-maturation (Sé), and just before dry (S7) as described previ-
ously (Garg et al., 2017). Total RNA was extracted from two biologi-
cal replicates of these tissues/samples using TRI reagent (Sigma Life
Science) as described (Garg et al., 2017).

2.2 | Library preparation, sequencing, and data
preprocessing

SmRNA libraries were prepared using TrueSeq Small RNA Sample
Prep Kit (Illumina Technologies) as per the manufacturer's instruc-
tions. Each smRNA library was sequenced on the lllumina platform
to generate 50 nt long single-end reads. The sequencing data ob-
tained in FASTQ files were used for further processing. Cutadapt
was used to remove adapter sequences (Martin, 2011). Quality of
reads was verified using qrqc package (http://github.com/vsbuffalo/
grqc) in R Bioconductor. FASTQ format reads were converted to
FASTA format and redundant reads were merged for further pro-
cessing. The high-quality non-redundant set of reads were used for

miRNA identification in each sample.

2.3 | lIdentification of known and novel miRNAs

To identify miRNAs, we used a plant-specific miRNA prediction tool
miRDeep-P2, which follows updated guidelines for plant miRNA
identification (Axtell & Meyers, 2018; Kuang et al., 2019). In this
pipeline, smRNAs mapping to structural RNAs and length other than
20-24 nt were removed. We used miRDeep-P2 with rpm = 1 with
kabuli chickpea genome (v1) as a reference to identify miRNAs in
each sample. After the prediction of miRNAs in each sample, only

the miRNAs with an average rpm of 210 in the biological replicates
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of each sample were retained for further analyses. The predicted
miRNAs were mapped to the pmiREN database (Guo et al., 2020;
downloaded on June 30, 2020) for known miRNAs annotation using
Bowtie (v1.1.2) allowing one mismatch. The miRNAs that did not
map to known miRNAs were considered as novel miRNAs. The novel

miRNAs were designated as Car-novmiR1 to Car-novmiR243.

2.4 | Target prediction and functional annotation

Putative targets of miRNAs were predicted using psRNATarget (v2)
webserver with an expectation (e) cut-off of 3 (Dai et al., 2018).
The transcriptome assembly generated from RNA-seq data of dif-
ferent stages of seed development (Garg et al., 2017) was used for
the prediction of putative targets of identified miRNAs. GO enrich-
ment analysis of target genes was performed using BINGO plug-in
of Cytoscape (v3.4) (Maere et al., 2005). EuKaryotic Orthologous
Groups (KOG) based classification of target genes was performed
using COGNITOR (Tatusov et al., 2000).

2.5 | Differential expression analysis of miRNAs

The number of reads representing unique miRNAs was obtained
from the sequencing data for each sample. The read count was nor-
malized using the DESeq2 package (Love et al., 2014) in R for all the
samples together and the expression level of each miRNA was deter-
mined. Differential expression of miRNAs between the same stages
of seed development across the cultivars was performed using the
DESeqg2 package. The miRNAs showing at least two-fold differential
expression with corrected P < 0.05 estimated using nbinomWald-
Test were considered as differentially expressed miRNAs.

2.6 | Co-expression network analysis and
construction of co-expressed modules

Co-expression network analysis was performed using WGCNA
(Weighted Gene Co-expression Network Analysis) package in R
(Langfelder & Horvath, 2008). The normalized expression values of
miRNAs obtained from DESeq2 were used as input for co-expres-
sion analysis. To identify modules, Pearson's correlation coefficient
for all miRNAs in all the samples was calculated and an adjacency
matrix was generated by raising correlation to a power p. The p value
of 16 was selected based on the scale-free topology criterion as de-
scribed (Langfelder & Horvath, 2008). The miRNAs were clustered
using the degree of overlap with shared neighbors between them.
A clustering tree (dendrogram) was created based on average link-
age hierarchical clustering using the dynamic tree-cutting algorithm.
Each branch of the tree represented a module and modules with at
least five miRNAs were considered and assigned a color code. The
miRNAs included in each module and their target mRNAs were sub-

jected to further analysis.
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2.7 |

Identification of miRNAs in QTLs

Genomic coordinates of known QTLs for seed size/weight and asso-
ciated genes available in the previous studies (Bajaj et al., 2015; Das
et al., 2014; Kujur et al., 2015; Saxena et al., 2014; Singh et al., 2016;
Verma et al., 2015), were used. We intersected the genomic position
of miRNAs and their target genes with QTL genomic coordinates
using bedtools to identify QTL-associated miRNAs and/or target

genes.

2.8 | Validation of miRNA differential expression

To validate the expression profile of miRNAs, we selected miRNAs
that showed differential expression between JGK 3 and Himchana 1
at S3 and/or S5 stages of seed development based on the smRNA-
seq data. The expression levels of miRNAs at S3 and S5 stages of
seed development in JGK 3 and Himchana 1 cultivars were analyzed
via RT-gPCR as described previously (Jain et al., 2014). Total RNA
was isolated from these seed tissue samples using TRIzol reagent
(Thermo Fisher Scientific, USA). The total RNA samples were quanti-
fied using NanoDrop Spectrophotometer (NanoDrop Technologies)
and their quality was assessed based on absorbance ratios of
260/280 and 260/230. The miRNA-specific stem-loop RT and for-
ward primers, and a universal reverse primer from stem-loop region
were designed (Table S1). About 50 ng of total RNA was used to
perform reverse transcription with the help of stem-loop RT primer
for each miRNA using mirVana™ gRT-PCR miRNA Detection Kit
(Thermo Fisher Scientific) as per manufacturer's recommendations
for three biological replicates of each sample. To quantify the ex-
pression of each miRNA, gPCR reactions were performed in three
technical replicates using cDNA along with miRNA-specific forward
and universal reverse primers using Fast SYBR Green Master Mix
(Thermo Fisher Scientific). The relative expression levels of each
miRNA in the chickpea cultivars were determined as described pre-
viously (Garg et al., 2017).

3 | RESULTS

3.1 | Small RNA sequencing during seed
development in chickpea cultivars

We sequenced smRNAs from seven successive stages of seed de-
velopment and leaves from a small-seeded (Himchana 1 with seed
weight of 13.1 + 0.15 g per 100 seeds) and a large-seeded (JGK 3
with seed weight of 53.3 + 1.48 g per 100 seeds) chickpea cultivar.
The stages of seed development included embryogenesis (51-S3),
mid-maturation (S4 and S5), and late-maturation (Sé and S7) stages
as described earlier (Garg et al., 2017). In total, about 1 billion raw
reads were obtained after sequencing representing an average of 34
million raw reads for each sample (Table S2). About 70% of the total

reads of different lengths were obtained after removing low-quality
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reads and those with adapter contamination (Figure S1). The high-
quality filtered reads were made non-redundant, which represented
smRNAs (Figure S2a). We detected highest fraction of 24-nt smR-
NAs in all the samples analyzed (Figure S2b) as reported in previous
studies (Jain et al., 2014; Liu et al., 2014; Ma et al., 2018).

3.2 | Identification and analysis of miRNAs during
seed development

To identify miRNAs, 20-24 nt smRNA sequences from each sample
were processed using miRDeep-P2 (Kuang et al., 2019). A total of
445 unique miRNAs were detected in all the samples. We found a
high correlation (Pearson correlation coefficient of 0.82-0.93 except
for S5 in Himchana 1 with a correlation value of 0.71) between the
biological replicates of each sample (Figure S3). To remove low-con-
fidence miRNAs, we retained only the miRNAs represented by an
average of at least 10 rpm (reads per million) in the biological repli-
cates of each stage. Overall, a total of 356 high-confidence miRNAs,
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including 113 known and 243 novel miRNAs were identified in all the
samples (Figure 1a, Table S3). The total number of miRNAs identi-
fied was 288 in Himchana 1 and 266 in JGK 3 (Figure 1a). Majority
(88%) of known miRNAs were expressed commonly in both the culti-
vars at different stages of seed development (Figure 1a, Figure S4a).
However, majority (66% in JGK 3 and 58% in Himchana 1) of
novel miRNAs were cultivar-specific, largest being at the S5 stage
(Figure 1a, Figure S4b). Further, expression profiles of all known and
novel miRNAs revealed tissue/stage-specific expression pattern of a
large number of miRNAs within each cultivar (Figure S5).

Most (64.6%) of identified miRNAs were of 21-nt length, while
20 nt (17.1%) and 22 nt (18.3%) long miRNAs represented a smaller
fraction (Figure 1b-d). About 80% of the miRNAs were found to be
originated from intergenic regions and remaining 20% from the genic
regions (Figure S6a). To gain more insights into structural and functional
aspects of miRNAs, we determined nucleotide base at their 5-end
(Figure 1b). We found that majority (55%) of miRNAs harbored uracil
at 5’-end, while ~ 19% miRNAs had adenine at their 5-end (Figure 1b).
It has been suggested that miRNAs with 5-uracil exhibit higher affinity
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FIGURE 1 Number of identified miRNAs and their size distribution during various stages of seed development in the chickpea cultivars.
(a) Number of total, known, and novel miRNAs identified in JGK 3 and Himchana 1. (b) Length and 5™-end base distribution in the identified
miRNAs. (c, d) Size (20-22 nt) distribution of known and novel miRNAs identified in leaf and stages of seed development (51-S7) in

Himchana 1 (c) and JGK 3 (d)
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FIGURE 2 Functional annotation of miRNA target genes. (a) Top 10 enriched biological process and molecular function gene ontology
(GO) terms associated with the targets of miRNAs. Left panel represents P-value of enrichment and right panel represents the fraction of

targets for each biological process and molecular function GO term. (b) Distribution of various transcription factor families represented

among the predicted target genes is given

for AGO1, which is involved in the cleavage of transcripts (Borges &
Martienssen, 2015). However, siRNAs harboring adenine at 5-end ex-
hibit greater affinity for AGO4 that result in gene repression via DNA
methylation (Borges & Martienssen, 2015; Mi et al., 2008). The higher
fraction (~19%) of miRNAs harboring adenine at the 5-end in chickpea
as compared to that reported in Arabidopsis (~7-8%; Mi et al., 2008)
may represent a species-specific feature, which needs to be inves-
tigated further. These results suggest that miRNAs identified in this
study might be involved in gene regulation via post-transcriptional
gene silencing (PTGS) and/or RNA-directed DNA methylation (RADM)
pathway(s) during seed development in chickpea.

Next, we analyzed features of miRNAs, including GC content
and minimum free energy (MFE) that may determine their secondary
structure. The GC content was about 30-40% in the identified miR-
NAs (Figure Séb). A similar proportion of GC content was found in miR-
NAs detected from vegetative organs in chickpea (Jain et al., 2014).
Moreover, most of the predicted miRNAs showed low MFE, suggest-
ing their high stability (Figure S6c). About 21% of miRNAs identified in
this study were found to be conserved between seed stages and veg-
etative tissues/organs reported in previous studies (Jain et al., 2014;
Srivastava et al., 2015). A comparative analysis revealed that a small
fraction (<10%) of chickpea miRNAs were conserved in other plant
species (Figure S7). The low level of conservation may be due to the
adoption of stringent criteria for the identification of miRNAs accord-
ing to the new guidelines (Axtell & Meyers, 2018) in our study.

The members of miRNA167, miR319, miR399, miR156, and
miR172 families had greater representation among all the known
miRNA families detected (Figure S8). The role of some of these miR-
NAs during seed development has been reported in previous studies
(Chen, 2009; Rodrigues & Miguel, 2017).

3.3 | miRNA targets and their functional annotation

Putative targets of miRNAs were predicted using the psRNATarget

web-server (Dai et al., 2018). In total, 3,571 unique transcripts (genes

hereafter) were identified as the targets of 354 miRNAs. About 96%
(341) miRNAs targeted more than one gene resulting in the identifica-
tion of 5,475 miRNA-target gene pairs, whereas only 4% (13) miRNAs
were found to target a single gene (Figure S9, Table S4). We analyzed
the enrichment of gene ontology (GO) terms among the genes targeted
by miRNAs. GO terms, including embryonic/post-embryonic develop-
ment, cell morphogenesis/differentiation, tissue development, trans-
port, and response to stimuli, were most significantly enriched among
the target genes (Figure 2a). KOG analysis revealed higher representa-
tion of genes involved in post-translational modification, signal trans-
duction, transcription, carbohydrate transport, and metabolism among
the target genes (Table S5). Interestingly, at least 336 genes encod-
ing for transcription factors were identified as targets of miRNAs, and
MYB, AP2-EREBP, bHLH, HB, SPL, ARF and NAC families were found
to be most represented (Figure 2c). Moreover, homologs of known
seed size/weight regulators genes, such as SHB1, HAIKU1, BIGSEED1,
E2Fa/b, KLUH/CYP78A5, and LACCASE were also represented among
the identified miRNA target genes.

To analyze the influence of miRNAs on target gene expression,
we determined the correlation between the expression of miRNAs
with their target genes in both chickpea cultivars. Majority (>55%) of
miRNA-mRNA pairs showed a negative correlation in both the cul-
tivars (Figure 3a, Table S4), suggesting that miRNAs negatively reg-
ulate target gene expression. We selected the pairs of miRNAs and
their target genes that exhibited a negative correlation (<-0.25). This
set of mMiRNAs and their target gene pairs represented about 35% of
the total miRNAs and their target genes. The target genes in these
pairs that showed differential expression between the two cultivars
revealed a significant enrichment of GO terms, such as anatomical
structure development, post-embryonic development, seed devel-
opment along with cell division related processes (Figure 3b), while
target genes involved in cell proliferation, cell cycle and cell mat-
uration were enriched in a cultivar-specific manner. These results
suggest miRNA-mediated differential regulation of target genes in-
volved in seed development-related biological processes in the two

chickpea cultivars.
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FIGURE 3 Correlation of expression of miRNAs and their target genes. (a) Density plot showing correlation between expression levels

of miRNAs and their target genes in Himchana 1 and JGK 3. The solid straight line represents a negative correlation value of <-0.25. (b)
Enriched GO (biological process) terms among the target genes showing negative correlation (<-0.25) with miRNA expression in the two
chickpea cultivars. The enriched GO terms for up- and down-regulated genes in Himchana 1 and JGK 3 are shown separately. The color scale

and values in the colored boxes represent P-value of enrichment

3.4 | Differential expression of miRNAs
between the chickpea cultivars

To understand the role of miRNAs in determining seed size/weight,
we estimated the differential expression of miRNAs between
the two chickpea cultivars at all the stages of seed development
analyzed. In total, 33 miRNAs were found to be differentially ex-
pressed between the two cultivars at all the seed development
stages (Figure 4a). Majority (23) of them were detected at the S5
stage. However, 1-11 miRNAs exhibited differential expression at
other stages. Differentially expressed miRNAs included members
of miR156, miR167, miR170, and miR319 families, which are known
to regulate seed development and reproductive processes in vari-
ous plants (Rodrigues & Miguel, 2017). At least 10 novel miRNAs
were found to be differentially expressed between the two cultivars.
Interestingly, genes encoding transcription factors belonging to SPL,
ARF, HB, and MYB families were found to be the targets of many of
these differentially expressed miRNAs between the cultivars.
Additionally, we compared the differential expression of target
genes vis-a-vis their corresponding miRNAs between the cultivars
(JGK 3/Himchana 1) at each stage of seed development analyzed.
An antagonistic correlation was observed for a larger fraction of
miRNAs (Figure 4b), i.e., targets of up-regulated (higher expression)
miRNAs in JGK 3 showed lower expression in JGK 3 as compared to
Himchana 1 and vice versa (Figure 4b). GO analysis of target genes of
differentially expressed miRNAs between the two cultivars revealed
a significant enrichment of specific terms, including cell division, cell
differentiation, embryonic/post-embryonic development along with
seed development processes (Figure 4c). Interestingly, the target
genes of down-regulated miRNAs in JGK 3 as compared to Himchana
1, showed a significant enrichment of functional terms, including cell
cycle and cell/nuclear division at S3 and/or S5 stage(s) (Figure 4c).

GO terms related to seed development, including post-embryonic

development, cell differentiation were enriched at many of the seed
stages (Figure 4c). This suggested miRNA-mediated differential reg-
ulation of these biological processes during seed development in the
chickpea cultivars, which might be involved in the determination of
seed size/weight too.

Further, we analyzed the influence of miRNA expression on
differential expression of their target genes between the cultivars.
A total of 31 miRNA-target gene pairs (69%) among the differen-
tially expressed miRNAs and their differentially expressed target
genes exhibited antagonistic correlation (Figure 4d). In the above
set, 22 miRNA-mRNA pairs exhibited the down-regulation of miR-
NAs and higher expression of their target genes at stage(s) of seed
development in JGK 3. For the remaining nine miRNA-mRNA pairs,
upregulation of miRNAs and down-regulation of their respective
target genes in JGK 3 was observed (Figure 4e). Among the 31
target genes represented in these pairs, the genes encoding tran-
scription factors, signaling proteins, and metabolic enzymes were
included. Interestingly, the transcription factors belonging to bZIP
and homeobox-REVOLUTA families were included. These transcrip-
tion factors showed upregulation in JGK 3 cultivar, whereas their
corresponding miRNAs such as Car-miR319 and Car-miR166 family
members were expressed at lower levels in JGK 3. This observation
suggests the possible role of miRNA-mediated regulation of bZIP and
REVOLUTA family of transcription factors in determining seed size/

weight in chickpea.

3.5 | Co-expression network and modules of
miRNAs involved in seed development

To gain more insights into miRNA-mediated regulation of seed de-
velopment and seed size/weight determination, we identified sets

of miRNAs co-expressed at a specific stage and/or with similar
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FIGURE 4 Differentially expressed miRNAs between JGK 3 and Himchana 1 and their targets. (a) Number of differentially expressed
miRNAs between Himchana 1 and JGK 3 at each stage of seed development. (b) Boxplot showing expression of genes that are targeted

by differentially expressed (upregulated and downregulated) miRNAs. (c) Enriched GO (biological process) terms in the target genes of
differentially expressed miRNAs at each stage of seed development. Differential expression (up or down-regulation) in JGK 3 at different
stages of seed development are given on the top of each column. The color scale and values in the colored boxes represent P-value of
enrichment. (d) Number of differentially expressed miRNAs and their differentially expressed target genes in stages of seed development
showing positive and antagonistic correlation. (e) Heatmap showing the differential expression of miRNAs and their target genes at the given
stage (indicated on the right). The values in colored boxes (green, up-regulated, and red, down-regulated) represent a fold-change expression

of miRNAs and their target genes between the cultivars
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expression patterns at one or more stages of seed development via
WGCNA using the whole miRNA dataset. In total, 24 co-expressed
modules were identified based on the dynamic tree cut algorithm,

and were assigned with different colors (Figure 5a). The number of

(b)

miRNAs ranged from 5 (red) to 38 (turquoise) in different modules
(Figure 5b). The expression pattern of miRNAs in modules revealed
stage-specific or cultivar-specific expression of several miRNAs. For

example, brown and black modules were cultivar-specific; miRNAs
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FIGURE 5 Co-expression network and stage-specificity of miRNAs modules, and GO enrichment analysis. (a) Dendrogram showing
the hierarchical clustering of miRNAs based on co-expression network analysis. The color rows below the dendrogram indicate module
membership. (b) Heatmap showing stage-specificity of co-expressed miRNA modules based on their eigengene expression values. The
colors on the left represent different modules. (c) Bar-plot of the modules exhibiting opposite eigengene expression pattern at S3 or S5
stages of seed development between Himchana 1 (HS3/HS5) and JGK 3 (JS3/JS5) cultivars. (d) Heatmap showing expression profiles of
miRNAs (included in the modules shown in c) at S3 and S5 stages in the two cultivars. (€) Heatmaps showing expression profiles of the
selected miRNAs at S3 and S5 stages of seed development in JGK 3 and Himchana 1 chickpea cultivars based on the smRNA-seq (left) and
RT-gPCR (right) methods. Correlation between the expression values obtained in smRNA-seq and RT-qPCR data is given in the middle. (f,g)
Enriched GO (biological process) terms among the targets of miRNAs included in modules showing opposite eigengene expression pattern
at S3 (f) and S5 (g) stages. The color scale and values in the colored boxes represent P-value of enrichment

in these modules were specifically expressed at the S4 stage in
Himchana 1 and JGK 3, respectively. However, the miRNAs clus-
tered in the dark green module were expressed in both the cultivars
at the S4 stage. Some modules showed broader expression pattern
at multiple stages of seed development, such as miRNAs in cyan and
gery60 modules were found to be expressed at early and mid-em-
bryogenesis (51-S3) stages in both the cultivars (Figure 5b).

In our previous study, we found that late-embryogenesis (S3)
and mid-maturation(S5) stages are most crucial for determining
seed size/weight in chickpea (Garg et al., 2017). We identified four
modules showing a significant difference in expression patterns of
miRNAs between the two cultivars at S3 and/or S5 stage(s) for fur-
ther analyses (Figure 5c¢). Among them, dark red and pink modules
showed higher expression at the S3 stage in JGK 3. In contrast, two
modules (green and dark green) exhibited lower expression at the
S3 stage in JGK 3 (Figure 5c¢-d). At the S5 stage, modules (light cyan
and turquoise) showed lower expression in JGK 3, whereas modules
(purple and dark red) showed higher expression at the S5 stage in
JGK 3 (Figure 5c-d).

We validated the differential expression of at least five ran-
domly selected miRNAs between JGK 3 and Himchana 1 at S3 and
S5 stages of seed development via RT-gPCR. Most of the miRNAs
showed a good correlation between smRNA-seq and RT-qPCR based
expression levels (Figure 5e).

Further, GO enrichment of target genes of miRNAs included in
these modules revealed their involvement in various developmental
processes (Figure 5f, g). The target genes of miRNAs included in the
pink module were enriched in the cell differentiation process GO
term (Figure 5f). This suggests that these miRNAs may play a role in
seed development and determination of seed size/weight. Delayed
differentiation at embryonic stages is one of the crucial factors for
determining larger seed size/weight (Zhou et al., 2009). In addition,
miRNAs included in dark red module targeted the genes involved
in cell wall modification. This may be another probable reason for
bigger seed size/weight in JGK 3 via limiting the mechanical resis-
tance of the cell wall (Zhang et al., 2013). Green module miRNAs
were downregulated in JGK 3 at the S3 stage and were found to
target genes involved in the regulation of the cell cycle, auxin-me-
diated signaling pathway, and biomolecule synthetic pathway, which
were upregulated at the S3 stage in JGK 3. These results suggest the
possibility of the activation of genes involved in cell cycle processes

due to the downregulation of their cognate miRNAs in JGK 3. This

observation is in agreement with our previous study, which showed
that higher degree of cell division at the S3 stage is associated with
large seed size (Garg et al., 2017).

Further, we analyzed the enrichment of GO terms among tar-
get genes of miRNAs showing opposite expression pattern between
JGK 3 and Himchana 1 at the S5 stage (Figure 5g). Targets of miR-
NAs in these modules showed the enrichment of organ growth and
cell proliferation terms, suggesting that growth/proliferation may be
negatively regulated by miRNAs in Himchana 1 (Figure 5g). Our pre-
vious study suggested higher level of endoreduplication, grain filling,
and cell expansion at the S5 stage as the probable reasons for larger
seed size/weight in JGK 3 (Garg et al., 2017).

3.6 | miRNAs and their target genes located in QTLs

QTLs are the genomic loci that are associated with phenotype of
an organism and harbor important genes or molecular signatures
that govern agronomic traits. To identify candidate miRNAs and/
or their target genes important for seed size/weight determina-
tion, we analyzed the set of miRNAs and their targets genes lo-
cated within the known QTLs associated with seed size/weight.
Interestingly, a total of 40 miRNAs and 472 target genes were
found to be located within the known seed size/weight associ-
ated QTLs (Table S6). Among them, genes encoding for transcrip-
tion factors, such as SPL, HB, GRF, TCP, and AP2, were included.
Further, 19 miRNAs known to be involved in seed development or
exhibiting differential expression at S3 and/or S5 stages between
the two cultivars were located within the known QTLs (Figure 6a).
These included members of miR156, miR159, miR160, miR170,
and miR1511 families, along with several novel miRNAs. The tar-
get genes of these miRNAs were enriched in GO terms, such as
seed development, cell division, cell differentiation, developmen-
tal process, regulation of transcription, biosynthetic processes,
along with different signaling pathways (Figure 6b). Among the
QTL originated miRNAs, 15 of them targeted at least 41 genes lo-
cated within the same or other QTL(s) (Figure 6a,c,d). Interestingly,
known genes involved in seed development and size/weight deter-
mination, such as ARF, SBP, MYB, tetratricopeptide repeat (TPR),
leucine-rich repeat (LRR) protein, TIR-NBS-LRR proteins, and early
nodulin-like protein 2, were found to be targeted by these miR-

NAs (Figure 6c¢,d). In addition, genes with unknown function were
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FIGURE 6 miRNAs and their target genes located in the known seed size/weight associated QTLs. (a) Heatmap showing expression of
miRNAs located within the known seed size/weight associated QTLs and exhibit differential expression between S3 and/or S5 stages of
chickpea cultivars. (b) Enriched biological process GO terms among the targets of QTLs located miRNAs shown in (a). (c) The network of
miRNAs (red triangles) given in (a) and their targets (green ovals) are shown. (d) Heatmap showing expression profile of the target genes
of the QTL located miRNAs along with their annotation. The color scales shown in (a) and (d) represent Z-score determined based on the

normalized expression values of miRNAs and target genes, respectively

also included among the targets of these miRNAs. These results
suggest plausible role of miRNAs in regulating candidate genes in-
volved in biosynthetic processes and organ development, which

eventually may determine seed size/weight in chickpea cultivars.

4 | DISCUSSION

MiRNAs are important regulators of gene expression in plants

and animals. The role of miRNAs during seed development has

been interrogated via genome-wide approach in some model/
crop plants (Li, Liu, et al., 2016; Nodine & Bartel, 2010; Peng
et al., 2014; Xue et al., 2009). However, the roles of miRNAs in
chickpea seed development have not been analyzed yet. In this
study, we analyzed the role of miRNAs in chickpea seed de-
velopment and seed size/weight determination via analyzing
high-throughput smRNA sequencing data obtained from a small-
seeded and a large-seeded chickpea cultivar. We used the major
landmark seed development stages along with high sequencing

depth to provide a comprehensive list and expression profiling of
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high-confidence known and novel miRNAs at different stages of
seed development in chickpea.

The miRNAs have been demonstrated to play a significant role
during seed development in plants (Rodrigues & Miguel, 2017).
Functional analysis of miR156 revealed its important role during em-
bryogenesis in Arabidopsis via regulating SPL (Nodine & Bartel, 2010)
and grain filling associated with seed size/weight determination in
rice (Wang et al., 2012). miR156 was also identified and shown to
target SPL during seed development in soybean, maize, barley, and
wheat (Curaba et al., 2012; Li, Liu, et al., 2016; Meng et al., 2013;
Shamimuzzaman & Vodkin, 2012), suggesting the conserved roles
of miR156 in seed development across diverse plant species. In this
study, we also found that members of the miR156 family were dif-
ferentially expressed between the two chickpea cultivars. Moreover,
their target SPL genes exhibited the antagonistic expression pattern
between the two cultivars, suggesting the possible role of miR156
in the regulation of seed development and seed size/weight in
chickpea too. The role of another transcription factor, GRF4, is well
established to govern seed development and seed size/weight de-
termination in Arabidopsis and rice (Zhang et al., 2013; Debernardi
et al., 2014; Li, Gao, et al., 2016). GRF regulates cell growth and di-
vision via activating the brassinosteroid signaling pathway (Tang &
Chu, 2017). The overexpression of miR396 at embryogenesis stages
was associated with smaller seed size, whereas reduced expres-
sion of miR396 resulted in larger seed size in Arabidopsis and rice
(Debernardi et al., 2014; Li, Gao, et al., 2016). In chickpea, miR396
showed higher expression at the embryonic (S1) stage of the small-
seeded cultivar as compared to large-seeded cultivar and its target
gene, GRF4, exhibited antagonistic expression pattern with respect
to miRNA, i.e., greater expression in the larger-seeded cultivar. This
observation suggests a role of miR396-GRF in seed size/weight de-
termination in chickpea. Interestingly, miR397 has been reported
to positively regulate seed yield in rice and Arabidopsis (Wang
et al., 2014; Zhang et al., 2013). In these studies, over-expression of
miR397 exhibited increased seed vyield via repression of LACCASE
(LAC) like gene (Wang et al., 2014; Zhang et al., 2013). Higher ex-
pression of the LAC gene has been shown to accumulate higher lignin
content in the cell wall (Zhang et al., 2013). Lignin provides rigidity
to the cell wall and thereby may regulate seed size in smaller-seeded
cultivar showing higher expression of LAC. In chickpea, miR397 was
found to be highly expressed in the large-seeded cultivar and shown
to target LAC transcript. Additionally, miR398 was found to target
multiple genes, including those encoding copper ion binding proteins
and transporters. miR398 has been widely studied and increased
stress tolerance by modulating copper/zinc superoxide dismutase
and transporter proteins in plants (Zhao et al., 2016). In a recent
study, overexpression of miR398 increased seed yield in rice (Zhang
etal., 2017).

A few conserved master regulators of seed development and
seed size/weight, namely HAIKU1, SHB1, LEC, ABI3 and ABI5, KLUH/
CYP78A5 have been identified in plants, such as Arabidopsis,
rice, and soybean (Li & Li, 2016; Li et al., 2019; Zhou et al., 2009).

Although several studies identified the roles of these regulators in
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seed size in plants, knowledge about the miRNA-mediated regula-
tion of these master regulators has remained elusive. This may be
due to the non-availability of high-confidence large-scale miRNA
datasets from various stages of seed development in other plants.
However, the possibility of the miRNA-mediated regulation of these
set of target genes specifically in chickpea can also not be ruled out.
We identified homologs of HAIKU1 (Ca_11517), SHB1 (Ca_12109),
and KLUH/CYP78A5 (Ca_18561) in chickpea, and these genes were
found to be targeted by novel miRNAs Car-novmiRé1, Car-novmiR1,
and Car-novmiR218, respectively. In addition, genes, such as E2Fa/b,
GRAS, and Kinases were suggested to be involved in seed size/
weight determination in chickpea based on transcriptome analysis
(Garg et al., 2017). We found that these genes were targeted by Car-
miR172b, Car-miR5770, and Car-novmiR232, respectively. It would
be interesting to study their exact role in the miRNA-mediated reg-
ulation of seed development and/or seed weight/size determination.

Genes associated with QTLs are known to govern agronomic
traits. We investigated the miRNAs and their target genes located
within known QTLs associated with seed size/weight. We identified
several known genes involved in seed development processes, such
as SPL, MYB, and ARF (Rodrigues & Miguel, 2017) originated from
the known QTLs and targeted by miR156, miR159, and miR160, re-
spectively. Interestingly, many miRNAs that targeted known seed
size regulators genes were also found to be originated from these
QTLs. Moreover, we detected few target genes encoding TPR do-
main protein, LRR repeat protein, cysteine proteinases, and early
nodulin-like protein 2, originated from QTLs that are involved in
various biosynthetic processes, transport, and signaling pathways.
These genes were targeted by differentially expressed miRNAs that
originated from the QTLs. These target genes along with conserved
seed size regulators represent important candidate genes involved in
miRNA-mediated seed size/weight determination in chickpea. These
miRNAs and targets need to be investigated further for understand-
ing the molecular mechanism underlying seed size/weight determi-
nation process.

In conclusion, we identified 356 high-confidence miRNAs
from different stages of seed development in a small-seeded and
a large-seeded chickpea cultivar. Integration with transcriptome
data of the same stages of seed development in these cultivars
showed antagonistic correlation between miRNAs expression
levels and/or differential expression of their target genes. Sets
of co-expressed miRNAs were detected and some of them were
found to target genes involved in seed size/weight determination.
Further, quite a few genes located in the known QTLs associated
with seed size/weight were found to be the targets of miRNAs,
suggesting their possible role in seed size/weight determination.
Overall, our study provides new insights into the miRNA-mediated
regulation of seed development and seed size/weight determi-
nation in chickpea and provides few candidate genes for further
functional analysis. In addition, miRNA data from different stages
of seed development can serve as a useful resource for better
understanding the biology of seed development in legumes and

other crop plants.
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