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Abstract: Drought adversely affects crop production across the globe. The root system immensely
contributes to water management and the adaptability of plants to drought stress. In this study,
drought-induced phenotypic and transcriptomic responses of two contrasting chickpea (Cicer arietinum L.)
genotypes were compared at the vegetative, reproductive transition, and reproductive stages.
At the vegetative stage, drought-tolerant genotype maintained higher root biomass, length, and surface
area under drought stress as compared to sensitive genotype. However, at the reproductive stage,
root length and surface area of tolerant genotype was lower but displayed higher root diameter than
sensitive genotype. The shoot biomass of tolerant genotype was overall higher than the sensitive
genotype under drought stress. RNA-seq analysis identified genotype- and developmental-stage specific
differentially expressed genes (DEGs) in response to drought stress. At the vegetative stage, a total of
2161 and 1873 DEGs, and at reproductive stage 4109 and 3772 DEGs, were identified in the tolerant
and sensitive genotypes, respectively. Gene ontology (GO) analysis revealed enrichment of biological
categories related to cellular process, metabolic process, response to stimulus, response to abiotic stress,
and response to hormones. Interestingly, the expression of stress-responsive transcription factors, kinases,
ROS signaling and scavenging, transporters, root nodulation, and oxylipin biosynthesis genes were
robustly upregulated in the tolerant genotype, possibly contributing to drought adaptation. Furthermore,
activation/repression of hormone signaling and biosynthesis genes was observed. Overall, this study
sheds new insights on drought tolerance mechanisms operating in roots with broader implications for
chickpea improvement.
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1. Introduction

Drought imposes a serious threat to crop growth and productivity [1]. Moreover, the intensity and
frequency of drought periods are predicted to increase in the future climate [2]. Feeding the world’s
growing population under water limiting conditions will be a big challenge. To sustain agricultural
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productivity, it is essential to identify crop adaptive traits/genotypes conferring drought resistance and
dissect the underlying gene regulatory networks.

Chickpea (Cicer arietinum L.) is a self-pollinated cool-season legume crop. Chickpea grains serve
as a rich source of proteins and essential amino acids. The majority of chickpea is cultivated in rainfed
conditions of arid and semi-arid regions of the world, including south Asia and sub-Saharan Africa,
where leftover soil moisture is the only source to fulfill plant water requirement. Chickpea productivity
has been stagnated over the past decades, and terminal drought causes up to 40%–50% yield losses [3].
Water shortage during reproductive development (flower and pod formation) leads to a drastic decline
in crop yields [4,5]. Terminal drought is a major constraint for chickpea growth and negatively affects
its productivity [6]. Moreover, the predicted rise in the earth’s global temperature is likely to aggravate
drought effects, fostering a decline in chickpea yield globally [7]. Thus, to meet global chickpea
consumption of the future, there is an urgent need to identify or develop high-yielding chickpea
varieties with improved drought tolerance [8].

Drought stress induces complex morphological, physiological, biochemical, and molecular
alterations in the shoot and root systems of the plant. For instance, stomatal pores present on the leaf
surface are closed during soil water deficit to minimize transpirational water loss [9]. Such processes
are under the tight control of hormonal (e.g., ABA, abscisic acid) and genetic pathways [10]. Likewise,
several root-specific modifications occur that involve an increase in root depth, biomass, and density,
thus facilitating efficient water uptake under terminal drought conditions [11–14]. Increased root
length density (RLD) during the vegetative stage allows the mining of water from deeper soils at
the reproductive growth stage [15,16]. Sustained water availability is vital for reproductive success
and contributes to crop grain yield [17,18]. The root system traits play a pivotal role in drought stress
tolerance in plants and provide opportunities for crop selection and breeding.

Drought stress leads to global transcriptional reprogramming, which involves several transcription
factors and signaling pathways [19,20]. Implementation of genome-wide transcriptome analysis
techniques provide holistic insights on gene regulatory networks and help to identify stress-responsive
genes. These genes could serve as potential targets to enhance drought stress tolerance via plant
breeding and/or gene modification technologies. Several methods, such as expressed sequence tags
(ESTs) [21–23], superSAGE [24], and microarray [25,26], have been previously used to elucidate
transcriptional responses against abiotic stresses in chickpea. These studies highlight that expression
patterns of multiple genes related to various biological pathways are altered in response to abiotic
stresses. With the advent of next-generation sequencing (NGS) technologies and the availability
of chickpea reference genomes [27,28], now it is possible to analyze genome-scale gene expression
patterns in chickpea [29,30]. RNA-seq technology allows non-targeted, in-depth investigations on
transcriptional regulation underpinning developmental progression and stress adaption in plants.
Recently, RNA-seq was used to generate a comprehensive gene expression atlas associated with
chickpea growth and development [31], and to study drought triggered transcriptional responses
in leaf and/or root organs [32,33].

The effects of drought stress not only depend on duration and intensity, but also on plant
developmental stage. Drought stress during the vegetative period reduces growth rate, prolongs
vegetative growth, and redirects root development [11–14]. Terminal drought negatively affects
the development of floral organs, thus affecting fertilization and seed set [4,5]. Yield losses
reported in crops are greater when drought coincides with the reproductive phase [6]. Importantly,
however, root-specific transcriptional responses induced by drought remain to be investigated
at the developmental time-scale. The present study deals with phenotypic and transcriptomic analyses
of two chickpea genotypes exhibiting tolerant (ICC8261) and sensitive (ICC283) responses to drought
stress. The main objective of this work is to get a comprehensive view of drought adaptation
mechanisms operating in chickpea roots by comparing genotypic- and developmental stage-specific
(vegetative, reproductive transition, and reproductive) responses. Phenotypic analyses revealed
the adaptive plasticity of traits in response to drought stress. Also, dynamic changes in gene expression
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patterns related to different functional categories were observed. We discuss the possible role of these
genes in drought tolerance that can facilitate the development of drought-tolerant chickpea varieties
in the future.

2. Results

2.1. Phenotypic Responses

When exposed to drought stress, root-related traits such as dry weight, length, and surface area
of the tolerant chickpea genotype (ICC8261) were significantly higher than the sensitive genotype
(ICC283) at vegetative stage (VS) (Figure 1A–C). In contrast, at the reproductive stage (RS), root length
and surface area of the sensitive genotype were higher than the tolerant genotype (Figure 1B,C).
The average root diameter of the tolerant genotype was higher than the sensitive genotype at RS
(Figure 1D). Root volume and relative water content (RWC) were similar in both genotypes at all growth
stages (Figure 1E,F).
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tolerant genotype during drought stress at RTS (Figure 1H). The specific leaf area (SLA) was lower 
in the drought-tolerant genotype at RS (Figure 1I). Overall, chickpea genotypes ICC8261 and ICC283 
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suggesting that ICC8261 shows features of drought tolerance [14,16].  

2.2. Transcriptional Responses and GO Analysis  
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Figure 1. Growth and physiological responses of tolerant (T, ICC8261) and sensitive (S, ICC283) chickpea
genotypes to drought stress during vegetative (VS), reproductive transition (RTS) and reproductive (RS)
stages. (A) root dry weight (B) root length (C) root surface area (D) average diameter (E) root volume
(F) relative water content (G) shoot dry weight (H) chlorophyll content (I) specific leaf area (SLA).
Error bars represent standard errors (SE). Physiological data were obtained from three independent
biological replicates. Statistically significant differences between sensitive and tolerant genotypes
obtained by one-way ANOVA at p < 0.05 are depicted by an asterisk (*).

Furthermore, shoot dry biomass was significantly higher in the tolerant genotype under drought
stress at all developmental stages (Figure 1G). The chlorophyll content was significantly higher
in the tolerant genotype during drought stress at RTS (Figure 1H). The specific leaf area (SLA) was
lower in the drought-tolerant genotype at RS (Figure 1I). Overall, chickpea genotypes ICC8261 and
ICC283 showed contrasting responses to drought stress, which is consistent with the previous findings
suggesting that ICC8261 shows features of drought tolerance [14,16].

2.2. Transcriptional Responses and GO Analysis

To gain mechanistic insights into regulatory mechanisms underlying the drought stress response,
we did RNA sequencing. The tolerant genotype showed a total of 2161 differentially expressed genes
(DEGs) in response to drought stress at the vegetative stage, out of which 1214 DEGs were upregulated
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and 947 DEGs were downregulated (Figure 2A). Similarly, in the sensitive genotype, 1873 DEGs were
obtained, out of which 821 DEGs were upregulated and 1052 DEGs were downregulated (Figure 2A).
Venn diagram analysis showed that 261 DEGs were commonly upregulated and 262 DEGs were
commonly downregulated in these genotypes (Figure 2B). Interestingly, 61 DEGs showing upregulation
in the tolerant genotype were downregulated in the sensitive genotype, and 20 DEGs showing
downregulation in the tolerant genotype were upregulated in the sensitive genotype.
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Figure 2. Bar graphs and Venn diagram representing genotype- and developmental stage-specific
differentially expressed genes (DEGs) in response to drought stress. (A) DEGs up- and down-regulated
in the tolerant (T, ICC8261) and sensitive (S, ICC283) genotypes at the vegetative stage (VS); (B) Venn
diagram showing commonly up- and down-regulated DEGs amongst the genotypes at the vegetative
stage (VS); (C) DEGs up- and down-regulated in the tolerant (T, ICC8261) and sensitive (S, ICC283)
genotypes at the reproductive stage (RS); (D) Venn diagram showing commonly up- and down-regulated
DEGs amongst the genotypes at the reproductive stage (RS).

At the reproductive stage, a total of 4109 DEGs were identified in the tolerant genotype in response
to drought stress, out of which 2139 DEGs were upregulated and 1970 DEGs were downregulated
(Figure 2C). In the sensitive genotype, 3772 DEGs were identified wherein 2038 were up- and 1734 were
downregulated. Venn diagram analysis showed that 1163 and 1059 DEGs were commonly up- and
downregulated in both the genotypes, respectively (Figure 2D). Out of these, 19 DEGs that were
upregulated in the tolerant genotype were downregulated in the sensitive genotype, while 3 DEGs
that showed downregulation in the tolerant genotype were upregulated in the sensitive genotype
(Figure 2D). The reliability of RNA-Seq gene expression was confirmed by qRT–PCR. The fold changes
obtained from RNA-seq and qRT–PCR showed good correlation with each other, thus validating
the RNA-seq data (Figure S1).

Next, the functional over-representation of drought-responsive genes was performed by gene
ontology (GO) analysis. GO terms classified genes into biological processes, molecular function,
and cellular components (Figure 3). The most dominant terms recurring in the biological process
category at vegetative and reproductive stages were ‘cellular process’, ‘metabolic process’, ‘response to
stimulus’, ‘response to abiotic stress’, and ‘response to hormones’. In the molecular function category,
‘catalytic activity’, ‘binding’, ‘hydrolase’, ‘transporter activity’, and ‘antioxidant activity’ terms were
present. The cellular component category contained terms such as ‘cell part’, ‘cytoplasm’, ‘intracellular’,
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‘chloroplast’, and ‘cell wall’. Overall, these results suggest that roots underwent global transcriptional
reprogramming during drought stress.
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2.3. Transcription Factor (TF) Genes

We found that transcription factor families such as AP2/ERF, ARF, bHLH, bZIP, C2C2-Dof,
C2H2-Dof, GRAS, MYB, NAC, and WRKY were differentially regulated (Figure S2). The AREB/ABF
family transcription factor ABI5 (LOC101506390), which plays role ABA-dependent signaling, was
specifically upregulated (FC: 2.3↑) in the tolerant genotype at RS (Figure 4, Table S1). Furthermore,
members of CBF/DREB sub-family such as a drought inducible DREB1A (LOC101511871; FC: 1.3↑)
and a cold-inducible DREB1C (LOC101491872; FC: 1.7↑) were upregulated in the tolerant genotype
at RS (Figure 4). The AP2/ERF family TFs such as ERF098 (LOC101502737, FC: −2.5↓) and ERF062
(LOC101510582, FC: −8.6↓) were downregulated at VS in the tolerant and sensitive genotypes,
respectively (Figure 4). However, ERF113 (LOC101512295) was conversely regulated between tolerant
(ICC8261, FC: 2.3↑) and sensitive (ICC283, FC: −4.7↓) genotypes at VS (Figure 4). The WRKY
family member WRKY33 (LOC101503578) was upregulated in the tolerant (ICC8261, FC: 5.1↑)
and sensitive (ICC283, FC: 4.5↑) genotypes at VS (Figure 4). The bHLH family TFs showed
upregulation in the tolerant genotype at VS and RS. For instance, at VS, VIP1 (LOC101494682;
FC: 1.1↑) and bHLH18-like (LOC101507246, FC: 1.61↑) were upregulated in the tolerant genotype,
while bHLH18-like (LOC101507557) was upregulated in both tolerant (ICC8261; FC: 1.7↑) and sensitive
(ICC283; FC: 2.7↑) genotypes (Figure 4). At RS, VIP1 (LOC101494682; FC: 1.2↑), bHLH93-like
(LOC101489960; FC: 4.1↑), bHLH18-like (LOC101507246, FC: 3.2↑) and bHLH18-like (LOC101507557;
FC: 3.0↑) were strongly induced in the tolerant genotype, while sensitive genotype showed induction
of only bHLH93-like (LOC101489960; FC: 2.3↑) and bHLH18-like (LOC101507557; FC: 4.6↑) (Figure 4).
Moreover, the tolerant genotype showed upregulation in the expression of C2C2-Dof (LOC101496410,
LOC101512379, LOC101496410), MYB (LOC101500866, LOC101509066, LOC101503477, LOC101490969,
LOC101500181) and BTB/POZ and TAZ domain-containing protein 1 (LOC101498955) at VS and
RS, whereas ODORANT1-like (LOC101500866) TF was upregulated in the sensitive genotype at
RS (Figure 4).
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2.4. Gene Expression of Protein Kinases

Stress-responsive signal transduction pathways involve various protein kinases (PKs) such as
mitogen-activated protein kinases (MAPK), calcium-dependent protein kinases (CDPK), SNF1-related
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kinases (SnRK), receptor-like kinases (RLK), and CBL-interacting serine/threonine-protein kinases
(CIPKs). We found that mitogen-activated protein kinase kinase 1-like MKK1 (LOC101493066) was
upregulated in the tolerant genotype (ICC8261) at VS (FC: 1.9↑) and RS (FC: 2.2↑) (Figure 5, Table S2).
Similarly, members of the CDPK family such as CDPK-SK5 (LOC101512548, FC: 1.4↑ at VS) and CDPK3
(LOC101512470, FC: 1.1↑ at RS) showed increased expression in the tolerant genotype (Figure 5).
Also, the expression of CDPK4 (LOC101492192) was increased in both tolerant (ICC8261, FC: 2.5↑) and
sensitive (ICC283, FC: 2.6↑) genotypes at RS (Figure 5). The expression pattern of RLKs such as IMK2
(LOC101502785), CRK25 (LOC101508862), and PERK4 (LOC101511071) was upregulated in the tolerant
genotype at VS, while PERK14 (LOC101510818) and HSL2 (LOC101509045) were upregulated in both
genotypes at RS (Figure 5). In addition, differential regulation of wall-associated receptor kinases
(WAKs) was observed where WAK-like 20 (LOC101515529) was upregulated at VS (FC: 1.5↑) and
RS (FC: 1.9↑) in the tolerant genotype (Figure 5). The expression of CIPK1-like (LOC101510187) was
specifically down-regulated at VS (FC: −9.0↓) in the sensitive genotype, while it was upregulated at RS
(FC: 1.3↑) in the tolerant genotype (Figure 5).
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2.5. ROS Detoxification System

ROS is detoxified by various antioxidant enzymes like superoxide dismutase (SOD), ascorbate
peroxidase (APX), catalase (CAT), and glutathione s-transferase (GST). In this study, GST
genes (LOC101514835, LOC101508320, LOC101503639, and LOC101494097) showed upregulation
in the tolerant genotype at VS and RS (Figure 5, Table S2). Similarly, peroxidase genes
(LOC101510290, LOC101498384, and LOC101512377) showed upregulation in the tolerant genotype.
However, significant downregulation of PEROXIDASE 47 (LOC101498384) and PEROXIDASE 72-like
(LOC101512377) was observed in the sensitive genotype at VS and RS (Figure 5). Furthermore,
expression of RBOHH (LOC101502622) and RBOHD (LOC101491892) were downregulated
in the tolerant genotype at VS, whereas RBOHE (LOC101508393) and RBOHA (LOC101511451)
were upregulated in this genotype at RS (Figure 5).
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2.6. Transporter Family Genes

Transporters mediate active or passive transport of stress-induced signaling molecules such
as hormones, ions, and osmolytes. ATP-dependent transporters like ABCB15-like (LOC101501233),
ABCB19 (LOC101512893), and ABCC12-like (LOC101490063) were upregulated in the drought-tolerant
genotype at VS, while ABCB15-like (LOC101489264), ABCB29 (LOC101493070), and ABCG22-like
(LOC101494791) were upregulated at RS (Figure 6, Table S3). However, in the sensitive genotype,
the expression of these transporters remains unchanged or even got decreased. Furthermore, expression
of sugar and nitrate transporter genes were also investigated. The bidirectional sugar transporters
N3 (LOC101510607), SWEET1-like (LOC101515250), and SWEET4 (LOC101488443) were upregulated
in both the genotypes during drought stress (Figure 6). The dual affinity nitrate transporters
NRT1/PTR FAMILY 3.1 (LOC101498251) and NRT1/PTR FAMILY 5.6-like (LOC101497328) were strongly
upregulated in both the genotypes at RS (Figure 6). Water molecules are transported passively
by aquaporin channel proteins in the cell. We found that aquaporin genes such as PIP2-1-like
(LOC101488859) and TIP2-2 (LOC101505621) were upregulated in the tolerant genotype at VS and RS,
respectively (Figure 6).
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2.7. Root-Nodule Development Genes

Chickpea roots contain nodules that help in the establishment of a symbiotic association with
nitrogen-fixing rhizobia. The expression of putative nodulation receptor kinase (LOC101507037)
and calcium/calmodulin-dependent serine/threonine-protein kinase DMI3 (LOC101513751) were
downregulated in the sensitive genotype both at VS and RS; however, the tolerant genotype
showed marginal downregulation at RS only (Figure 6, Table S3). In contrast, receptor-like kinases
3 (LOC101496137) and CLAVATA1 (LOC101488348) were upregulated at VS and RS in the tolerant
genotype (Figure 6).

2.8. Hormone-Related Genes

Phytohormones control plant growth and development and also mediate stress responses.
The auxin biosynthesis gene, indole-3-pyruvate monooxygenase YUCCA2 (LOC101489587), was
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down-regulated at VS (FC: −4.3↓) in the sensitive genotype (Figure 7, Table S4). In contrast, auxin
response factor (ARF19-like; LOC101498659), a gene involved in the regulation of auxin-responsive
signaling was upregulated in both tolerant (FC: 1.1↑) and sensitive (FC: 1.4↑) genotypes at RS.
The auxin-responsive proteins (AUX/IAA) showed genotype and developmental stage-specific
responses, where IAA26-like (LOC101496793) was upregulated in the tolerant genotype at VS (FC: 1.2↑)
and IAA29 (LOC101498854) was upregulated in both the genotypes except the sensitive genotype at RS
(Figure 7). Interestingly, three PIN genes, including PIN1b (LOC101499345), PIN1c-like (LOC101491826),
and PIN4 (LOC101502756), were down-regulated in the tolerant genotype at RS (Figure 7).
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Cytokinin biosynthesis gene IPT5 (adenylate isopentenyltransferase 5; LOC101499412) was
specifically downregulated in tolerant genotype at VS, while upregulated in both the genotypes at RS
(Figure 7). Furthermore, AHP4 (Arabidopsis histidine phosphotransfer 4; LOC101495485) that regulates
cytokinin signaling was upregulated in both sensitive (ICC283; FC: 4.10↑) and tolerant genotypes
(ICC8261; FC: 3.5↑) at VS and RS, respectively (Figure 7). Also, histidine kinase 5 AHK5 (LOC101492661)
was specifically downregulated in the tolerant genotype at VS (Figure 7).
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Ethylene-responsive transcription factors (ERF) such as ERF1-like (LOC101511846) and ERF113-like
(LOC101512295) were upregulated in the tolerant genotype at VS (Figure 7). Also, ERF13-like
(LOC101491020) and ERF2-like (LOC101498159) genes were upregulated in the tolerant genotype,
whereas downregulated in the sensitive genotypes at RS (Figure 7).

ABA metabolism gene NCED1 (9-cis-epoxycarotenoid dioxygenase 1; LOC101492033) was
strongly upregulated at VS but was downregulated at RS in the sensitive genotype. The expression
of NCED3 (9-cis-epoxycarotenoid dioxygenase 3; LOC101505040) was upregulated in the tolerant
genotype at RS (Figure 7). Also, abscisic acid 8′-hydroxylase 3-like CYP707A3-like (LOC101503447)
showed upregulation in the tolerant genotype at VS, while abscisic acid 8′-hydroxylase 1-like
CYP707A1-like (LOC101505927) was upregulated at RS (Figure 7). Furthermore, the ABA receptor
complex (PYR/PYL/RCAR) genes and protein phosphatase 2C (PP2Cs) were differentially regulated
in both the genotypes. The ABA receptor genes such as PYL4-like (LOC101508615 and LOC101509736)
were significantly downregulated in tolerant genotype at VS, while protein phosphatases 2c genes
(PP2C; LOC101488329 and LOC101506371) were specifically upregulated in the sensitive genotype
(Figure 7). However, PYL4-like (LOC101508615) was conversely regulated between tolerant (ICC8261,
FC: 1.1↑) and sensitive (ICC283, FC: −2.9↓) genotypes at RS.

Gibberellin 3-beta-dioxygenase genes (GA3ox; LOC101498534, LOC101498875) were
downregulated in the tolerant genotype at VS (Figure 7). However, gibberellin 20 oxidase 2-like (GA20ox;
LOC101491937) was upregulated in both the genotypes at RTS and RS (Figure 7). The expression
of gibberellin receptor GID1B-like (LOC101492626) and DELLA (LOC101507839, LOC101508270,
LOC101494454, LOC101513638) were downregulated at all stages in both the genotypes (Figure 7).

Jasmonic acid pathway genes such as linoleate 9S-lipoxygenase-like (LOX, LOC101490986;
FC: 4.5↑) and phospholipase A2-alpha-like (LOC101508624; FC: 1.7↑) genes were upregulated
in the tolerant genotype at VS, but were downregulated in the sensitive genotype (FC: −2.7↓;
FC: −2.5↓) (Figure 7). Furthermore, the tolerant genotype showed upregulation in the expression
of linoleate 9S-lipoxygenase homologs (LOC101491298 and LOC101491624), specifically at VS and
RS (Figure 7). Also, we observed increased expression of TIFY genes in the tolerant genotype
at VS (LOC101495051, LOC101503507, LOC101503456) and RS (LOC101492009, LOC101495051,
LOC101488350, LOC101503456, LOC101491099) (Figure 7).

3. Discussion

Drought imposes a serious threat to agriculture. The root system plays a crucial role in the uptake
of water and nutrients from the soil, thus helps in coping with drought stress. Root development and
architecture are determined by intrinsic genetic properties and/or modulated by various environmental
factors such as water availability [32,33]. So, we compared phenotypic and root-specific transcriptional
responses of two contrasting chickpea genotypes at vegetative (VS), reproductive transition (RTS),
and reproductive (RS) stages.

The tolerant genotype had higher root and shoot dry biomass under drought stress, possibly
contributed by better water foraging capacity of roots and/or onset of resilience mechanisms. Indeed
root length and surface area of tolerant genotype were higher at the vegetative stage; however,
conservative growth was observed at the reproductive stage. In contrast, the root diameter showed
the opposite trend. Longer roots help plants to forage water from deeper soils, and the larger surface
area provides better opportunities for mycorrhizal colonization that facilitate nutrient acquisition [34].
The opposite response of root diameter could be explained by the fact that diameter controls the length
and surface area for given biomass allocated to the root system, thus summarize the overall effect [35].
Chlorophyll content of the drought tolerant genotype was higher under drought stress at RTS, suggesting
improved light-harvesting and energy production capacity to support growth and reproduction [36].
Also, lower specific leaf area in the tolerant genotype can improve water-use efficiency, as reported
previously [37,38].
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RNA sequencing allows genome-scale quantification of transcriptome changes underlying
developmental transitions and stress responses [39]. In the present work, genes related to various
biological functions were altered in response to drought stress. Transcription factor (TF) genes related
to ABA-dependent (ABI5) and ABA-independent (DREB1A and DREB1C) pathways were upregulated
in the tolerant genotype at RS, indicating robust induction of multiple regulatory networks to impart
drought tolerance. Also, genotype-specific alterations in other TF genes such as AP2/ERF, bHLH, bZIP,
DOF, and WRKY were observed. The AP2/ERF forms a large group of plant-specific TFs induced by
multiple stresses and phytohormones [40,41]. ERFs were previously shown to be induced by wounding
and biotic stresses [42]. Likewise, WRKY family TFs have been suggested to play a role in adaptation
to biotic and abiotic stresses, and modulate stress-responsive signaling and ROS production [43].
WRKY33 is involved in the activation of peroxidases and glutathione S-transferases under drought
stress, playing a role in scavenging ROS [44]. We found that bHLH family TF genes (VIP1, bHLH18-like,
and bHLH93-like) were upregulated in the tolerant genotype. These TFs may contribute to improved
defense; for instance, VIP1 activates stress-responsive genes via the mitogen-activated protein kinase
pathway [45]. Also, other TF genes such as C2C2-Dof, MYB, BTB/POZ, and TAZ were upregulated
in the tolerant genotype. Overall, upregulation of TFs in the tolerant chickpea genotype may activate
stress-responsive genes conferring drought tolerance.

Protein kinases are integral components of signal transduction pathways playing an important
role in the perception and activation of stress-responsive pathways [46]. The MKK1 gene was
upregulated in tolerant genotype both at VS and RS upon drought exposure. It may contribute to
the maintenance of cellular homeostasis by lowering ROS levels under stress [47,48]. CDPK family
members (CDPK-SK5, CDPK3, and CDPK4) were upregulated in both the genotypes. CDPKs are
activated by binding of intracellular Ca2+ with a calmodulin-like domain that eventually regulates
the downstream targets [49]. For instance, CDPK4 phosphorylates NADPH oxidase to regulate
ROS production during stress [50–52]. We found upregulation of RLKs (IMK2, CRK25, and PERK4)
in the tolerant genotype at VS, while PERK14 and HSL2 showed up-regulation in both genotypes at RS.
RLKs get rapidly activated during the early stages of drought stress, as reported previously [53,54].
PERK4 modulates root tip growth via ABA signalling, and HSL2 regulates lateral root emergence
by controlling cell separation [53,54]. The WAK-like 20 was upregulated in the tolerant genotype
at VS, which possibly facilitate communication between the cell wall and cytoplasm, and regulate
stress responses [55–59]. Therefore, their enhanced expression in the tolerant genotype may contribute
to cell wall loosening that minimizes root growth inhibition under drought. Also, CIPK1-like was
upregulated in the tolerant genotype at RS. The CIPK1 functions as a regulator of ABA-dependent
and independent signaling pathways by interacting with calcium sensors [60]. Taken together, early
and robust upregulation of protein kinases possibly contributes to drought tolerance by activation of
downstream stress signaling pathways.

ROS act as both signaling and damaging molecules whose levels are determined by antioxidant
molecules and enzymes [47]. The expression of many antioxidant enzymes, such as glutathione
transferases (GST) and peroxidases (PER), was upregulated in the tolerant genotype. Simultaneous
upregulation of GST and PER indicate that multiple ROS detoxification components efficiently scavenge
ROS under drought; however, their downregulation in the sensitive genotype may lead to excessive
ROS accumulation, causing root growth inhibition. The expression of RBOHH and RBOHD were
downregulated in the tolerant genotype at VS, whereas RBOHE and RBOHA were upregulated at RS.
Previously, downregulation of RBOH family genes has been reported under drought stress [61,62].
The down-regulation of RBOHD and RBOHH may cause inhibition of ABA-dependent ROS signaling,
which allows marginal root growth inhibition in the tolerant genotype. Thus, the synergistic action of
a battery of antioxidant enzymes confers stress tolerance in plants [63].

Stress-induced signaling molecules are transported via active or passive transporters.
Active transport is mediated by ATP dependent transporters such as ATP-binding cassette (ABC),
whereas passive transport occurs through ion-channels and carriers such as aquaporins [64–67].
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ABC transporters were upregulated in the tolerant genotype at VS (ABCB15-like, ABCB19,
and ABCC12-like) and RS (ABCB15-like, ABCB29, and ABCG22-like). Upregulation of ABC transporters
can be linked to multiple functions, which include auxin transport, suberin formation, ABA signaling
and transport, pollen development, leaf water retention, and stress tolerance [64–67]. Furthermore,
sugar (N3, SWEET1-like, SWEET4) and nitrate (NRT1/PTR FAMILY) transporters were upregulated
in both genotypes. The SWEET11 facilitates sugar supply to roots in a cell-type-specific manner and
participates in the establishment of symbiotic association [68]. Furthermore, SWEET12 and SUC2
functions are associated with the reallocation of carbohydrates to roots for efficient root development
under drought [69]. Also, NRT transporters are involved in drought stress responses by controlling
ABA transport [70]. Aquaporins passively transport water molecules, and we found upregulation
of PIP2-1-like and TIP2-2 in the tolerant genotype. Consistent with this, overexpression of OsPIP1-3
and SlTIP2-2 led to the maintenance of leaf water potential under drought stress in rice and tomato,
respectively [71,72]. Also, ABA regulates aquaporin activity and hydraulic conductivity to maintain
favorable plant water status [73]. Therefore, aquaporins could serve as ideal targets for engineering
drought tolerance in chickpea.

Leguminous plants harbor nitrogen-fixing rhizobia in root-nodules, which facilitates the uptake
of nutrients and water. It has been observed that Medicago with nodulated roots shows delayed
leaf senescence as compared to non-nodulated plants under drought stress [74]. We also found
downregulation of nodulation receptor kinase and calcium-dependent kinase DMI3 in the sensitive
genotype. DMI3 acts upstream of nodulation-signaling pathway proteins (NSP1/NSP2) and is
a regulator of Nod-factor genes [75,76]. Thus, their down-regulation in the sensitive genotype suggests
a decrease in root nodulation, resulting in low nitrogen assimilation. In contrast, LYK3 and CLAVATA1
were upregulated in the tolerant genotype. LYK3 regulates rhizobial infection via Nod-factor genes [77],
and CLAVATA1 regulates root length and nodulation [78]. Therefore, their upregulation may contribute
to root nodulation and nitrogen assimilation under drought stress.

Cross-regulatory hormonal network modulates plant growth and stress response in plants [79].
Auxin regulates root and shoot growth under optimal and stressful conditions [80]. In this study,
auxin biosynthesis gene (YUCCA2) was downregulated in the sensitive genotype at VS, indicating
attenuation of auxin biosynthesis. Consistent with this inhibition of root biomass, length, and surface
area were observed in the sensitive genotype. In contrast, PIN genes (PIN1b, PIN1c-like, and PIN4) were
downregulated in the tolerant genotype at RS. PIN proteins act as auxin efflux carriers for basipetal
auxin transport, which in turn controls lateral root formation [81]. Their downregulation may be
associated with the reduction of root length and root surface area. Likewise, cytokinin controls lateral
root, apical meristem, and vascular system development [82,83]. Cytokinin biosynthesis (IPT5) and
signaling (AHK5) genes were downregulated in the tolerant genotype. It has been shown that AHK5
inhibits root elongation via ETR1-dependent ABA and ethylene signaling pathways [84]. Also, earlier
transcriptome studies highlight the dual role of ethylene to regulate growth and defense responses
during stress [85]. We found upregulation of ethylene-responsive transcription factors (ERF) such as
ERF1-like, ERF113-like, ERF13-like, and ERF2-like in the tolerant genotype. ERFs integrate ethylene
and jasmonic acid signaling pathways [86] and participate in stress responses [87,88]. Ethylene
is known to control lateral root formation via modulating auxin biosynthesis and transport [89],
and root and shoot growth via cross-talk with ABA which is a central mediator of drought
stress-induced signaling [90]. The expression of ABA hydroxylases (CYP707A3-like and CYP707A1-like)
was upregulated in the tolerant genotype, which could catalyze oxidative degradation of ABA,
maintaining optimal ABA levels during drought [91]. The PYL genes were downregulated in tolerant
genotype, while phosphatases (PP2C) were upregulated in the sensitive genotype. ABA binds with
PYL/PYR/RCAR receptors to inhibit the activity of PP2Cs that negatively regulate ABA signaling through
repression of SnRK2. PP2C inhibition leads to SnRK2 de-repression, eventually phosphorylating
and activating downstream transcription factors [92]. The PYL4 downregulation and CYP707A3
activation in drought-tolerant chickpea genotypes suggest inhibition of ABA signaling at VS, whereas
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the up-regulation of NCED1 and PYL4 indicate activation of ABA signaling at RS. Also, ABA
accumulation is known to inhibit root growth by promoting ethylene biosynthesis [93]. Gibberellic
acid induces cell proliferation and elongation growth in plants [94,95]. DELLA proteins are negative
regulators of GA signaling that act downstream of GA receptors. The binding of DELLA to GA receptor
GID1 leads to their degradation and activation of GA function [96]. We observed downregulation
GA receptor (GID1B-like) and DELLA genes in both the genotypes. This indicates that repression
of GID1 and DELLA might result in reduced GA responses, thus attenuating root growth under
drought stress. The role of lipid-derived phytohormone Jasmonate in abiotic stress tolerance is
emerging [97]. We found that expression of JA biosynthesis genes such as LOX, LOX homologs,
and TIFY/JAZ were significantly upregulated in the tolerant genotype, suggesting enhanced production
of JA in this genotype. Previously, it was reported that activation of allene oxide synthase (AOS),
an enzyme involved in JA biosynthesis, enhances drought tolerance in chickpea [97]. In addition,
JA and ABA pathways are involved in the regulation of stomatal opening and closing to improve
drought tolerance [98]. Overall, complex hormonal-crosstalk controls root growth under drought stress
in chickpea.

4. Materials and Methods

4.1. Plant Material and Experimental Set-Up

The seeds of two chickpea (Cicer arietinum L.) cultivars viz. ICC283 (Desi type) and ICC8261
(Kabuli type), exhibiting contrasting responses to drought stress, were procured from ICRISAT
(International Crops Research Institute for the Semi-Arid Tropics) Hyderabad, India. The genotype
ICC283 is drought-sensitive, while ICC8261 is a drought-tolerant genotype. This phenotypic divergence
in response to drought is attributed to their root system architecture, where the susceptible ICC283
genotype possesses shallow root systems, while the tolerant ICC8261 genotype possesses prolific root
systems [14,16]. The seeds of these genotypes were sown in 27-cm polypropylene pots containing
9.5 kg of soil. Pots were placed in controlled growth conditions of the day (28 ◦C) and night (23 ◦C)
temperatures, and randomly assigned as well-watered (WW) and drought-stressed (DS). The optimal
water level of 95% ASWF (available soil water fraction) was maintained in WW pots by irrigating pots
on alternate days. DS pots were maintained at 95% ASWF at sowing and were brought to 70% ASWF
by dry-down fifteen days before the sampling. The pots were weighed every day and water was added
to compensate the water lost through transpiration. The experiment was performed in a 3 × 2 × 2
(three time points, two genotypes, and two treatment conditions) completely randomized block design.
Root tissue was harvested for physiological and RNA-seq analyses from WW and DS treatments at
30, 50, and 70 days after sowing (DAS). These time points reflect the vegetative stage (VS; 30 DAS),
the reproductive transition stage (RTS; 50 DAS), and the reproductive stage (RS; 70 DAS). Root tissue
harvested for RNA-seq was immediately put in liquid nitrogen. Three biological replicates were used
to carry out physiological and transcriptional analyses.

4.2. Phenotypic Analysis

Phenotypic root and shoot traits were quantified in the sensitive and tolerant chickpea genotypes
at three developmental stages viz. VS (30 DAS), RTS (50 DAS), and RS (70 DAS). Dry root and shoot
biomass were determined after drying plant material at 65 ◦C for 3 days in the oven. To determine
root-related traits such as length, surface area, diameter and volume harvested roots were washed
with water and dried between the folds of filter paper. Then images were captured to compute
these parameters. Relative water content (RWC) was calculated as RWC = [(fresh weight − dry
weight)/(turgid weight − dry weight)] × 100. Leaf-related traits such as chlorophyll content (SPAD
chlorophyll meter) and specific leaf area (SLA) was calculated as SLA = leaf area (cm2)/leaf dry
weight (g). All the phenotypic analyses were performed in at least three replications, and data were
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reported as mean and standard error (SE). Means were statistically compared by one-way ANOVA
at the probability level of 5% (p < 0.05) by using SPSS software (IBM, New York, NY, USA).

4.3. RNA Extraction and Library Construction

Total RNA was extracted with an RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA quantification
was done by using a Nanodrop Lite spectrophotometer (Thermo Fisher Scientific, Wilmington, MA,
USA) and the integrity of RNA was checked with Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA). For library preparation and sequencing, RNA samples with a 260/280 absorbance ratio
between 2.1 to 2.2, 260/230 absorbance ratio between 2.0 to 2.5, and RIN (RNA integrity number) of
more than 7.0 were used.

The enrichment of mRNA samples was done using a MicroPoly(A)Purist Kit (Thermo Fisher
Scientific, Waltham, MA, USA) by following the guidelines of the manufacturer. The RNA-seq
libraries were prepared using Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific, Waltham, MA,
USA) and sequenced by using an Ion Proton System (Thermo Fisher Scientific, Waltham, MA, USA).
The low-quality reads and primer/adapter sequences (QUADTrim; https://bitbucket.org/arobinson/

quadtrim) were removed to obtain single-end reads of length varying from 50–265 bp with an average
of ~80 bp. We sequenced thirty-three libraries in total, each genotype represented by two treatments,
three time-points, and three biological replicates. The three samples of tolerant genotype (ICC8261)
at the reproductive transition stage (RTS) were not sequenced due to RNA degradation.

4.4. Transcriptome Analysis

Sequenced reads were mapped to the Chickpea Reference Genome (Cicer arietinum v1.0) [28]
by using Bowtie v2.2.3 [99] and Tophat v2.1.1 [100] with default settings. Then mapped reads
were counted with HTSeq-count v0.61 [101], and differential expression analysis was performed by
the EdgeR package [102]. This package runs in the R statistical environment, uses a count-based
approach, and employs the over-dispersed Poisson model to account for both biological and technical
variability. Finally, differentially expressed genes (DEGs) were selected by applying a cut-off of
p-value ≤ 0.001, FDR ≤ 0.05, log2 fold change ≥ +1.0 and ≤ −1.0.

4.5. Gene Enrichment Analysis

To find out the homologous protein sequences of chickpea, genes were retrieved from the chickpea
protein library (ftp://ftp.ncbi.nih.gov/genomes/Cicer_arietinum/protein/protein.fa.gz) and aligned
against Arabidopsis protein sequences in the TAIR (ftp://ftp.arabidopsis.org/home/tair/Sequences/
blast_datasets/TAIR10_blastsets/TAIR10_pep_20101214_updated) database. Then, to perform gene
enrichment analysis, the matched TAIR locus IDs were used as a query for agriGO [103]. GO analysis
categorized genes and gene products into three major categories: (1) biological processes (BP),
(2) molecular function (MF), and (3) cellular Component (CC).

5. Conclusions

Drought triggered genotype- and developmental stage-specific transcriptional reprogramming
in chickpea roots. The drought-tolerant genotype specifically upregulated genes related to
transcriptional regulation (ERF113, ERF1, ERF13, VIP1, bHLH18, ABI5, CDF2, CDF3-like, DREB1A,
DREB1B-like00, MYB46, MYB114-like, WRKY33, and RVE7), kinase activity (MAPK MKK1, CPK3,
PERK4, HSL2, and CIPK1-like), detoxification (GST, GST-L1-like, DHAR3, PER47, PER72-like), ROS
signaling (RBOHD, RBOHH), transporter activity (ABCB19, ABCB12-like, ABCB15-like, ABCG22-like,
PIP2-1, TIP2-2), nodulation (LYK3, CLAVATA1), and oxylipin biosynthesis (LOX), thus making them
ideal candidate genes for enhancing drought tolerance. Also, differential gene expression patterns
of phytohormone biosynthesis and signaling genes were observed, highlighting the possible role of
hormonal networks in shaping root phenotype best suited for drought stress conditions. Overall, this
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study identifies key genes involved in drought stress adaptation with broader implications to generate
climate-resilient chickpea varieties.
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DAS Days after sowing
DEGs Differentially expressed genes
DS Drought stress
ESTs Expressed sequence tags
GO Gene ontology
NGS Next-generation sequencing
RLD Root length density
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RS Reproductive stage
RTS Reproductive transition stage
RWC Relative water content
SLA Specific leaf area
TF Transcription factor
VS Vegetative stage
WW Well-watered

References

1. Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S. Plant drought stress: Effects, mechanisms and
management. In Sustainable Agriculture; Springer: Berlin/Heidelberg, Germany, 2009; pp. 153–188.

2. Easterling, D.R.; Meehl, G.A.; Parmesan, C.; Changnon, S.A.; Karl, T.R.; Mearns, L.O. Climate extremes:
Observations, modeling, and impacts. Science 2000, 289, 2068–2074. [CrossRef] [PubMed]

3. Varshney, R.K.; Glaszmann, J.-C.; Leung, H.; Ribaut, J.-M. More genomic resources for less-studied crops.
Trends Biotechnol. 2010, 28, 452–460. [CrossRef] [PubMed]

4. Leport, L.; Turner, N.C.; Davies, S.L.; Siddique, K.H.M. Variation in pod production and abortion among
chickpea cultivars under terminal drought. Eur. J. Agron. 2006, 24, 236–246. [CrossRef]

5. Fang, X.; Turner, N.C.; Yan, G.; Li, F.; Siddique, K.H.M. Flower numbers, pod production, pollen viability,
and pistil function are reduced and flower and pod abortion increased in chickpea (Cicer arietinum L.) under
terminal drought. J. Exp. Bot. 2009, 61, 335–345. [CrossRef]

6. Krishnamurthy, L.; Kashiwagi, J.; Gaur, P.; Upadhyaya, H.; Vadez, V. Sources of tolerance to terminal drought
in the chickpea (Cicer arietinum L.) minicore germplasm. Field Crops Res. 2010, 119, 322–330. [CrossRef]

http://www.mdpi.com/1422-0067/21/5/1781/s1
http://www.mdpi.com/1422-0067/21/5/1781/s1
http://dx.doi.org/10.1126/science.289.5487.2068
http://www.ncbi.nlm.nih.gov/pubmed/11000103
http://dx.doi.org/10.1016/j.tibtech.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20692061
http://dx.doi.org/10.1016/j.eja.2005.08.005
http://dx.doi.org/10.1093/jxb/erp307
http://dx.doi.org/10.1016/j.fcr.2010.08.002


Int. J. Mol. Sci. 2020, 21, 1781 16 of 20

7. Solomon, S.; Qin, D.; Manning, M.; Chen, Z.; Marquis, M.; Averyt, K.; Tignor, M.; Miller, H. IPCC, 2007:
Climate change 2007: The physical science basis. In Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2007.

8. Krishnamurthy, L.; Kashiwagi, J.; Tobita, S.; Ito, O.; Upadhyaya, H.D.; Gowda, C.L.; Gaur, P.M.; Sheshshayee, M.S.;
Singh, S.; Vadez, V. Variation in carbon isotope discrimination and its relationship with harvest index
in the reference collection of chickpea germplasm. Funct. Plant Biol. 2013, 40, 1350–1361. [CrossRef]

9. Martin-StPaul, N.; Delzon, S.; Cochard, H. Plant resistance to drought depends on timely stomatal closure.
Ecol. Lett. 2017, 20, 1437–1447. [CrossRef]

10. Li, J.; Li, Y.; Yin, Z.; Jiang, J.; Zhang, M.; Guo, X.; Ye, Z.; Zhao, Y.; Xiong, H.; Zhang, Z. Os ASR 5 enhances
drought tolerance through a stomatal closure pathway associated with ABA and H2O2 signalling in rice.
Plant Biotechnol. J. 2017, 15, 183–196. [CrossRef]

11. Ludlow, M.; Muchow, R. A critical evaluation of traits for improving crop yields in water-limited environments.
Adv. Agron. 1990, 43, 107–153.

12. Subbarao, G.; Johansen, C.; Slinkard, A.; Nageswara Rao, R.; Saxena, N.; Chauhan, Y.; Lawn, R. Strategies for
improving drought resistance in grain legumes. Crit. Rev. Plant Sci. 1995, 14, 469–523. [CrossRef]

13. Turner, N.C.; Wright, G.C.; Siddique, K. Adaptation of grain legumes (pulses) to water-limited environments.
Adv. Agron. 2001, 71, 194–233.

14. Kashiwagi, J.; Krishnamurthy, L.; Upadhyaya, H.D.; Krishna, H.; Chandra, S.; Vadez, V.; Serraj, R. Genetic
variability of drought-avoidance root traits in the mini-core germplasm collection of chickpea (Cicer arietinum L.).
Euphytica 2005, 146, 213–222. [CrossRef]

15. Krishnamurthy, L.; Ito, O.; Johansen, C. Genotypic differences in root growth dynamics and its implications
for drought resistance in chickpea. Dynamics of Roots and Nitrogen in Cropping Systems of the Semi-Arid
tropics. JIRCAS J. 1996, 3, 33–48.

16. Kashiwagi, J.; Krishnamurthy, L.; Crouch, J.; Serraj, R. Variability of root length density and its contributions to seed
yield in chickpea (Cicer arietinum L.) under terminal drought stress. Field Crops Res. 2006, 95, 171–181. [CrossRef]

17. Merah, O. Potential importance of water status traits for durum wheat improvement under Mediterranean
conditions. J. Agric. Sci. 2001, 137, 139–145. [CrossRef]

18. Kato, Y.; Kamoshita, A.; Yamagishi, J. Preflowering abortion reduces spikelet number in upland rice (L.)
under water stress. Crops Sci. 2008, 48, 2389–2395. [CrossRef]

19. Singh, D.; Laxmi, A. Transcriptional regulation of drought response: A tortuous network of transcriptional
factors. Front. Plant Sci. 2015, 6, 895. [CrossRef]

20. Golldack, D.; Li, C.; Mohan, H.; Probst, N. Tolerance to drought and salt stress in plants: Unraveling
the signaling networks. Front. Plant Sci. 2014, 5, 151. [CrossRef]

21. Sreenivasulu, N.; Altschmied, L.; Panitz, R.; Hahnel, U.; Michalek, W.; Weschke, W.; Wobus, U. Identification
of genes specifically expressed in maternal and filial tissues of barley caryopses: A cDNA array analysis.
Mol. Genet. Genom. 2002, 266, 758–767. [CrossRef]

22. Buhariwalla, H.K.; Jayashree, B.; Eshwar, K.; Crouch, J.H. Development of ESTs from chickpea roots and
their use in diversity analysis of the Cicer genus. BMC Plant Biol. 2005, 5, 16. [CrossRef]

23. Jayashree, B.; Buhariwalla, H.K.; Shinde, S.; Crouch, J.H. A legume genomics resource: The chickpea root
expressed sequence tag database. Electron. J. Biotechnol. 2005, 8, 8–13.

24. Molina, C.; Rotter, B.; Horres, R.; Udupa, S.M.; Besser, B.; Bellarmino, L.; Baum, M.; Matsumura, H.;
Terauchi, R.; Kahl, G. SuperSAGE: The drought stress-responsive transcriptome of chickpea roots. BMC Genom.
2008, 9, 553. [CrossRef] [PubMed]

25. Wang, X.; Liu, Y.; Jia, Y.; Gu, H.; Ma, H.; Yu, T.; Zhang, H.; Chen, Q.; Ma, L.; Gu, A.; et al. Transcriptional
responses to drought stress in root and leaf of chickpea seedling. Mol. Biol. Rep. 2012, 39, 8147–8158.
[CrossRef] [PubMed]

26. Mantri, N.L.; Ford, R.; Coram, T.E.; Pang, E.C. Transcriptional profiling of chickpea genes differentially
regulated in response to high-salinity, cold and drought. BMC Genom. 2007, 8, 303. [CrossRef] [PubMed]

27. Jain, M.; Misra, G.; Patel, R.K.; Priya, P.; Jhanwar, S.; Khan, A.W.; Shah, N.; Singh, V.K.; Garg, R.; Jeena, G. A draft
genome sequence of the pulse crop chickpea (Cicer arietinum L.). Plant J. 2013, 74, 715–729. [CrossRef] [PubMed]

http://dx.doi.org/10.1071/FP13088
http://dx.doi.org/10.1111/ele.12851
http://dx.doi.org/10.1111/pbi.12601
http://dx.doi.org/10.1080/07352689509701933
http://dx.doi.org/10.1007/s10681-005-9007-1
http://dx.doi.org/10.1016/j.fcr.2005.02.012
http://dx.doi.org/10.1017/S0021859601001253
http://dx.doi.org/10.2135/cropsci2007.11.0627
http://dx.doi.org/10.3389/fpls.2015.00895
http://dx.doi.org/10.3389/fpls.2014.00151
http://dx.doi.org/10.1007/s00438-001-0614-9
http://dx.doi.org/10.1186/1471-2229-5-16
http://dx.doi.org/10.1186/1471-2164-9-553
http://www.ncbi.nlm.nih.gov/pubmed/19025623
http://dx.doi.org/10.1007/s11033-012-1662-4
http://www.ncbi.nlm.nih.gov/pubmed/22562393
http://dx.doi.org/10.1186/1471-2164-8-303
http://www.ncbi.nlm.nih.gov/pubmed/17764573
http://dx.doi.org/10.1111/tpj.12173
http://www.ncbi.nlm.nih.gov/pubmed/23489434


Int. J. Mol. Sci. 2020, 21, 1781 17 of 20

28. Varshney, R.K.; Song, C.; Saxena, R.K.; Azam, S.; Yu, S.; Sharpe, A.G.; Cannon, S.; Baek, J.; Rosen, B.D.;
Tar’an, B. Draft genome sequence of chickpea (Cicer arietinum) provides a resource for trait improvement.
Nat. Biotechnol. 2013, 31, 240–246. [CrossRef] [PubMed]

29. Singh, V.K.; Garg, R.; Jain, M. A global view of transcriptome dynamics during flower development
in chickpea by deep sequencing. Plant Biotechnol. J. 2013, 11, 691–701. [CrossRef]

30. Garg, R.; Bhattacharjee, A.; Jain, M. Genome-scale transcriptomic insights into molecular aspects of abiotic
stress responses in chickpea. Plant Mol. Biol. Rep. 2015, 33, 388–400. [CrossRef]

31. Kudapa, H.; Garg, V.; Chitikineni, A.; Varshney, R.K. The RNA-Seq-based high resolution gene expression
atlas of chickpea (Cicer arietinum L.) reveals dynamic spatio-temporal changes associated with growth and
development. Plant Cell Environ. 2018, 41, 2209–2225. [CrossRef]

32. Badhan, S.; Kole, P.; Ball, A.; Mantri, N. RNA sequencing of leaf tissues from two contrasting chickpea
genotypes reveals mechanisms for drought tolerance. Plant Physiol. Biochem. 2018, 129, 295–304. [CrossRef]

33. Mashaki, K.M.; Garg, V.; Ghomi, A.A.N.; Kudapa, H.; Chitikineni, A.; Nezhad, K.Z.; Yamchi, A.; Soltanloo, H.;
Varshney, R.K.; Thudi, M. RNA-Seq analysis revealed genes associated with drought stress response in kabuli
chickpea (Cicer arietinum L.). PLoS ONE 2018, 13, e0199774. [CrossRef] [PubMed]

34. Smith, S.; Read, D. Mycorrhizal Symbiosis; Academic Press: San Diego, CA, USA, 2008.
35. Fitter, A. Characteristics and functions of root systems. In Plant Roots; CRC Press: Boca Raton, FL, USA, 2002; pp. 49–78.
36. Avramova, V.; AbdElgawad, H.; Zhang, Z.F.; Fotschki, B.; Casadevall, R.; Vergauwen, L.; Knapen, D.;

Taleisnik, E.; Guisez, Y.; Asard, H.; et al. Drought induces distinct growth response, protection, and recovery
mechanisms in the Maize leaf growth zone. Plant Physiol. 2015, 169, 1382–1396. [CrossRef] [PubMed]

37. Wright, G.; Rao, R.; Farquhar, G. Water-use efficiency and carbon isotope discrimination in peanut under
water deficit conditions. Crops Sci. 1994, 34, 92–97. [CrossRef]

38. Craufurd, P.; Wheeler, T.; Ellis, R.; Summerfield, R.; Williams, J. Effect of temperature and water deficit on
water-use efficiency, carbon isotope discrimination, and specific leaf area in peanut. Crops Sci. 1999, 39,
136–142. [CrossRef]

39. Nakashima, K.; Ito, Y.; Yamaguchi-Shinozaki, K. Transcriptional regulatory networks in response to abiotic
stresses in Arabidopsis and grasses. Plant Physiol. 2009, 149, 88–95. [CrossRef] [PubMed]

40. Mizoi, J.; Shinozaki, K.; Yamaguchi-Shinozaki, K. AP2/ERF family transcription factors in plant abiotic stress
responses. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2012, 1819, 86–96. [CrossRef]

41. Krishnaswamy, S.; Verma, S.; Rahman, M.H.; Kav, N.N. Functional characterization of four APETALA2-family
genes (RAP2.6, RAP2.6L, DREB19 and DREB26) in Arabidopsis. Plant Mol. Biol. 2011, 75, 107–127. [CrossRef]

42. Heyman, J.; Canher, B.; Bisht, A.; Christiaens, F.; Veylder, D.L. Emerging role of the plant ERF transcription
factors in coordinating wound defense responses and repair. J. Cell Sci. 2018. [CrossRef]

43. Yan, H.; Jia, H.; Chen, X.; Hao, L.; An, H.; Guo, X. The Cotton WRKY Transcription Factor GhWRKY17
Functions in drought and salt stress in transgenic Nicotiana benthamiana through ABA signaling and
the modulation of reactive oxygen species production. Plant Cell Physiol. 2014, 55, 2060–2076. [CrossRef]

44. Jiang, Y.; Deyholos, M.K. Functional characterization of Arabidopsis NaCl-inducible WRKY25 and WRKY33
transcription factors in abiotic stresses. Plant Mol. Biol. 2009, 69, 91–105. [CrossRef]

45. Pitzschke, A.; Djamei, A.; Teige, M.; Hirt, H. VIP1 response elements mediate mitogen-activated protein kinase
3-induced stress gene expression. Proc. Natl. Acad. Sci. USA 2009, 106, 18414–18419. [CrossRef] [PubMed]

46. Zhu, J.-K. Abiotic stress signaling and responses in plants. Cell 2016, 167, 313–324. [CrossRef] [PubMed]
47. Xing, Y.; Jia, W.; Zhang, J. AtMKK1 mediates ABA-induced CAT1 expression and H2O2 production via

AtMPK6-coupled signaling in Arabidopsis. Plant J. 2008, 54, 440–451. [CrossRef] [PubMed]
48. Lu, W.; Chu, X.; Li, Y.; Wang, C.; Guo, X. Cotton GhMKK1 Induces the tolerance of salt and drought stress,

and mediates defence responses to pathogen infection in transgenic Nicotiana benthamiana. PLoS ONE 2013,
8, e68503. [CrossRef]

49. Harper, J.F.; Breton, G.; Harmon, A. Decoding Ca2+ signals through plant protein kinases. Ann. Rev. Plant Biol.
2004, 55, 263–288. [CrossRef]

50. Kobayashi, M.; Ohura, I.; Kawakita, K.; Yokota, N.; Fujiwara, M.; Shimamoto, K.; Doke, N.; Yoshioka, H.
Calcium-dependent protein kinases regulate the production of reactive oxygen species by potato NADPH
oxidase. Plant Cell 2007, 19, 1065–1080. [CrossRef]

51. Boudsocq, M.; Willmann, M.R.; McCormack, M.; Lee, H.; Shan, L.; He, P.; Bush, J.; Cheng, S.H.; Sheen, J.
Differential innate immune signalling via Ca2+ sensor protein kinases. Nature 2010, 464, 418–422. [CrossRef]

http://dx.doi.org/10.1038/nbt.2491
http://www.ncbi.nlm.nih.gov/pubmed/23354103
http://dx.doi.org/10.1111/pbi.12059
http://dx.doi.org/10.1007/s11105-014-0753-x
http://dx.doi.org/10.1111/pce.13210
http://dx.doi.org/10.1016/j.plaphy.2018.06.007
http://dx.doi.org/10.1371/journal.pone.0199774
http://www.ncbi.nlm.nih.gov/pubmed/29953498
http://dx.doi.org/10.1104/pp.15.00276
http://www.ncbi.nlm.nih.gov/pubmed/26297138
http://dx.doi.org/10.2135/cropsci1994.0011183X003400010016x
http://dx.doi.org/10.2135/cropsci1999.0011183X003900010022x
http://dx.doi.org/10.1104/pp.108.129791
http://www.ncbi.nlm.nih.gov/pubmed/19126699
http://dx.doi.org/10.1016/j.bbagrm.2011.08.004
http://dx.doi.org/10.1007/s11103-010-9711-7
http://dx.doi.org/10.1242/jcs.208215
http://dx.doi.org/10.1093/pcp/pcu133
http://dx.doi.org/10.1007/s11103-008-9408-3
http://dx.doi.org/10.1073/pnas.0905599106
http://www.ncbi.nlm.nih.gov/pubmed/19820165
http://dx.doi.org/10.1016/j.cell.2016.08.029
http://www.ncbi.nlm.nih.gov/pubmed/27716505
http://dx.doi.org/10.1111/j.1365-313X.2008.03433.x
http://www.ncbi.nlm.nih.gov/pubmed/18248592
http://dx.doi.org/10.1371/journal.pone.0068503
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141627
http://dx.doi.org/10.1105/tpc.106.048884
http://dx.doi.org/10.1038/nature08794


Int. J. Mol. Sci. 2020, 21, 1781 18 of 20

52. Marshall, A.; Aalen, R.B.; Audenaert, D.; Beeckman, T.; Broadley, M.R.; Butenko, M.A.; Caño-Delgado, A.I.;
de Vries, S.; Dresselhaus, T.; Felix, G. Tackling drought stress: Receptor-like kinases present new approaches.
Plant Cell 2012, 24, 2262–2278. [CrossRef]

53. Bai, L.; Zhou, Y.; Song, C.P. Arabidopsis proline-rich extensin-like receptor kinase 4 modulates the early
event toward abscisic acid response in root tip growth. Plant Signal. Behav. 2009, 4, 1075–1077. [CrossRef]

54. Kumpf, R.P.; Shi, C.L.; Larrieu, A.; Sto, I.M.; Butenko, M.A.; Peret, B.; Riiser, E.S.; Bennett, M.J.; Aalen, R.B.
Floral organ abscission peptide IDA and its HAE/HSL2 receptors control cell separation during lateral root
emergence. Proc. Natl. Acad. Sci. USA 2013, 110, 5235–5240. [CrossRef]

55. Verica, J.A.; Chae, L.; Tong, H.; Ingmire, P.; He, Z.-H. Tissue-specific and developmentally regulated
expression of a cluster of tandemly arrayed cell wall-associated kinase-like kinase genes in Arabidopsis.
Plant Physiol. 2003, 133, 1732–1746. [CrossRef] [PubMed]

56. He, Z.H.; He, D.; Kohorn, B.D. Requirement for the induced expression of a cell wall associated receptor
kinase for survival during the pathogen response. Plant J. 1998, 14, 55–63. [CrossRef] [PubMed]

57. Lally, D.; Ingmire, P.; Tong, H.-Y.; He, Z.-H. Antisense expression of a cell wall–associated protein kinase,
WAK4, inhibits cell elongation and alters morphology. Plant Cell 2001, 13, 1317–1332. [PubMed]

58. Wagner, D.; Sablowski, R.W.; Meyerowitz, E.M. Transcriptional activation of APETALA1 by LEAFY. Science
1999, 285, 582–584. [CrossRef] [PubMed]

59. Anderson, C.M.; Wagner, T.A.; Perret, M.; He, Z.-H.; He, D.; Kohorn, B.D. WAKs: Cell wall-associated
kinases linking the cytoplasm to the extracellular matrix. Plant Mol. Biol. 2001, 47, 197–206. [CrossRef]

60. D’Angelo, C.; Weinl, S.; Batistic, O.; Pandey, G.K.; Cheong, Y.H.; Schultke, S.; Albrecht, V.; Ehlert, B.; Schulz, B.;
Harter, K.; et al. Alternative complex formation of the Ca-regulated protein kinase CIPK1 controls abscisic
acid-dependent and independent stress responses in Arabidopsis. Plant J. 2006, 48, 857–872. [CrossRef]

61. Keller, T.; Damude, H.G.; Werner, D.; Doerner, P.; Dixon, R.A.; Lamb, C. A plant homolog of the neutrophil
NADPH oxidase gp91phox subunit gene encodes a plasma membrane protein with Ca2+ binding motifs.
Plant Cell 1998, 10, 255–266. [CrossRef]

62. Si, Y.; Dane, F.; Rashotte, A.; Kang, K.; Singh, N.K. Cloning and expression analysis of the Ccrboh gene
encoding respiratory burst oxidase in Citrullus colocynthis and grafting onto Citrullus lanatus (watermelon).
J. Exp. Bot. 2010, 61, 1635–1642. [CrossRef]

63. Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive oxygen gene network of plants.
Trends Plant Sci. 2004, 9, 490–498. [CrossRef]

64. Kang, J.; Park, J.; Choi, H.; Burla, B.; Kretzschmar, T.; Lee, Y.; Martinoia, E. Plant ABC transporters.
Arabidopsis Book Am. Soc. Plant Biol. 2011, 9, e0153. [CrossRef]

65. Chen, G.; Komatsuda, T.; Ma, J.F.; Nawrath, C.; Pourkheirandish, M.; Tagiri, A.; Hu, Y.-G.; Sameri, M.; Li, X.;
Zhao, X. An ATP-binding cassette subfamily G full transporter is essential for the retention of leaf water
in both wild barley and rice. Proc. Natl. Acad. Sci. USA 2011, 108, 12354–12359. [CrossRef] [PubMed]

66. Qin, P.; Tu, B.; Wang, Y.; Deng, L.; Quilichini, T.D.; Li, T.; Wang, H.; Ma, B.; Li, S. ABCG15 encodes
an ABC transporter protein, and is essential for post-meiotic anther and pollen exine development in rice.
Plant Cell Physiol. 2013, 54, 138–154. [CrossRef] [PubMed]

67. Xu, X.-H.; Zhao, H.-J.; Liu, Q.-L.; Frank, T.; Engel, K.-H.; An, G.; Shu, Q.-Y. Mutations of the multi-drug
resistance-associated protein ABC transporter gene 5 result in reduction of phytic acid in rice seeds.
Theor. Appl. Genet. 2009, 119, 75–83. [CrossRef] [PubMed]

68. Kryvoruchko, I.S.; Sinharoy, S.; Torres-Jerez, I.; Sosso, D.; Pislariu, C.I.; Guan, D.; Murray, J.; Benedito, V.A.;
Frommer, W.B.; Udvardi, M.K. MtSWEET11, a nodule-specific sucrose transporter of Medicago truncatula.
Plant Physiol. 2016, 171, 554–565. [CrossRef]

69. Durand, M.; Porcheron, B.; Hennion, N.; Maurousset, L.; Lemoine, R.; Pourtau, N. Water deficit enhances C
export to the roots in Arabidopsis thaliana plants with contribution of sucrose transporters in both shoot and
roots. Plant Physiol. 2016, 170, 1460–1479. [CrossRef]

70. Kuromori, T.; Seo, M.; Shinozaki, K. ABA transport and plant water stress responses. Trends Plant Sci. 2018,
23, 513–522. [CrossRef]

71. Lian, H.-L.; Yu, X.; Ye, Q.; Ding, X.-S.; Kitagawa, Y.; Kwak, S.-S.; Su, W.-A.; Tang, Z.-C. The role of aquaporin
RWC3 in drought avoidance in Rice. Plant Cell Physiol. 2004, 45, 481–489. [CrossRef]

http://dx.doi.org/10.1105/tpc.112.096677
http://dx.doi.org/10.4161/psb.4.11.9739
http://dx.doi.org/10.1073/pnas.1210835110
http://dx.doi.org/10.1104/pp.103.028530
http://www.ncbi.nlm.nih.gov/pubmed/14576286
http://dx.doi.org/10.1046/j.1365-313X.1998.00092.x
http://www.ncbi.nlm.nih.gov/pubmed/9681026
http://www.ncbi.nlm.nih.gov/pubmed/11402163
http://dx.doi.org/10.1126/science.285.5427.582
http://www.ncbi.nlm.nih.gov/pubmed/10417387
http://dx.doi.org/10.1023/A:1010691701578
http://dx.doi.org/10.1111/j.1365-313X.2006.02921.x
http://dx.doi.org/10.1105/tpc.10.2.255
http://dx.doi.org/10.1093/jxb/erq031
http://dx.doi.org/10.1016/j.tplants.2004.08.009
http://dx.doi.org/10.1199/tab.0153
http://dx.doi.org/10.1073/pnas.1108444108
http://www.ncbi.nlm.nih.gov/pubmed/21737747
http://dx.doi.org/10.1093/pcp/pcs162
http://www.ncbi.nlm.nih.gov/pubmed/23220695
http://dx.doi.org/10.1007/s00122-009-1018-1
http://www.ncbi.nlm.nih.gov/pubmed/19370321
http://dx.doi.org/10.1104/pp.15.01910
http://dx.doi.org/10.1104/pp.15.01926
http://dx.doi.org/10.1016/j.tplants.2018.04.001
http://dx.doi.org/10.1093/pcp/pch058


Int. J. Mol. Sci. 2020, 21, 1781 19 of 20

72. Sade, N.; Vinocur, B.J.; Diber, A.; Shatil, A.; Ronen, G.; Nissan, H.; Wallach, R.; Karchi, H.; Moshelion, M.
Improving plant stress tolerance and yield production: Is the tonoplast aquaporin SlTIP2;2 a key to isohydric
to anisohydric conversion? New Phytol. 2009, 181, 651–661. [CrossRef]

73. Parent, B.; Hachez, C.; Redondo, E.; Simonneau, T.; Chaumont, F.; Tardieu, F. Drought and abscisic acid effects
on aquaporin content translate into changes in hydraulic conductivity and leaf growth rate: A trans-scale
approach. Plant Physiol. 2009, 149, 2000–2012. [CrossRef]

74. Staudinger, C.; Mehmeti-Tershani, V.; Gil-Quintana, E.; Gonzalez, E.M.; Hofhansl, F.; Bachmann, G.;
Wienkoop, S. Evidence for a rhizobia-induced drought stress response strategy in Medicago truncatula.
J. Proteom. 2016, 136, 202–213. [CrossRef]

75. Smit, P.; Raedts, J.; Portyanko, V.; Debellé, F.; Gough, C.; Bisseling, T.; Geurts, R. NSP1 of the GRAS protein
family is essential for rhizobial Nod factor-induced transcription. Science 2005, 308, 1789–1791. [CrossRef]
[PubMed]

76. Kaló, P.; Gleason, C.; Edwards, A.; Marsh, J.; Mitra, R.M.; Hirsch, S.; Jakab, J.; Sims, S.; Long, S.R.; Rogers, J.
Nodulation signaling in legumes requires NSP2, a member of the GRAS family of transcriptional regulators.
Science 2005, 308, 1786–1789. [CrossRef] [PubMed]

77. Smit, P.; Limpens, E.; Geurts, R.; Fedorova, E.; Dolgikh, E.; Gough, C.; Bisseling, T. Medicago LYK3, an entry
receptor in rhizobial nodulation factor signaling. Plant Physiol. 2007, 145, 183–191. [CrossRef] [PubMed]

78. Elise, S.; Etienne-Pascal, J.; de Fernanda, C.-N.; Gérard, D.; Julia, F. The Medicago truncatula SUNN gene
encodes a CLV1-like leucine-rich repeat receptor kinase that regulates nodule number and root length.
Plant Mol. Biol. 2005, 58, 809–822.

79. Depuydt, S.; Hardtke, C.S. Hormone signalling crosstalk in plant growth regulation. Curr. Biol. 2011, 21,
R365–R373. [CrossRef] [PubMed]

80. Korver, R.A.; Koevoets, I.T.; Testerink, C. Out of shape during stress: A key role for auxin. Trends Plant Sci.
2018, 23, 783–793. [CrossRef]

81. Benkova, E.; Michniewicz, M.; Sauer, M.; Teichmann, T.; Seifertova, D.; Jurgens, G.; Friml, J. Local, efflux-dependent
auxin gradients as a common module for plant organ formation. Cell 2003, 115, 591–602. [CrossRef]

82. Aloni, R.; Aloni, E.; Langhans, M.; Ullrich, C.I. Role of cytokinin and auxin in shaping root architecture:
Regulating vascular differentiation, lateral root initiation, root apical dominance and root gravitropism.
Ann. Bot. 2006, 97, 883–893. [CrossRef]

83. Tirichine, L.; Sandal, N.; Madsen, L.H.; Radutoiu, S.; Albrektsen, A.S.; Sato, S.; Asamizu, E.; Tabata, S.;
Stougaard, J. A gain-of-function mutation in a cytokinin receptor triggers spontaneous root nodule
organogenesis. Science 2007, 315, 104–107. [CrossRef]

84. Iwama, A.; Yamashino, T.; Tanaka, Y.; Sakakibara, H.; Kakimoto, T.; Sato, S.; Kato, T.; Tabata, S.; Nagatani, A.;
Mizuno, T. AHK5 histidine kinase regulates root elongation through an ETR1-dependent abscisic acid and
ethylene signaling pathway in Arabidopsis thaliana. Plant Cell Physiol. 2007, 48, 375–380. [CrossRef]

85. Dubois, M.; Van den Broeck, L.; Inzé, D. The pivotal role of ethylene in plant growth. Trends Plant Sci. 2018,
23, 311–323. [CrossRef] [PubMed]

86. Lorenzo, O.; Piqueras, R.; Sanchez-Serrano, J.J.; Solano, R. ETHYLENE RESPONSE FACTOR1 integrates
signals from ethylene and jasmonate pathways in plant defense. Plant Cell 2003, 15, 165–178. [CrossRef]
[PubMed]

87. Lee, J.-H.; Hong, J.-P.; Oh, S.-K.; Lee, S.; Choi, D.; Kim, W. The ethylene-responsive factor like protein 1
(CaERFLP1) of hot pepper (Capsicum annuum L.) interacts in vitro with both GCC and DRE/CRT sequences
with different binding affinities: Possible biological roles of CaERFLP1 in response to pathogen infection and
high salinity conditions in transgenic tobacco plants. Plant Mol. Biol. 2004, 55, 61–81. [PubMed]

88. Xu, Z.S.; Chen, M.; Li, L.C.; Ma, Y.Z. Functions and application of the AP2/ERF transcription factor family
in crop improvement. J. Integr. Plant Biol. 2011, 53, 570–585. [CrossRef] [PubMed]

89. Ruzicka, K.; Ljung, K.; Vanneste, S.; Podhorska, R.; Beeckman, T.; Friml, J.; Benkova, E. Ethylene regulates
root growth through effects on auxin biosynthesis and transport-dependent auxin distribution. Plant Cell
2007, 19, 2197–2212. [CrossRef] [PubMed]

90. Sharp, R.E.; LeNoble, M.E. ABA, ethylene and the control of shoot and root growth under water stress.
J. Exp. Bot. 2002, 53, 33–37. [CrossRef]

http://dx.doi.org/10.1111/j.1469-8137.2008.02689.x
http://dx.doi.org/10.1104/pp.108.130682
http://dx.doi.org/10.1016/j.jprot.2016.01.006
http://dx.doi.org/10.1126/science.1111025
http://www.ncbi.nlm.nih.gov/pubmed/15961669
http://dx.doi.org/10.1126/science.1110951
http://www.ncbi.nlm.nih.gov/pubmed/15961668
http://dx.doi.org/10.1104/pp.107.100495
http://www.ncbi.nlm.nih.gov/pubmed/17586690
http://dx.doi.org/10.1016/j.cub.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21549959
http://dx.doi.org/10.1016/j.tplants.2018.05.011
http://dx.doi.org/10.1016/S0092-8674(03)00924-3
http://dx.doi.org/10.1093/aob/mcl027
http://dx.doi.org/10.1126/science.1132397
http://dx.doi.org/10.1093/pcp/pcl065
http://dx.doi.org/10.1016/j.tplants.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29428350
http://dx.doi.org/10.1105/tpc.007468
http://www.ncbi.nlm.nih.gov/pubmed/12509529
http://www.ncbi.nlm.nih.gov/pubmed/15604665
http://dx.doi.org/10.1111/j.1744-7909.2011.01062.x
http://www.ncbi.nlm.nih.gov/pubmed/21676172
http://dx.doi.org/10.1105/tpc.107.052126
http://www.ncbi.nlm.nih.gov/pubmed/17630274
http://dx.doi.org/10.1093/jexbot/53.366.33


Int. J. Mol. Sci. 2020, 21, 1781 20 of 20

91. Umezawa, T.; Okamoto, M.; Kushiro, T.; Nambara, E.; Oono, Y.; Seki, M.; Kobayashi, M.; Koshiba, T.;
Kamiya, Y.; Shinozaki, K. CYP707A3, a major ABA 8′-hydroxylase involved in dehydration and rehydration
response in Arabidopsis thaliana. Plant J. 2006, 46, 171–182. [CrossRef]

92. Santiago, J.; Rodrigues, A.; Saez, A.; Rubio, S.; Antoni, R.; Dupeux, F.; Park, S.Y.; Marquez, J.A.; Cutler, S.R.;
Rodriguez, P.L. Modulation of drought resistance by the abscisic acid receptor PYL5 through inhibition of
clade A PP2Cs. Plant J. 2009, 60, 575–588. [CrossRef]

93. Luo, X.; Chen, Z.; Gao, J.; Gong, Z. Abscisic acid inhibits root growth in Arabidopsis through ethylene
biosynthesis. Plant J. 2014, 79, 44–55. [CrossRef]

94. Fu, X.; Harberd, N.P. Auxin promotes Arabidopsis root growth by modulating gibberellin response. Nature
2003, 421, 740–743. [CrossRef]

95. Sun, T.-P. Gibberellin-GID1-DELLA: A Pivotal Regulatory Module for Plant Growth and Development.
Plant Physiol. 2010, 154, 567–570. [CrossRef] [PubMed]

96. Tyler, L.; Thomas, S.G.; Hu, J.; Dill, A.; Alonso, J.M.; Ecker, J.R.; Sun, T.P. Della proteins and
gibberellin-regulated seed germination and floral development in Arabidopsis. Plant Physiol. 2004,
135, 1008–1019. [CrossRef] [PubMed]

97. De Domenico, S.; Bonsegna, S.; Horres, R.; Pastor, V.; Taurino, M.; Poltronieri, P.; Imtiaz, M.; Kahl, G.; Flors, V.;
Winter, P.; et al. Transcriptomic analysis of oxylipin biosynthesis genes and chemical profiling reveal an early
induction of jasmonates in chickpea roots under drought stress. Plant Physiol. Biochem. 2012, 61, 115–122.
[CrossRef] [PubMed]

98. Savchenko, T.; Kolla, V.A.; Wang, C.-Q.; Nasafi, Z.; Hicks, D.R.; Phadungchob, B.; Chehab, W.E.; Brandizzi, F.;
Froehlich, J.; Dehesh, K. Functional convergence of oxylipin and abscisic acid pathways controls stomatal
closure in response to drought. Plant Physiol. 2014, 164, 1151–1160. [CrossRef] [PubMed]

99. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
[CrossRef] [PubMed]

100. Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics
2009, 25, 1105–1111. [CrossRef]

101. Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing
data. Bioinformatics 2014, 31, 166–169. [CrossRef]

102. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics 2009, 26, 139–140. [CrossRef]

103. Du, Z.; Zhou, X.; Ling, Y.; Zhang, Z.; Su, Z. agriGO: A GO analysis toolkit for the agricultural community.
Nucl. Acids Res. 2010, 38 (Suppl. 2), W64–W70. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1365-313X.2006.02683.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03981.x
http://dx.doi.org/10.1111/tpj.12534
http://dx.doi.org/10.1038/nature01387
http://dx.doi.org/10.1104/pp.110.161554
http://www.ncbi.nlm.nih.gov/pubmed/20921186
http://dx.doi.org/10.1104/pp.104.039578
http://www.ncbi.nlm.nih.gov/pubmed/15173565
http://dx.doi.org/10.1016/j.plaphy.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23141673
http://dx.doi.org/10.1104/pp.113.234310
http://www.ncbi.nlm.nih.gov/pubmed/24429214
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1093/bioinformatics/btp120
http://dx.doi.org/10.1093/bioinformatics/btu638
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1093/nar/gkq310
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phenotypic Responses 
	Transcriptional Responses and GO Analysis 
	Transcription Factor (TF) Genes 
	Gene Expression of Protein Kinases 
	ROS Detoxification System 
	Transporter Family Genes 
	Root-Nodule Development Genes 
	Hormone-Related Genes 

	Discussion 
	Materials and Methods 
	Plant Material and Experimental Set-Up 
	Phenotypic Analysis 
	RNA Extraction and Library Construction 
	Transcriptome Analysis 
	Gene Enrichment Analysis 

	Conclusions 
	References

