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Abstract

Asparagine synthetase (ASN) is one of the key enzymes of nitrogen (N) metabolism in plants. The product of ASN is
asparagine, which is one of the key compounds involved in N transport and storage in plants. Complete genome-
wide analysis and classifications of the ASN gene family have recently been reported in different plants. However,
little is known about the systematic analysis and expression profiling of ASN proteins in cotton development and N
metabolism. Here, various bioinformatics analysis was performed to identify ASN gene family in cotton. In the cotton
genome, forty-three proteins were found that determined ASN genes, comprising of 20 genes in Gossypium hirsutum
(Gh), 13 genes in Gossypium arboreum, and 10 genes in Gossypium raimondii. The ASN encoded genes unequally dis-
tributed on various chromosomes with conserved glutamine amidotransferases and ASN domains. Expression analy-
sis indicated that the majority of GhASNs were upregulated in vegetative and reproductive organs, fiber develop-
ment, and N metabolism. Overall, the results provide proof of the possible role of the ASN genes in improving cotton
growth, fiber development, and especially N metabolism in cotton. The identified hub genes will help to functionally
elucidate the ASN genes in cotton development and N metabolism.
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Background

Nitrogen (N) metabolism is one of the most important
plant metabolic processes [1-5]. After uptake, N passes
through various N metabolizing enzymatic activities to
produce glutamine, glutamate, aspartate, and asparagine
that are further used to produce various amino acids and
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N-containing compounds [6]. Among these enzymes,
asparagine synthetase (ASN) is one of the most impor-
tant enzymes responsible for the synthesis of aspara-
gine from aspartate. Asparagine synthesis occurs by the
amination of aspartate which is catalyzed by ASN in an
ATP-dependent amidotransferase reaction [7]. The N
and carbon ratio (2:4) of ASN is high and stable [8] that’s
why acting as an efficient N transport and storage car-
rier, therefore, plays a key role in N metabolism of higher
plants [9, 10]. ASNs can be classified into two catego-
ries according to their structural characteristics such as
ammonium dependent ASN-A and glutamine depend-
ent ASN-B [11]. There are three synthetic pathways of
asparagine in plants among which the major one is regu-
lated by ASN-B, where asparagine is produced from the
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reaction of ammonium or glutamine with aspartate. It
was found that ASN-B in plants is mediated by light and
metabolites related to plant development like vegetative
organs and seed development [12]. In tuber crops, it was
found that asparagine is responsible for the ASN-B syn-
thesis and not in the transport from leaf to the tuber, con-
firming the role of ASN in N transport and metabolism
[13]. Thus, ASN-B has an essential role in N metabolism,
N transportation within the tissues, and redistribution of
glutamate and glutamine in various plant organs [12].

In ASN, the amino acids sequences are comprised
of two conserved domains such as the C-terminal syn-
thetase domain and the glutamine amidotransferase
domain (GATase) [14]. The GATase binds to glutamine
encompasses from the N-terminal to the fourth amino
acid position has the structural characteristics of Met-
Cys-Gly-lle [15, 16]. The three conserved sites of the
ASN domain are Cyc, His, and Asp, which are located
on the N-terminal of the polypeptide [16, 17]. These
domains are involved in the transamination of glutamine
[17]. Additionally, the adenosine monophosphate and
aspartic acid are localized on the C-terminal [18]. The
ASN encoded polypeptide is comprised of 579-591
amino acids having an approximate molecular weight of
65kDa [19].

The ASN gene family of Arabidopsis is very simple and
short with the functionally identified members such as
AtASN1, AtASN2, and AtASN3 [12]. Additionally, an
uncharacterized member (At2g03667) having an ASN
domain is also discovered but its biological function is
still to be elucidated. Studies have found that both ASN1
and ASN2 show common expression in the genes against
light and N metabolites [20]. Similarly, in common bean
and sunflower, the expression of these genes was inhib-
ited [21, 22], probably due to interaction with the photo-
synthetic process. The expression of ASN1 is in line with
the changes in the level of total free asparagine, how-
ever, the expression of ASN2 was higher in Arabidopsis
vegetative tissues [23]. A previous study in Arabidopsis
showed that the ASN1 gene is encoded by a glutamine-
dependent member [15]. In Arabidopsis, ASN1 is
involved in the N filling during seed development [6] and
ASN2 contributes to the primary N metabolism in the
vegetative organs [23]. Additionally, ASN2 is involved in
the detoxification of ammonium through stress-induced
expression [24]. Earlier, the expression of ASN genes
was related to N form and content such as Arabidopsis
AtASN2 was induced by ammonium, which also increase
its expression level [24]. In other studies, Phaseolus vul-
garis PvASN1 and PvASN2 [25] and soybean SASNI,
SASN2, and SASN3 genes were induced by nitrate [26].
In cotton, asparagine is the main product of ASN that
acts as a key compound for N transport and metabolism
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[4]. However, there is a lack of study on the characteriza-
tion of the ASN gene family, its expression pattern, regu-
lation mode and function in cotton.

Asparagine and glutamine are the most important form
of N transport from root to shoot. In rice phloem sap, the
major form of N transfer is asparagine and glutamine,
while in soybean it is only asparagine [27]. In earlier stud-
ies, a high level of asparagine and amino acids were used
for screening high protein genotypes [28-31]. ASN1
and ASN2 play a diverse role in rice, where OsASN1
is allocated to produce asparagine during ammonium
assimilation in rice roots, while OsASN2 is involved in
asparagine transport to other parts of the plant [32]. It
was also found that ASN has an important role in germi-
nation because asparagine accumulated as predominant
amide in the process of germination [33]. In Medicago
truncatula, the leaves lost about 90% of chlorophyll at
senescence, and the gene involved in ASN and glutamine
synthetase were upregulated and the proteins and nucleic
acid were dissociated into glutamine and asparagine.
Consequently, these compounds were translocated for
the formation of new tissues as well as grain [34, 35].

Recently, the deciphering of genome sequencing of
many plant species had facilitated the comprehensive
classification and functional analysis of various gene
families [36]. So far, the detailed systematic analysis and
expression profiling of ASN proteins in cotton has not
been elucidated. Therefore, the current study aimed
to evaluate the structural characterization of the ASN
gene family and to provide the foundation for further
functional analysis of key ASN genes and their roles in
growth, development, and N metabolism in Gossypium
(G) species. Moreover, the study will enrich the research-
ers to use the key ASN genes for advanced genome edit-
ing techniques to improve N use efficiency and develop
N-efficient cotton genotype.

Materials and methods

Identification of ASN protein family members

For identification of the ASN family in cotton, the
genome files of three cotton species such as G. hirsutum,
G. arboreum, and G. raimondii were downloaded from
the Cotton Functional Genomics Database (https://cotto
nfgd.org/) [37]. The genomic sequences of Arabidop-
sis thaliana, Oryza sativa, and Theobroma cacao were
retrieved from phytozome (https://phytozome-next.jgi.
doe.gov/). The domain analysis programs PFAM and
SMART were used to examine the protein sequences of
the collected ASN genes [38]. Further, the domain of all
ASN proteins was searched in PFAM through the hidden
Markov model [39]. The protein sequences with Pfam
numbers of PF13537.1 and PF00733.16 were obtained,
which comprised of ASN and GATase domain. Finally,
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the protein sequences of ASN were matched with the
known sequences through ClustalX to confirm the pro-
tein sequences [40]. The amino acid length of the protein,
molecular weight, charge, isoelectric points, and grand
average of hydropathy was identified from cottonFGD.

Phylogenetic analysis and sequence alignment

The full-length amino acid sequences of G. hirsutum, G.
arboreum, G. raimondii, Oryza sativa, Theobroma cacao,
and Arabidopsis thaliana encoded by ASN genes were
aligned with the ClustalX program and were adjusted
manually in MEGA7.0 [41]. To confirm the results of
ClustalX, the multiple sequence alignment was also per-
formed by using the MUSCLE program (ver. 3.52) [42].
Subsequently, the phylogenetic tree was built through the
neighbor-joining (NJ) method with 1000 bootstrap rep-
licates and default parameters in the MEGA7.0 program
[43].

Analysis of conserved motifs and gene structure

The domain analysis programs PFAM and SMART were
used to examine the protein structures. The ASNs pro-
tein sequences of cotton were used to identify the con-
served motifs through MEME analysis. The genome data
downloaded from cottonFGD were used to construct
gene structures by using the Gene Structure Display
Server (http://gsds.cbi.pku.edu.cn/).

Chromosomal locations and collinearity

Physical positions of chromosomal locations of the given
ASN genes from cotton species were constructed in
TBtools software [44]. The collinearity analysis was per-
formed by using the GFF3 file, linked file, and gene IDs
[44]. Subsequently, the collinearity between the homolo-
gous genes pairs was visualized by the circle gene viewer
model of TBtools software [44].

Selection pressure and promoter analysis

For estimation of the Ka/Ks ratio, the CDS of homolo-
gous gene pairs of three cotton species were used to
analyze the selection pressure between ASN genes in
each pair of the genome and subgenome using TBtools
software [44]. The cis-regulatory elements in the pro-
moter regions of GhASN genes were analyzed through
the PlantCARE database using the upstream sequences
(2000) of ASN proteins downloaded from cottonFGD
[37].

Expression profiling and gene co-expression network
analysis

The expression profiling of ASN genes of G. hirsutum was
calculated as fragments per kilobase of exon per million
mapped (FPKM). The transcriptomic data (PRJNA248163
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and PRJNA606910) from NCBI (National Center for Bio-
technology Information) (https://www.ncbi.nlm.nih.
gov/) were used to analyze differentially expressed ASN
genes in vegetative and reproductive organs, fiber devel-
opment [45], and N metabolism [4]. Based on the FPKM
values, the heat map was generated through TBtool soft-
ware. Moreover, to identify the hub genes in vegetative
and reproductive organs, fiber development as well as in
N metabolism, a co-expression network analysis was per-
formed according to our previous study [4]. The obtained
data were visualized in the Cytoscape software [46] in the
form of a co-expression network. Subsequently, the hub
genes were identified within the network according to the
maximum number of positive correlations between the
nodes [4].

Results

Genome-wide identification of cotton ASN proteins

An in silico search was accomplished to identify the ASN
members in the cotton functional genomic database (cot-
tonFGD) (www.cottonfgd.org) using the domain num-
ber PF13537.1 and PF00733.16. Subsequently, the ASN
proteins of G. hirsutum, G. arboreum, and G. raimon-
dii were retrieved from cottonFGD and those of Oryza
sativa, Theobroma cacao, and Arabidopsis thaliana were
downloaded from phytozome. Forty-three ASN encoded
proteins were identified in the sequenced genome of
all three cotton species, with 13, 10, and 20 ASN in G.
arboreum, G. raimondii, and G. hirsutum, respectively.
All the 20 genes encoded proteins ranging from 362
(Ghir_A13G023660) to 589 (Ghir_D13G010010) amino
acids, with isoelectric points varying from 5.97 (Ghir_
Al12G017120) to 7.12 (Ghir_A12G004130), molecular
weight varying from 40.35 (Ghir_A13G023660) kDa to
66.03 (Ghir _A07G025290) kDa, molecular charge ranged
from — 6 (Ghir_D09G009430) to 7 (Ghir_A05G008930),
and the grand average of hydropathy was —0.39 (Ghir_
D12G017370) to —0.02 (Ghir_D12G003150) (Table S1).
Among them, 11 ASN genes were positioned on At sub-
genome, and the rest were located on the Dt subgenome.

Phylogenetic analysis

The phylogenetic analysis of 61 ASN protein sequences
(20 from G. hirsutum, 13 from G. arboreum, 10 from G.
raimondii, 10 from Arabidopsis thaliana, 8 from Theo-
broma cacao, and 10 from Oryza sativa) was submitted
to build an unrooted tree based on multiple sequence
alignment using NJ method in MEGA7.0 (Fig. 1). The
results suggested that ASN genes could be catego-
rized into three subgroups such as group I, group II,
and group III, and all the ASN genes were symmetri-
cally distributed within the three cotton species in
each group (Fig. 1), while in Oryza sativa, Theobroma
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three groups of the phylogenetic tree
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Fig. 1 Phylogenetic analysis of ASN protein from G. hirsutum, G. raimondii, G. arboreum, A. thaliana, T. cacao, and O. sativa. |, Il, and Ill indicate the

cacao, and Arabidopsis thaliana, ASN genes were iden-
tified in cluster forms (Fig. 1). Therefore, cotton ASN
members in their identified groups might be evolution-
ary close within respective species. Moreover, GhASN
genes were identified in all three groups with the high-
est share in group I with 13 GhASNSs, group II con-
tains 2 GhASNs, and group III consists of 5 GhASNSs.
The results further demonstrated that group I having
the highest number of ASN genes from all the selected
plant species is an ancient group of ASN members.
Unlike Arabidopsis thaliana and Oryza sativa, the ASN
genes from cacao have a close relationship with cot-
ton, as the genes of both species were clustered closely

with each other in the subgroups of the phylogenetic

tree (Fig. 1) supporting the hypothesis that cotton and
cacao shared close and similar ancestors [47].

Gene structure, domain architecture, and conserved motifs
identification of ASN proteins

The exons and introns were analyzed to know the gene
structure variation in the cotton ASN family. The results
demonstrated that cotton ASN genes are highly con-
served in structure. As expected, the ASN genes clus-
tered within the subgroup of the phylogenetic analysis
were found structurally alike (Fig. 2A). The ASN genes
greatly varied in exon and intron number with one
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exon and no intron to the maximum of 23 exons and 22
introns (Fig. 2A). Two members in G. raimondii includ-
ing Gorai.009G09500.1 and Gorai.008G096300.1 con-
tain fourteen exons, while G. hirsutum and G. arboreum
contains 15 (Ghir_D0G009430.1) and 23 (Gal2G1234.1)
as highest exons, respectively (Fig. 2A). Among the sub-
groups, group I and group II have the highest exons of
15 and 23, while group III contains 1 or 2 exons (Fig. 2A).
These results showed that ASN genes are structurally dif-
ferent according to their features.

Further, protein functional domain analysis was
performed to understand the function of ASNs. As
predicted, each subgroup has different domain composi-
tions with ASN and GATase 6 domain occurred in the
ASN members of group I. Group II contains GATase_7
and ASN domain, and group III is mainly composed of
GATase_6 and a part of GATase_7. GATase_6 domain is
a class-II glutamine amidotransferase domain found in
asparagine synthetase and glutamine-fructose-6-phos-
phate transaminase. GATase_7 helps to regulate the
removal of ammonium from glutamine and translocated
it to produce new carbon and nitrogen molecules. How-
ever, the ASN domain helps to form asparagine from

aspartate (Fig. 2B). In each group, the conserved motif
was identified through the conserved motifs prediction
and their respective logos (Fig. S1). The MEME analy-
sis identified 20 different motifs in the three cotton spe-
cies (Fig. S1). The structure of motifs was found similar
according to the subgroup of the phylogenetic tree. The
results revealed that motif 1, motif 2, and motif 3 were
enriched in group I, motif 15 and motif 18 was enriched
in group II, and motif 13, motif 16, and motif 17 were
enriched in group III (Fig. S1). As expected, the protein
motifs within the same group of ASNs were found similar
(Fig. S1).

Chromosomal localization, collinearity, and selection
pressure analysis of the ASN genes

The physical map of ASN members was drawn to under-
stand the location of ASNs on chromosomes (Fig. 3).
All 42 ASN genes were localized on their respective
chromosomes, however, one each in G. hirsutum and
G. arboreum was positioned scaffolds (Fig. 3). In G.
arboreum (A-genome) (Fig. 3A), the highest number of
ASN genes were three on chr12 followed by chr13, chr09,
chr07, and chr05 each with two genes, while chr03 have
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Fig. 3 Chromosome localization of the three cotton species represented in megabases scale. The gene ID on the right side of each chromosome
shows the corresponding location of ASN genes. A Gossypium arboreum (A-subgenome), (B) Gossypium raimondii (D-sub genome), and (C)
Gossypium hirsutum (At-Dt sub-genome)

only one ASN gene. No ASN member were recognized mapped on chr08 followed by two genes each on chr06
on chr01, chr02, chr04, chr06, chr08, chr10, and chrll and chr0O1, while, chr05, chr09, and chrl3 consisted of
(Fig. 3A). In G. raimondii (D genome), three genes were  only one ASN gene. However, no ASN members were
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Fig. 4 The collinearity analysis of the homologous gene pairs from three cotton species. The lines showed by different colors indicate the syntenic
region around the ASN genes

identified in chr02, chr03, chr04, chr07, chr10, chrll,and and Dt12 followed by two genes in Atl3, Dt13, At09,
chr12 (Fig. 3B). In G. hirsutum (AtDt genome) (Fig. 3C),  Dt09, and At05. Chromosomes At03, Dt05, and Dt07 had
there were no ASN genes in At0l, At02, At04, At06, only one ASN gene (Fig. 3C). The collinearity analysis
At07, At08, Atl0, Atll, Dt01, Dt02, Dt03, Dt04, Dt06, of the ASN genes in three cotton species is represented
Dt08, Dt10, and Dt11 chromosomes. The At subgenome in Fig. 4. The result showed pair-wise collinearity of the
consisted of ten ASN genes, which was higher than the chromosomes comprising ASN genes. Besides the iden-
Dt subgenome (09 genes) (Fig. 3C). Except chromosome tification of ASN genes in A/D or At/Dt subgenome, it
5, most of the homologous chromosomes of A and D  also demonstrated that some ASN genes were exclusively
had a similar number of ASN genes (Fig. 3C). The high-  detected in the D genome. As their counterparts in the
est number of ASN on a chromosome was three on At12 Dt subgenome of G. hirsutum were lost (Fig. 4).
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Fig. 5 The analysis of non-synonymous (Ka) to synonymous (Ks)
divergence values (A_At), (A_D), (At_Dt), and (D_Dt) are shown in
a circular chart. The table shows the prediction of non-duplicated
homologous gene pairs in various combinations from three
cotton species. G. arboreum (G.a), G. raimondii (G.r), G. hirsutum;
A-subgenome (G.ha), and G. hirsutum; D-subgenome (G.hd)

The ratio of Ka/Ks showed the stability in natural muta-
tions, purifying selections, and positive selections on
the basis of homologous genes set [48]. Therefore, Ka/
Ks were analyzed to estimate the selection pressure of
homologous ASN genes in cotton species. The value of
Ka/Ks less than 1 showed purifying selection pressure,
Ka/Ks equal to onl is natural selection pressure, while
Ka/Ks more than 1 comes in positive selection pressure.
The results of Ka/Ks of homologous ASN genes in three
cotton species showed a purifying selection pressure. In
G. raimondii and G. arboreum, the Ka/Ks ratio of the
homologous ASN genes were 0.05 to 0.64, in GhAt-Ga
ranged from 0.04 to 0.97, for GhDt-Gr Ka/Ks ranged
from 0.04 to 0.73, and GhAt-GhDt ranged from 0.03 to
0.64 (Fig. 5 and Table S2). The value of Ka/Ks for all the
possible pairs was less than 1, suggesting that evolution
was significantly slow following the purifying selection
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(Fig. 5 and Table S2). These results further demonstrated
that the ASN genes of G. hirsutum derived from G.
arboreum and G. raimondii have gone through negative
selection and may involve a gradual elimination process
during evolution.

Identification of cis-regulatory elements in ASN family

The expression of a gene is mainly controlled by its
respective promotors, followed by transcription factors
(TF) in direct relation with cis-regulatory elements [49].
In the current study, we have identified cis-acting ele-
ments related to growth and development, stress, and
hormones in the promotor regions of GhASN genes
using the PlantCARE database. Promotor regions, con-
sisting of 2000bp upstream genomic DNA sequences
of the transcriptional start site were examined for 20
GhASN genes. The results revealed that ASN genes may
be different in function due to the availability of differ-
ent cis-elements in the promoter region. The identi-
fied cis-regulatory elements were categorized into three
classes such as (1) growth and development related, (2)
stress-responsive, and (3) hormone-responsive (Fig. 6).
The cis-elements involved in plant growth and develop-
ment were located extensively in the promotor regions
such as Box 4, and MRE (plant growth responsive
against the light), CGTCA-motif and TGACG-motif
(MejA response), GA motif (involved in light responsive-
ness), O2-site (responsible for zein metabolism), GATA
motif (light- and nitrate-dependent control of transcrip-
tion), GCN4 motif (involved in endosperm expression),
CCGTCC motif (development-related element), and
circadian (required for circadian control). Among the
cis-elements, the largest portion (54.04%) was covered
by Box 4 in the growth and development elements, fol-
lowed by MRE, CGTCA, and TGACG each with 8.7%
(Fig. 6 and Table S3). In the stress-responsive elements,
the most abundant cis-regulatory elements include ABRE
(ABA response), G-box (involved in light response), MYB
(regulate auxin-related genes), STRE (defense-related ele-
ments), GT1 motif (involved in salt responsiveness), and
ARE (related to anaerobic induction), WRE3 (wound
response), MYB like sequence (MYB transcription factor
binding site involved in drought inducibility), CGTCA-
motif and TGACG-motif (MejA response), TCA (sali-
cylic acid response element), W-box (WRKY TF involved
defense response), TC rich repeats (involved in defense
response), ATC motif (light-responsive), DRE1 (dam-
age responsive elements). Among all of them, ABRE
was most commonly found (20.1%), followed by G-box
(19.06%), MYB (9.14%), STRE (8.88%), and GT1 motif
(8.09%) (Fig. 6 and Table S3). The identified cis-reg-
ulatory elements related to plant hormones response
include the ABRE (abscisic acid-responsive element),
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Fig. 6 The cis-regulatory analysis of the ASN encoded genes. Different cis-elements with different functions are categorized into growth and

ERE (ethylene-responsive element), and MYC (abscisic
acid-responsive element), TCA and TGA (salicylic acid
response element), TGACG-motif (methyl jasmonate
response), GARE-motif (gibberellin responsive ele-
ments), and AuxRE (auxin-responsive element). Among
the hormone-responsive motifs, ABRE was the most
common element (29.5%), followed by ERE (24.9%), and
MYC (23.37%) (Fig. 6 and Table S3). In conclusion, ASN
genes may play a key role in cotton growth and develop-
ment and stress responsiveness.

Expression profiling of ASN genes and identification of hub
genes through co-expression network analysis

Transcriptome data were analyzed to explore the expres-
sion profiles and putative functions of ASN genes
in G. hirsutum vegetative and reproductive organs,
fiber development, and N metabolism. The results
showed that Ghir_ A09G009680, Ghir_D09G009410,

Ghir_D05G008910, Ghir_A05G008920, Ghir_
A09G009700, and Ghir_AI12G008140 were strongly
expressed in the different vegetative organs at differ-
ent time intervals like cotyledon, root, stem, and leaf,
except in torus (Fig. 7A1). The other ASN genes showed
slight upregulation and some were tissue-specific, while
Ghir_A05G008930 was not expressed in any vegetative
organ of G. hirsutum (Fig. 7A1). In comparison with veg-
etative organs, the expression of ASN genes was less in
reproductive organs, however, Ghir_D12G007600, Ghir_
D09G009410, Ghir_A12G008140, and Ghir_D07G011260
were the most expressed genes. Ghir_D09G009410 and
Ghir_D07G011260 were highly expressed at early ovule
development, while Ghir_A05G008930 was only upreg-
ulated in ovule at 20 to 35days post-anthesis (DPA)
(Fig. 7B1). During fiber development, Ghir_A12G008140,
Ghir_DI12G007600, and Ghir_D07G011260 were upreg-
ulated from 5 to 25 DPA, however, Ghir_D09G009410

(See figure on next page.)
Fig. 7 Transcriptome analysis of ASN family genes in (A1) vegetative organ

s, (B1) reproductive organs, (C1) fiber development, and (D1) N

metabolism. The co-relation networks of 20 GhASN genes in (A2) vegetative organs, (B2) reproductive organs, (C2) fiber development, and (D2)

N metabolism were analyzed on the basis of Pearson correlation of the sele
edges showed positive and negative correlations, respectively. However, th

cted ASN genes obtained from transcriptomic data. The red and blue
e thickness of each edge showed the strength of the correlation for each

pair. In each network, the identified hub gene is represented in the center with a thick black edge
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was upregulated at early fiber development (5-10 DPA)
and Ghir_A05G008930 was upregulated at late fiber (25
DPA) development stage, implying that they play roles
in fiber development (Fig. 7C1). The ASN genes showed
a high response to short-term N starvation and resup-
ply, implying their roles in N metabolism. The results
indicated that the ASN genes were mostly expressed in
the roots at 0 and 6hN-resupply (Fig. 7D1), however,
Ghir_A05G008920 and Ghir_D09G009430 were upreg-
ulated in both roots and shoot at 0 and 6 hN-resupply
(Fig. 7D1). Ghir_A09G009700, Ghir A12G004130,
Ghir_D05G008910, and Ghir_ D07G011260 were only
expressed in root and not in the shoot, indicating their
role in the root in response to N starvation and resupply
(Fig. 7D1). Based on the expression pattern of RNA-Seq
data, ASN genes in G. hirsutum are involved in vegeta-
tive and reproductive growth, fiber development, and N
metabolism.

For identification of the hub genes in vegetative and
reproductive organs, fiber development as well as in N
metabolism, a co-expression network analysis was per-
formed based on the correlation coefficient of their
respective expression data (Fig. 7A2-D2). The co-expres-
sion network analysis of the ASN genes in vegetative and
reproductive organs, fiber development, and N metabo-
lism showed a positive and negative correlation. In veg-
etative organs, 91 gene pairs were positive and 99 gene
pairs were negatively correlated (Fig. 7A2 and Table S4).
In case of reproductive organs, 94 gene pairs had positive
and 96 gene pairs had negative correlation (Fig. 7B2 and
Table S4). In fiber development, 93 gene pairs had posi-
tive and 97 gene pairs had negative correlation (Fig. 7C2
and Table S4). The highest number of positive gene pairs
of 108 was found in N metabolism with 82 negatively cor-
related gene pairs (Fig. 7D2 and Table S4). After remov-
ing the low correlation pairs, there were 36 (28 positive
and 8 negative) correlation pairs in vegetative organs,
28 (24 positive and 4 negative) in reproductive organs,
127 (56 positive and 71 negative) in fiber development,
and 140 (80 positive and 60 negative) in N metabolism.
Based on the high number of positive correlation and
high expression, we identify one hub gene each in vegeta-
tive (Ghir_A12G008140) and reproductive organs (Ghir_
D13G010010), fiber development (Ghir_A12G008140),
and N metabolism (Ghir_D09G009430). Moreover, the
co-expression network reveals that ASN genes play a key
role in N metabolism > vegetative growth > reproductive
growth and > fiber development.

Discussion

Asparagine synthetase (ASN) is an aminotransferase
determined by a small and simple gene family that is
broadly found in plants [50]. ASN uses ammonium and
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glutamine to form asparagine, which plays a key role in N
transport and metabolism in plants [4, 50]. Asparagine is
well known for N transport and storage that is produced
from glutamine amide group and aspartate in the pres-
ence of ASN [33]. The asparagine transportation permits
the required amide to be transported to various parts of
the plants [51]. Moreover, many researchers have con-
firmed the role of ASN in N transport and metabolism
[4, 23, 33, 52]. Conversely, such type of study on cotton
ASNSs is still to be elucidated. The recent development
in the cotton sequenced genome has made it possible to
extensively study the potential functions of ASN genes in
cotton. In the current study, we identified the ASN genes
in G. hirsutum, G. arboreum, and G. raimondii alongside
A. thaliana, O. sativa, and T. cacao. The major focus was
on G. hirsutum with the aim to widely understand the
ASN gene family functions, evolution, selection pressure,
family expansion, and expression profiling in cotton veg-
etative and reproductive organs, fiber development, and
N metabolism. The current study will provide a founda-
tion and important information for future investigations
and functions of ASN genes in cotton.

The aim of the current study was to characterize the
ASN gene family and its function in the growth, devel-
opment, stress response, and N metabolism in cotton.
Forty-three ASN protein sequences (20 from G. hir-
sutum, 13 from G. arboreum, and 10 from G. raimon-
dii) were retrieved from cottonFGD that were further
divided into three subgroups through phylogenetic analy-
sis (Fig. 1). Interestingly, all three subgroups consisted
of ASN members from all the used species suggesting
their evolutionary relationship from common ancestors.
Moreover, group I and III shared the maximum number
of ASNs (90% from G. hirsutum) suggesting the signifi-
cance and involvement in a large-scale expansion among
the selected plant species. There was a big variation in
the distribution of ASNs among the selected plant spe-
cies, such as 10, 8, and 10 genes in A. thaliana, T. cacao,
and O. sativa as compared to 20 genes in G. hirsutum
demonstrating the conservation of ASN genes during
evolution and gone through a huge scale expansion in
higher plants. Moreover, the ASN genes of cotton and
cacao represented a close relationship in the phyloge-
netic analysis firming the previous results that cotton and
cacao shared a common precursor [47].

The transcription factors and cis-elements regulate
the transcription process followed by the expression of
respective genes. In the current study, various cis-reg-
ulatory elements related to cotton growth and develop-
ment, stress, and hormone-responsive were estimated in
the promotor regions of GhASNs (Fig. 6). The identified
cis-regulatory elements mainly involved in growth and
development were Box-4, MRE, CGTCA, and TGACG,
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while ABRE, G-box, MYB, STRE, GT1, and GCN4 motifs
were mainly involved in abiotic stress responses (Fig. 6
and Table S3). In line with the current study, GCN4 motif
was also noted in ASN1 of wheat [53]. In the phytohor-
mones response category, ABRE, ERE, and MYC were
the most common elements. Consequently, cotton ASN
genes are responsible to play a key role in the growth and
development, and mitigation of various environmen-
tal stresses. The results of earlier studies are in support
of this hypothesis that ASN is involved in plant growth
and development, stress, and hormones responses.
For example, the asn2 mutant showed a poor tolerance
against salinity stress in Arabidopsis and the ASN homol-
ogous gene ASN1 has been responsible for ammonium
recycling against pathogen infection [54, 55]. However,
the functional roles of ASNs in various environmen-
tal stresses need further investigation. Furthermore, the
functional protein domain analysis demonstrated the
family typically encoded ASN domain, and the expres-
sion profiling of ASNs was different in different plant
vegetative and reproductive organs, fiber development as
well as N metabolism, and interestingly it was in line with
the ASN expression in other studied species [24, 56]. The
main output of the expression profiling is the involve-
ment of ASN genes in N metabolism in cotton.

The promoter regions of genes have several but precise
cis-elements that regulate the expression of the gene in
a direct combination with the transcription factors [49].
The cis-elements and various stress-responsive genes
showed a positive linear correlation with each other [57].
The expression of a gene is a significant source that pro-
vides valuable indications about the function of a gene.
In the current study, the transcript level of ASNs was
the highest in the vegetative and reproductive organs
such as cotyledon, root, stem, leaf, pistil, petal, stamen,
calycle, ovule, and seed, which is in line with TaASN1
and TaASN2 expression in wheat as well as AtASN1 in
Arabidopsis [6, 53]. It’s been hypothesized that the higher
expression of ASNs in vegetative organs is linked with the
accumulation of free amino acids and protein synthesis,
probably for efficient N uptake and metabolism in cot-
ton [1, 4], germination, and reproductive organs devel-
opment [6]. Previously, it was observed that exogenous
application of ABA-induced the expression of TaASN1
in wheat [58], and we have found that the ABA-respon-
sive element (ABRE) was the most abundant among cis-
regulatory elements of ASNs (Fig. 6 and Table S3). In
addition, ABA is also involved in seed germination and
seed development at the reproductive stage of plants
[58, 59]. Thus, the high expression of ASNs in the repro-
ductive organs may be essential for reproductive organs
development and later in seed germination. However,
the interaction between ASNs and ABA and their role in
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germination and the development of reproductive organs
needs detailed investigations.

The TaASN1 expression in high-yielding wheat was
higher as compared to low-yielding wheat, especially at
tillering stage suggesting the role of ASN in N remobi-
lization [60]. Therefore, ASN genes could be used as
a potential marker to increase N metabolism and use
efficiency [4, 60]. In our earlier study, a strong correla-
tion between N utilization and expression of ASN genes
was found in cotton [4]. Moreover, the overexpression
of AtASN1 increased soluble proteins in Arabidopsis
seeds, and the mutant plant showed more tolerance to N
deficiency than control [61]. The asparagine level in rice
drastically reduced in Osasnl mutant leading to suppres-
sion of tiller buds growth [62]. The expression profiling of
the current study suggests that ASN genes are involved in
N metabolism and might be an efficient utilization of N
in cotton. Finally, the results of the current study provide
the basis for further molecular investigation of functional
involvement of ASN genes in cotton growth and develop-
ment and N metabolism.

Conclusions

The current study provided an extensive analy-
sis of the ASN gene family for the first time in the
sequenced genome of three cotton species. In this
study, twenty ASN genes were recognized in G. hir-
sutum that were unequally mapped on ten chro-
mosomes and were divided into three subgroups
by phylogenetic analysis. It was found that all ASN
genes have conserved ASN and GATase domains.
The expression profiling of ASNs indicated that
these genes have a vital function in cotton growth
and development as well as in N metabolism. Fur-
thermore, the gene co-expression network anal-
ysis identified four hub genes one each from
vegetative growth (Ghir_A12G008140), reproduc-
tive growth (Ghir_D13G010010), fiber development
(Ghir_A12G008140), and N metabolism (Ghir_
D09G009430). Finally, the current study provides a
foundation to investigate the functions of the iden-
tified hub genes in cotton growth and development
and N metabolism at the molecular level.
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