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Abstract: Salinity is a critical abiotic factor that significantly reduces agricultural production. Cotton
is an important fiber crop and a pioneer on saline soil, hence genetic architecture that underpins
salt tolerance should be thoroughly investigated. The Raf-like kinase B-subfamily (RAF) genes were
discovered to regulate the salt stress response in cotton plants. However, understanding the RAFs in
cotton, such as Enhanced Disease Resistance 1 and Constitutive Triple Response 1 kinase, remains a
mystery. This study obtained 29, 28, 56, and 54 RAF genes from G. arboreum, G. raimondii, G. hirsutum,
and G. barbadense, respectively. The RAF gene family described allopolyploidy and hybridization
events in allotetraploid cotton evolutionary connections. Ka/Ks analysis advocates that cotton
evolution was subjected to an intense purifying selection of the RAF gene family. Interestingly,
integrated analysis of synteny and gene collinearity suggested dispersed and segmental duplication
events involved in the extension of RAFs in cotton. Transcriptome studies, functional validation, and
virus-induced gene silencing on salt treatments revealed that GhRAF42 is engaged in salt tolerance in
upland cotton. This research might lead to a better understanding of the role of RAFs in plants and
the identification of suitable candidate salt-tolerant genes for cotton breeding.

Keywords: Raf-like kinase; synteny; VIGS; gene expression; genome-wide analysis

1. Introduction

Cotton is a major crop around the globe that might be used as a pioneer crop for saline-
alkali soil reclamation, resulting in a more suitable cropland for plant growth [1]. Soil
salinity is a key factor that threatens crop productivity, the environment, and agricultural
sustainability [2,3]. Indeed, salinity has afflicted almost one billion hectares of dry and
semi-arid land worldwide [4]. Soil salinity will rise dramatically over time due to climate
change, inappropriate irrigation, and excessive use of fertilizers [5]. By 2050, salt salinity
is expected to impact more than half of the arable land [6]. Excessive salt buildup in soil
creates a severe menace to agricultural productivity [7,8]. Cotton is a relatively resistant
plant to salt stress [9,10]. However, the exact mechanism behind the salt tolerance of cotton
is still unknown.

Cotton salt stress responses have been linked with a variety of components concerning
transcriptome profiling. Cotton research has entered a postgenomic age after obtaining
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genomic sequences of diploid and tetraploid cotton [11–13]. Functional genomic tech-
niques for transitory silencing of endogenous genes in cotton have been developed, such
as Agrobacterium-mediated virus-induced gene silencing (VIGS) [14–16]. These break-
throughs enable us for genome-wide functional study of cotton genes. Cotton zinc finger
protein1 (GhZFP1) improves salt tolerance in tobacco [17]. In Arabidopsis, overexpression
of calcineurin B-like (CBL) kinase 6 (GhCIPK6) improves salt and drought tolerance [18].
miRNVL5, a cotton microRNA ovule line 5 was implicated in salt stress tolerance [19]. To
address the future challenges, plant breeders are striving to improve cotton genotypes for
marginal environments against salt.

MAPK (mitogen-activated protein kinase) networks in eukaryotes are ubiquitous
signaling components that perform critical functions in stress response and plant growth
and development. MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK), and MAPK
are the three kinases that build up the MAPK cascade. The MAPK cascades transmit
signals via phosphorylation and activation in a specific order [20]. MAPK networks
are well-protected signaling pathways in all eukaryotes that are frequently engaged in
plant response mechanisms [21]. Different cellular functions can be triggered by MAPK
cascades such as respond to environmental stresses and predetermined cell death [22,23].
Upstream phosphorylation components are responsible for the activation of kinases [24].
The Arabidopsis genome contains around 10 MAPKKs, 20 MAPKs, and 80 MAPKKKs, and
splits MAPKKKs into two subtypes, Raf-like kinases and MEKK-like [20,25]. MAPKKKs
have been characterized as Raf-like protein kinases (RAFs) in plants [20,26]. At the same
time, the Raf-like kinase family contains 48 members in Arabidopsis. Raf-like protein
kinases are divided into four B and seven C subgroups [20]. B1 subgroup contains four
members, B2 and B3 comprise on six members, and B4 have seven members [27]

In the Arabidopsis thaliana, Raf-like Kinase, Enhanced Disease Resistance 1 (EDR1) and
Constitutive Triple Response 1 (CTR1), a B3 subfamily of Raf-like kinase played a vital role
in ethylene and disease resistance signaling [28]. RAF2 belongs to B3 family, also known as
EDR1, suppresses the immunological response to biotic stress [29]. The serine/threonine
protein kinase CTR1 functions as a critical negative component in the ethylene signaling
pathway in Arabidopsis [30]. Likewise, mutants of many Raf-like protein kinases affiliated
with B2 and B3 families [31,32], are hypersensitive to salt stress and insensitive to ABA2 [33].
Based on amino acid sequences, Raf10 is categorized as a MAPKKKs [32]. Raf10 and its
homolog Raf11 are key ABA response regulators which involved in seed dormancy and
seedling ABA sensitivity [32]. Raf-like MAP3Ks are thought to play essential functions in
plant development and are also involved in signal transduction pathways between plant
and hormones in diverse environmental stresses [34,35].

Crop plants have evolved various biochemical and physiological processes to respond
salt stress [36]. The stress-determining genes, control the downstream gene’s expression,
activate transcription factors, and increase stress tolerance [37]. We first identified potential
RAF-like kinase genes in four cotton species based on their transcriptome data in the
present work. Then we examined the gene’s expression in different tissues at various stress
levels to select salt stress tolerance candidate genes. PCR-qRT verified the presence of
salt-tolerant gene GhRAF42 in cotton. The VIGS technology was also utilized to validate
the findings. Our results will provide the basic knowledge of the function and evolution of
cotton RAF-like kinase and potential genes for developing salt tolerance cotton genotypes.

2. Results
2.1. RAF Sequence Analysis and Characterization of Four Cotton Species

Four cotton genomes (two diploids and two tetraploid species) were obtained from
CottonFGD database and analyzed using HMMER and BLASTP software to find genes
encoding the RAF protein domain. After domain and alignment analysis, a total of 167 RAF
proteins were found in the current study (Table S2). G. raimondii illustrated 28 RAF-like
kinase genes (18 EDR1 and 10 CTR1), while G. arboreum exhibited 29 genes (18 EDR1
and 11 CTR1). Additionally, G. hirsutum represented 56 genes (36 EDR1 and 20 CTR1),
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and G. barbadense exhibited 54 RAF genes (34 EDR1 and 20 CTR1) (Figure 1A). Candidate
RAF genes were renamed based on their chromosomal locations [38]. G. raimondii and G.
hirsutum exhibited 96~1403 amino acids residues, G. arboreum contained 119~1401, and G.
barbadense had 150~1401 amino acids. The BUSCA analyzed the RAF protein sequence
and predict that most genes in four cotton species were found in the nucleus (Table S2).
GrRAF01, GrRAF07, GrRAF19, and GrRAF26, were identified in the chloroplast, GrRAF11
and GrRAF17 in the endoplasmic membrane, and GrRAF02 was found in the plasma
membrane. Eight of the twenty-nine genes were found in the chloroplast, endomembrane
system, and plasma membrane in G. arboreum. Fifteen GbRAFs genes were found in the
chloroplast, endomembrane system, and plasma membrane. Similarly, only 17 GhRAFs
genes were found outside the nucleus from 56 genes of G. hirsutum.

MEGA X was used to build the phylogenetic tree using multiple sequence alignment
of 28 RAF proteins from G. raimondii, 29 RAF proteins from G. arboreum, 56 from G.
hirsutum, 54 from G. barbadense, and 22 A. thaliana proteins (Figure 1B). The phylogenetic
tree demonstrated that 189 RAFs genes could be naturally categorized into 3 groups. Class
I was observed as the largest, containing 91 proteins (13 GrRAFs, 13 GaRAFs, 30 GhRAFs, 25
GbRAFs, and 10 AthRAFs). Similarly, 50 RAFs proteins were present in group II (8 GrRAFs,
7 GaRAFs, 14 GhRAFs, 16 GbRAFs, and 5 AthRAFs), whereas class III exhibited 48 RAFs
proteins (7 GrRAFs, 9 GaRAFs, 12 GhRAFs, 13 GbRAFs, and 7 AthRAFs). Group I had the
most members in the RAF gene family, followed by groups II and III. Clustering of GrRAFs
within each subgroup with rest all cotton species have a close evolutionary relationship,
hence providing evidence supporting the origin of tetraploid species from the hybridization
of A and D genomes [11].

The molecular and biological functions of four cotton species were retrieved from GO
ontology from the CottonFGD database (Figure 1C). Molecular functions of RAF genes of
G. hirsutum revealed that functions of both protein kinase activity and ATP binding was
44.1% and function of protein binding was 11.8%. Biological functions involved in the
regulation of transcription and DNA template contribute 87.5%, and protein phosphory-
lation contributed 12.5%. Gene ontology of G. arboreum, G. raimondii, and G. barbadense is
illustrated in Figure S1.

2.2. Cotton RAF Gene Family Tree Diagram, Exon-Intron Structure, Motif Assay, and Gene
Ontology Analysis

Phylogenetic tree, gene structure, and conserved domains were evaluated to describe
the potential correlation between the evolutionary process and gene function/gene struc-
ture of cotton RAF genes. MEGA X was used to illustrate the evolutionary tree with the
help of neighbor-joining method [39]. All positions with a site coverage of less than 90%
were removed. The resulting dataset had a complete set of 296 positions in the composite
tree of A. thaliana and four cotton species. Individual trees of G. raimondii, G. arboreum, G.
hirsutum, G. barbadense had 87, 94, 77, and 76 positions, respectively, in the final dataset
with complete deletion. In the RAF gene family, G. barbadense exhibited maximum exons
(18), followed by G. raimondii (16), G. hirsutum (15), and G. arboreum (15) (Figures 2 and S2).
GhRAF17 (5649 bp) was the longest gene, followed by GbRAF51 (5623 bp), GrRAF18 (5275
bp), and GaRAF09 (4206 bp) (Figures 2 and S2). Introns and exons were arranged to reveal
the evolutionary connections between various gene families. There was also an important
link between exon-intron structure and phylogeny. MEME was used for the coding of
the motif structure of all the RAF protein sequences of cotton. In cotton RAFs proteins,
12 motifs were detected; intriguingly, motifs 2 were found to be conserved in all RAF
proteins sequences in all-cotton species. Specifically, in G. hirsutum, all the group proteins
contain motifs 1, 2, 3, 6, and 7. Likewise, motif 5 is present in all proteins except GhRAF27
and GhRAF29. Moreover, motifs 8 and 9 were present in all proteins except GhRAF29. Most
conserved domain with all 12 conserved motifs were found in Group I. The closely related
genes exhibited typical motif composition and were more structurally similar with exon
and intron lengths that differ significantly. These results revealed functional similarity
between proteins of GhRAFs in paralogous pairs. Information about motif logo, motif
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e-value, motif sites, motif width, motif conserved amino acids, and motif similarity matrix
of four cotton species are provided in Table S3.
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2.3. Chromosomal Gene Location and Synteny Analysis

Mapchart assisted in the designing and exact localization of genes on chromosomes. It
was observed that each chromosome carried a various number of RAF genes in each species
of cotton. For example, D09 chromosome in G. raimondii exhibited the highest number of
genes. Likewise, the A05 and A09 chromosomes in G. arboreum had the most RAF genes,
followed by G. hirsutum on A09 and D09, and G. barbadense on A05, A09, D05, D06, and D09.
The longest chromosomes were D13 (85.32 Mb), A03 (135.70 Mb), A06 (126.48 Mb), and
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A08 (119.88 Mb) in G. raimondii, G. arboreum, G. hirsutum, and G. barbadense, respectively
(Figures 3A and S3).
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Gene duplication is a common cause of gene expansion and the development of novel
gene functions. In the present study, TBtools performed an amino acid homologous blast of
four cotton genomes. In G. raimondii, 12,949, 707, and 1897 collinear genes, collinear blocks,
and tandem repeat genes were noticed, respectively (Table S4). In G. arboreum, 2375 tandem
repeat genes, 1022 collinear blocks, and 15,891 collinear genes were observed. Likewise,
G. hirsutum contains 55,604 collinear genes, 2225 collinear blocks, and 3334 tandem repeat
genes in its genome. In G. barbadense, 56,139 collinear genes, 2215 collinear blocks, and
3304 tandem repeat genes were discovered (Table S4). Paralogous pairings of RAF gene
families arose through whole genome duplications or segmental duplications. Transposi-
tions involving only a tiny number of tandem repeat genes might result in a high number
of members in four cotton species. In G. raimondii, scattered, segmental, and proximal
duplications were found in 13, 14, and 01 genes, respectively. In G. arboreum, there were ten
scattered, eighteen segmental, and one tandem and proximal duplications (Table S5). In
tetraploid cotton species, G. hirsutum had fifty-four segmental and one dispersed duplica-
tion, whereas G. barbadense had six scattered, forty-seven segmental, and one tandem gene
duplication (Table S5). Hence, it could be concluded that segmental duplications played a
vital role in the evolution of RAF-like kinase gene family in cotton. In the synteny diagram
using circos, red lines depicted gene duplications between chromosomes within genomes.
Cotton RAF genes were non-randomly distributed with most homologous genes evenly
split between the A and D genomes. G. hirsutum exhibited 77 gene duplications within a
genome (Figure 3B). The highest gene duplications were illustrated by chromosomes A09
and D09. Interestingly, all the genes demonstrated their duplicated gene copy on the A
and D genome except GhRAF02. The duplication and divergence of gene members during
the development of gene families leads to functional diversity in the biological processes
carried out by the gene family. Similar information about G. raimondii, G. arboreum, and
G. barbadense is described in Figure S4. Synteny was drawn between D-Gh Dt, D-Gb
Dt, A-Gh At gene pairs from G. raimondii to further explore the evolution and origin of
cotton RAF genes of G. arboreum, G. hirsutum and G. barbadense (Figure 3C,D). Synteny
diagram was plotted between A genome of G. arboreum with A genome of G. hirsutum
and D genome of G. raimondii with D genome of G. hirsutum and similar pattern with G.
barbadense. As expected, most cotton RAF genes A genome of G. arboreum, corresponded to
A genome of G. hirsutum, and similarly D genome of G. raimondii, compared to D genome
of G. hirsutum. For example, chromosome Ga05 and Ga09 in G. arboreum was syntenic
to the region GhA05 and GhA09 in G. hirsutum, respectively. All the chromosomes of
both species have orthologs on each chromosome except Ga13 and GhA13. Remarkably,
similar behavior was recorded between G. raimondii D genome and G. hirsutum D genome
chromosomes. GrD06 and GrD09 chromosomes of G. raimondii and GhD05 and GhD09 of
G. hirsutum exhibited the highest duplicated genes. Almost the same syntenic relationship
was also observed between diploid A and D genome with A and D genome of tetraploid G.
barbadense (Figure S3). These findings represented that duplication of cotton RAF genes
during evolution might play a key role in cotton growth and defensive response as well as
enhances our understanding of the functional diversity of cotton RAF genes.

2.4. Orthologous Gene Clusters Identification and Synonymous and Nonsynonymous Ratio

Orthologous RAF gene clusters in A. thaliana, G. raimondii, G. arboreum, G. hirsutum,
and G. barbadense were assessed to investigate the event of polyploidization throughout
the evolutionary phase of the RAF gene family in cotton A and D genomes. The identi-
fied clusters of orthologous genes and their overlap positions are depicted in Figure 3E.
Surprisingly, the magnitude of the contribution of each species of cotton was found to
be identical. The discovery of 12 RAF orthologous gene clusters in cotton suggested that
polyploidization has led to developing novel orthologues gene clusters. Similarly, ortho-
logue gene groups were generated in A. thaliana and between each cotton species (Table S6).
Furthermore, the data revealed that as evolutionary distances increase, the number of
known orthologue genes decreases. Comparatively, G. raimondii, G. arboreum, G. hirsutum,



Int. J. Mol. Sci. 2021, 22, 12649 8 of 21

G. barbadense had 562, 331, 525, and 562 orthologous genes, respectively, whereas A. thaliana
exhibited 60 orthologous genes (Table S6). In G. arboreum, G. barbadense, and A. thaliana
represented 46, 91, and 197 co-orthologs, respectively, whereas G. hirsutum and G. raimondii
illustrated 107 co-orthologs. Intriguingly, two singletons were found in G. barbadense, while
one singleton was found in G. arboreum. 176 in-paralogs were identified in G. raimondii and
G. hirsutum, whereas 26 and 138 in-paralogs were found in G. arboreum and G. barbadense,
respectively.

The Ka/Ks ratio estimates the evolutionary history of a gene region or gene [40]. 9,
10, 21 and 23 gene duplication pairs were found in G. raimondii, G. arboreum, G. hirsutum
and G. barbadense, respectively (Figure 3F). It was observed in four cotton species that the
Ka/Ks ratio for all RAFs genes understudy is less than one suggested purifying selection
(Table S7). Segmental duplications of the RAF genes occurred in G. arboreum between 1.86
and 47.68 Mya. Similarly, the RAF genes in G. raimondii were duplicated between 2.29
and 45.72 Mya. Additionally, segmental duplication occurred between 13.53~142.07 and
0.77~2.09 Mya in G. hirsutum and G. barbadense, respectively (Table S7). Hence, it could be
concluded that A and D genomes are the progenitors of all cotton species.

2.5. Screening of Salt Tolerance Genes Based on Transcriptome Data

Expression patterns of salt tolerance RAF family members in G. arboreum, G. hirsutum,
and G. barbadense were analyzed using published transcriptome databases [13,41,42]. The
expression pattern of the RAF gene under polyethylene glycol (PEG) and salt stress was
identified at various intervals of time using publicly accessible high throughput RNA
seq data to elucidate the potential functional roles of the RAF gene family in cotton. The
heatmap of RAF gene expression was designed using TBtools. The expression profile of
GhRAF members reveals significant differences (Figure 4A). Across two stress levels at
different time intervals, more than half of GhRAF genes were expressed at a low level.
Approximately 25% of GhRAF genes exhibited a broad expression range and consistently
high expression. Furthermore, several of them had stress-related expressions. Genes
GhRAF42, GhRAF52, and GhRAF05, for example, showed high expression at one stress
level but low expression in another, suggesting that these three genes may play critical
roles in cotton reproductive biology. Moreover, GhRAF24, GhRAF53, GhRAF23, GhRAF31,
GhRAF42, GhRAF14, and GhRAF32 were interested in expression analysis. The function
of duplicated genes differed in three primary ways due to gene duplication, which is
common in tetraploid cotton genomes: pseudogene copies, homologous genes, and new
genes with unique roles [13]. The heat map showed that most homologues in the RAF
gene family were functionally conserved, while just a few had distinct gene functions. Sur-
prisingly, G. barbadense demonstrated similar behavior concerning expression (Figure 4B).
All of the aforementioned findings suggest that the cotton RAF gene family has a lot of
functional diversity.

2.6. GhRAF Gene Expression Characteristics Analysis

An experiment was conducted to detect the optimal salt stress concentration in cotton.
Both genotypes were grown in the glasshouse under the same pre-requisite conditions as
described in Section 2.7. After 100 mM, 150 mM, and 200 mM of salt treatments fresh and
dry root, shoot, and leaves were weighed. Fresh shoot weight was substantially lower in
both genotypes under 200 mM NaCl treatment than control, but fresh root weight was
non-significant (Figure 5A). Fresh leaf weight, dry shoot weight, and dry leaf weight
showed similar results (Figure 5B–D). Consequently, it was found that the 200 mM NaCl
treatment severely damaged the cotton plants, resulting in lower fresh and dry weight
in the root, shoot, and leaves compared to the control and other treatments, i.e., 100 and
150 mM. Hence, 200 mM salt concentration was selected to analyze the candidate gene
expression profiles. After extracting high-quality RNA and reverse transcription cDNA
from samples at 6 time points after NaCl treated (Figure S5), A RT-qPCR experiment
was conducted to validate the expression features of the GhRAF24, GhRAF53, GhRAF23,
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GhRAF52, GhRAF14, GhRAF42, GhRAF05, and GhRAF32 genes. At 200 mM salt stress, the
expression of the genes was differently regulated in the leaves of two cotton genotypes
at various time intervals (Figure 5E–L). At 200 mM NaCl concentration, GhRAF42 gene
expression increased in the leaves of Z9807 at 0.5, 12, and 48 h, with the highest expression
level at 0.5 h. GhRAF24 is exclusively expressed in Z9807 at 6 h. GhRAF53, GhRAF23, and
GhRAF14 all showed similar behaviors. The rest of the genes performed poorly in both
genotypes. The expression of GhRAF42 was highest in salt-tolerant cotton lines. These
findings suggested that GhRAF may also be a significant transcription factor in response to
upland cotton genotypes to salt tolerance. As a result, GhRAF42 gene in the Dt genome of
upland cotton for validation, showed upregulated expression. The fact that overexpression
is very persistent suggests the importance of salt stress resistance.
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2.7. Gene Cloning and Subcellular Localization

The target gene GhRAF42 was cloned using the cDNAs of leaves taken from two cotton
genotypes. Agarose gel was used to run the cloned product. The gel imaging equipment
detects the size of the cloned target gene to be coherent with the size of the TM-1 reference
gene, indicating successful cloning of the target gene. GhRAF42 has a 4083-bp CDS that
encodes 1361 amino acids with an isoelectric point of 5.05 and exhibited a molecular weight
of 147.611 kD (Figure S6A). The RAF-like kinase subfamily is predicted by domain analysis.
By comparing amino acid sequences of GhRAF42 gene with DNAMAN10 software, it was
possible to find closely homologous sequences of G. raimondii, G. arboreum, G. hirsutum,
G. barbadense, and A. thaliana. Sequence alignment revealed several conserved sequences
(Figure S6B). Previously, the GhRAF42 protein sequence was subcellular localization pre-
dicted in the nucleus (Table S2). In order to verify the results, the subcellular localization
vector GhRAF42-P438-RFP was constructed. Through transient tobacco transformation
and image acquisition under laser confocal microscope, it was found that the empty of
-RFP was evenly distributed in all parts of the region, while GhRAF42-P438-RFP was only
observed on the nucleus (Figure 6).

2.8. Silencing of Genes in Upland Cotton and Its Detection

The GhRAF42 gene in salt-tolerant cotton variety Z9807 was silenced via VIGS. Genes
involved in chlorophyll production were silenced with the insertion of the GhCLA1 gene.
As a result, chlorophyll production in cotton was disrupted, and new true leaves devel-
oped as an albino in later stages [43]. The albino phenotype develops after infecting the
cotton plant, indicating effective gene silencing (Figure 7A). The expression levels of TRV
unloaded, GhRAF42 gene was confirmed by RT-qPCR after the leaves of cotton plants
were randomly chosen for fluorescence measurement. Cotton plants normal and unloaded
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expression levels were unaffected. However, the target gene expression in cotton after si-
lencing decreased considerably, indicating that the GhRAF42 gene was successfully silenced
(Figure 7B). 200 mM salt stress was administered to cotton plants with gene silencing and
cotton plants with empty vectors. The phenotype was observed after 12 h of salt stress;
gene-silenced cotton plants wilted more severely than control plants (Figure 7A).
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To determine candidate gene expression in cotton plants following VIGS silencing. The
efficiency of the knockout gene is higher when its expression is low. Figure 7B demonstrates
how the expression of knockout genes drops dramatically over time. Five plants were
observed at different times, and the knockout gene expression was much lower than the
control from expression level 1 to 0.2. TRV2::00 and TRV::GhRAF42 leaves were collected
for RNA extraction and RT-qPCR analysis to investigate the silencing effectiveness of
GhRAF42. TRV::00 and TRV::GhRAF42 seedlings were subjected to water for control plants
and 200 mM NaCl treatment for 12 h to examine salt tolerance. After the water and NaCl
treated TRV2:00 and TRV2:GhRAF42, samples were collected from seedlings at 0.5, 12 h,
48 h, and 72 h for quantitative measurements of CAT, POD, and GPX activities.
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POD, GPX, and CAT levels were determined using a microplate reader (Figure 6C–E).
At 0.5 h after GhRAF42 gene silencing, there was no significant change in CAT activity
between CK and TRV2:00. In the silenced GhRAF42 seedlings, however, there were highly
significant differences between TRV2:00 and GhRAF42 at 12 h, 48 h, and 72 h. The findings
of GPX activity were not the same as those of CAT. The general tendency was upward. At
0.5 h and 48 h after silencing, there were no substantial changes in the GhRAF42 gene. The
content of GPX in cotton plants is much lower than that of CK and TRV:00. TRV2::00 and
GhRAF42 showed highly significant differences at 12 h and 72 h after salt stress treatment.
POD activity measurements revealed that the GhRAF42 gene was significantly different
from control and TRV2:00 at 0.5, 12, and 48 h after silencing, and the GPX activity was lower
than control and TRV2:00, while control, TRV2::00, and GhRAF42 showed non-significant
expression at 72 h. Overwhelmingly, after GhRAF42 gene silencing, the CAT, POD, and GPX
activities decreased significantly, inferring about the sensitivity of cotton plants against
salt stress.

3. Discussion

Raf-like kinases belong to the family MAPKKK, which is phosphorylated by ser-
ine/threonine [23]. EDR1 and CTR1 belong to RAF-like kinases and involved in ethylene
signal transduction and disease resistance signalling [20,23]. In Arabidopsis, CTR1 is a
part of an ethylene receptor signalling complex, which supports a scenario in which CTR1
function requires its localization to the endoplasmic reticulum [44]. EDR1, Raf-like kinase,
is also a negative regulator of ethylene-induced senescence and disease resistance [45].
Research also revealed that Raf10 is a new unexplored regulatory component of ABA
signaling [46]. RAF is thought to have a function in plant stress response to initiate the
diversification process. In this work, one salt-stress-responsive gene of RAF was discovered
by transcriptome data filtering.

There were 29, 28, 54, and 56 RAF genes associated with G. raimondii, G. arboreum,
G. hirsutum and G. barbadense, respectively (Table S2). More than fifty genes exist in
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both tetraploid species of cotton due to the hybridization of G. raimondii and G. arboreum
occurred about 1–2 Mya, followed by polyploidization. Similar findings have previously
been reported in peanut [47] and cotton [48]. According to the comparative analysis
of potential RAF genes, gene structure and domain conservation have remained intact
throughout the evolution of cotton. The genes that have been discovered, classified into
three categories. The conservation of RAF genes was demonstrated throughout evolution
by the same group shared by numerous genes in the phylogenetic tree. Similar results
were identified in maize [49] and grapevine [50]. The GhRAF42 gene was shown to be
localized in the nucleus according to subcellular localization predictions. IQD gene in
soybean, and cotton [51,52] EDR1 in Arabidopsis and tobacco [45,53], CDK and RCC1 gene
in cotton [54,55], were also located in the nucleus. While some RAF genes of cotton were
located outside the nucleus, in maize, ZmHSF11B2b was also reported in the cytoplasm [56]
likewise, PPA gene is detected in cytosol and chloroplast in pear [57].

Generally, segmental duplication was important in the evolution of the RAF gene in
cotton. In the current study, purifying the selection of RAF duplicated gene pairs played
an essential role in controlling genomic diversity. Moso bamboo [58], Chinese cabbage [59],
soybean [60], cotton [61] and grapevine [50] were also undergone purifying selection.
Redundant or divergent activities were reported in cotton duplicated genes in response
to abiotic stresses [62]. A genome and D genome species have diverged from 2 to 13
Mya [11]. However, transoceanic hybridization of G. hirsutum and G. barbadense exhibited
1~1.5 mya of A and D genomes [63]. In the same way, duplication experiences in the wheat
genome assist the expansion of HSF genes [52] and auxin-responsive GH3 family genes in
wheat [64]. Whole-genome duplication of lineage-specific in plant species has acquired
a significant number of variations [65]. In the allopolyploid process, gene loss and gene
retention increase tolerance against abiotic stresses [66–68]. As a consequence, redundant
copies of cotton RAF genes might be used to regulate salt tolerance. In cotton, orthologous
genes have shown the presence of novel RAF gene subclasses. Similar findings have been
reported by Brassica [38].

NaCl was used to treat the RAF-like kinase gene in upland cotton. Salt-sensitive
variety was affected more severely by salt stress as compared to salt-tolerant variety. The
previous studies have suggested that the RAF18, RAF20, and RAF24 genes played a vital
function in salt stress response [69]. Members of the RAF family, such as RAF5 and RAF8,
possibly expressed in diverse tissues with increased expression in A. thaliana, demonstrat-
ing broad response patterns against salt stress [33]. The results revealed that the ability
of the CTR1-1 mutant of the RAF-like kinase to resist high salinity is connected to an
altered ethylene/auxin regulatory loop in Arabidopsis [70]. Salt stress in cotton causes a
disturbance in the dynamic ion balance in plants, changes the average permeability of the
membrane, reduces the activity of several membrane-bounded enzymes, and results in
a variety of metabolic problems [71]. High salt induces the expression of OsMAPKK1, a
distinguished regulator of the salt stress response [72]. Additionally, OsMAPKK6 is impli-
cated in salt and cold stress tolerance [73,74]. Because the two rice MKKs are recognized
as mediators of the salt stress response, OsMAPKKK63 might be implicated in the high
salinity response as well [75].

Compared to other crops, cotton exhibited higher salt tolerance, yet salt stress sig-
nificantly impacts cotton development, yield, and quality, particularly in seedling and
germination phases. Plant response to salt stress causes changes in gene expression, which
leads to alterations in metabolic pathways due to the accumulation of different chemi-
cals [76]. Unnecessary reactive oxygen species are generated in cotton plants during abiotic
stress leads to tissue cell damage. An increase in antioxidant enzyme activity was observed
in the cell upon oxidizing a tissue, eliminating excess active oxygen and protecting plants
from damage caused by unfavorable stress. As a result, the activity of antioxidant enzymes
in plants may be used to measure the stress tolerance of a plant [77].

The appearance of an albino phenotype in plants confirmed the silencing of candi-
date gene GhRAF42 (Figure 6). The amount of chlorophyll in cotton leaves provides a
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straightforward and accurate measure for assessing the cellular damage induced by salt
stress [78,79]. Furthermore, after silencing the targeted gene, its expression was consider-
ably decreased. After salt stress treatment, the silenced cotton plants showed significant
wilting as well. GhRAF42 gene silencing suggested that it protects cotton plants from salt
stress. Likewise, improved salt tolerance was reported by downregulation of GhNHX1,
GhWRKY6, and RCC1 in VIGS-treated cotton [59,80,81]. After gene silencing, activity of
CAT, GPX, and POD in cotton plants was much lower than that of non-VIGS plants at
various time intervals. Infact, silencing the GhRAF42 gene decrease the ability of cotton
plant to repair the damage produced by reactive oxygen species, which makes them more
sensitive to salt stress. In cotton, It was found that salinity stress reduced the CAT, GPX,
and POD content in leaves [71]. Overwhelmingly, quantitative fluorescence experiment,
VIGS, and exposure of physiological signs after silencing reflect that the GhRAF42 gene
plays a significant role in salt tolerance in cotton plants.

4. Material and Methods
4.1. Classification and Characterization of RAF Proteins in Cotton

Alignment of G. raimondii (JGI), G. arboreum (CRI), G. hirsutum (CRI), and G. barbadense
(HAU) genomes sequences were downloaded from the cotton functional genomics database
(CottonFGD; https://cottonfgd.org/about/download.html, accessed on 23 June 2021). The
RAF protein sequences were achieved from A. thaliana using software HMMER (v3.3.2)
with 1e−10 of e value [82], and the targeted candidate genes were analyzed using the pro-
gram BLASTP [83]. NCBI CDD search (http://www.ncbi.nlm.nih.gov/cdd/, accessed on
23 June 2021) and Pfam (http://pfam.xfam.org/scan, accessed on 24 June 2021) were also
used to confirm candidate protein sequences (Pfam ID: PF07714). The physiochemical prop-
erties of RAF proteins were determined using Expert Protein Analysis System (ExPASy)
(http://www.expasy.org/, accessed on 27 June 2021). Whereas, Bologna Unified Subcellu-
lar Component Annotator (http://busca.biocomp.unibo.it, accessed on 03 July 2021) was
utilized to predict the subcellular localization [84,85]. Gr, Ga, Gb and Gh prefixes were
used for G. raimondii, G. arboreum, G. hirsutum, and G. barbadense, respectively.

4.2. Multiple Sequence Alignment and Intron or Exon Structure Analysis of RAF Gene Family

Clustal Omega, (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 07 July
2021) was used to align the RAF gene sequences of four cotton species by using default
parameters [86]. To discover conserved motifs in RAF proteins, MEME (Multiple Em for
Motif Elicitation) version 5.4.1 [87] was utilized, and the settings were optimized with a
total of 12 motifs, at least 5 motifs per protein and motif width was 25 to 200 bp [88]. Coding
regions and genomic sequences of cotton were examined to determine the structure of genes.
In addition, the pattern distribution and splicing process of introns were revealed using
aligned sequences of CDS. The intron/exon arrangement of RAF genes was elucidated
using TBtools (v1.098661) [89].

4.3. Phylogenetic Analysis of RAF Genes and Gene Ontology Analysis

The evolutionary tree was generated with the help of Molecular Evolutionary Genetics
Analysis (MEGA (vX)) by using neighbor-joining method, which included 28 RAF genes
from G. raimondii, 29 from G. arboreum, 56 from G. hirsutum, 54 from G. barbadense, and
22 from A. thaliana [39]. Tree nodes were calculated using the bootstrap method with
1000 replications for statistical strength [90]. At the same time, evolutionary distances
were calculated by the number of differences and amino acid as substitution type with
uniform rates and patterns [91]. Meanwhile, gene ontology (GO) enrichment analyses were
performed using the CottonFGD database (accessed on 11 September 2021).

4.4. Chromosomal Location, Synteny Analysis, and Collinearity Analysis of RAF Genes

Chromosomal locations of the RAF genes in four cotton species were determined
using CottonFGD genome annotation data (accessed on 25 June 2021). Each RAF gene was
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mapped and displayed on each chromosome by using Mapchart (v2.32) [92]. MCScanX
(v0.8) [93] was used to identify gene duplication via TBtools [89]. Collinearity maps
were created using TBtools with circos and synteny programs to illustrate segmentally
duplicated and orthologous pairs of RAF genes between and within cotton genomes.
The nonsynonymous (Ka) and synonymous (Ks) substitution values of RAF genes were
computed through TBtools. When the Ka/Ks = 1, it indicates neutral selection; when greater
than 1, it suggests positive selection; and less than 1 specifies purifying selection [94,95].
Formula T = Ks/2λ × 10−6 (Mya) was used to compute duplicated events, whereas
λ = 1.5 × 10−8 in cotton [96].

4.5. Identification of Orthologous RAF Genes Based on Sequence

OrthoVenn2 (https://orthovenn2.bioinfotoolkits.net/home, accessed on 02 July 2021)
was used with default settings to identify orthologous genes in G. raimondii, G. arboreum,
G. hirsutum and G. barbadense [97]. The study included the sequences of known RAFs
proteins from all four cotton species and protein sequences from A. thaliana. Furthermore,
each cotton species was assessed in each possible combination of cotton and A. thaliana to
discover potential orthologous gene clusters.

4.6. Heat-Map Analysis

The expression levels of RAF genes were determined using fragments per kilobase
per million (FPKM) values from the ”TM-1” cultivar transcriptome data obtained from the
NCBI database (https://www.ncbi.nlm.nih.gov/bioproject/?term=prjna248163, accessed
on 14 May 2021). Trimomatic software (v0.38) was used to remove adaptors to conduct
quality control [98]. Hisat2 software was used to map the genome reads, and Cufflinks
was used to get the consistent FPKM values [99,100]. The results of RAF genes were log-
transformed operating threshold standards established on the false discovery rate (FDR)
statistical technique and the FPKM ratio, i.e., FDR less than 0.001 and |log2 Ratio| ≥ 1.
Using TBtools, heatmap was created to illustrate the RAF family gene expression [89].

4.7. Plant Materials

One salt-tolerant cotton genotype, Zhong9807 (Z9807), and one salt-sensitive vari-
ety, Zhong J0102 (ZJ0102), were collected from Cotton Research Institute (CRI), Chinese
Academy of Agricultural Sciences (CAAS), Anyang, China. Cotton seeds were de-linted
and germinated for three days at 25 ◦C on wet filter paper before being transferred to
hydroponic pots with hoagland nutrient solution [101] in a greenhouse with 60–70% hu-
midity, 14 h photoperiod, and 28 ◦C day/night temperature. On the emergence of 3rd true
leaf, the seedlings were subjected to salt stress with 100 mM, 150 mM, and 200 mM sodium
chloride (NaCl) solutions. Plants in the control group did not receive any salt treatment.
Each treatment was repeated three times. After0-(CK) 0.5-, 3-, 6-, 12-, 24-, and 48 h five
individual seedling leaves were collected for each biological replication and immediately
put in liquid nitrogen and kept at −80 ◦C.

4.8. RNA Extraction from Upland Cotton for Real-Time Quantitative PCR (RT-qPCR) Analysis

According to the manufacturer’s protocols, RNA was isolated from root and leaf
samples using an RNA extraction kit, the RNA-prep Pure Plant kit (Tiangen, Beijing,
China). NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and
gel electrophoresis (Biobase, Jinan, China) were used to examine RNA sample concentration
and its consistency. Only RNA with 260/280 ratio of 1.8–2.1 and a 260/230 ratio of 2.0 was
stored at −80 ◦C and used for further studies. As an internal control, Actin was used to
normalize cDNA amplification in each reaction, and specific gene primers, i.e., GhRAF42
were used for RT-qPCR (Table S1). The 1st Strand cDNA Synthesis SuperMix kit (NO.
E047-01B; Novoprotein, Shanghai, China) was used in RT-qPCR to synthesis the cDNA first
strand according to the manufacturer’s protocols. Primer Premier5 developed particular
primers for the RAF gene with melting temperatures of 55 to 60 ◦C, primer lengths of 18
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to 25 base pairs, and amplicon lengths of 101 to 221 bp. RT-qPCR was performed using
Universal SYBR Quick Start Green Master according to manufacturer recommendations
(Rox) (Roche, Mannheim, Germany). The total master mix was 20 µL, with 2 µL of cDNA
template, 2 µL of each primer, 6 µL of deionized H2O, and 10 µL of SYBR green master
mix (Novostar@ SYBR qPCR SuperMix Plus (Code NO. E096-01A; Novoprotein, Shanghai,
China)). The PCR thermal cycling conditions were as follows: 95 ◦C for 10 min, followed
by 40 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. The data was recorded
at 95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 30 s, and 60 ◦C for 15 s during the extension
process. Three biological and technical replications were performed on each cDNA sample.
GhActin (GI: AY305733) was used as an internal standard to standardize cDNA content in
this study. The data was processed using the 2−∆∆Ct method [102], and the heatmap was
created with the TBtools program.

4.9. Subcellular Localization

Primer Premier (v5.0) was used to construct specific primers based on the CDS se-
quence of the GhRAF42 genes (Table S1). To develop the fusion structure of translation RFP,
the CDS and restriction site of insertion into the SalI restriction site of the pBinRFP vector
were evaluated. According to the methodology, the recombinant plasmid was transformed
into Agrobacterium tumefaciens strain LBA4404 then inserted into the second or third
leaf of the tobacco. Under the same conditions, the vector of pBinRFP (RFP alone) was
transformed into tobacco for planting control. Finally, the diseased tobacco leaves were
covered in tin foil and placed in the dark for 48 h. After 48 h, use scissors to trim the leaves
enclosing the injection site carefully. The altered gene expression was examined by CCD
optical microscope observation (Leica Microsystems, Wetzlar, Germany).

4.10. Virus-Induced Gene Silencing (VIGS) in Cotton

As previously reported by Bachan et al. [103], the Tobacco rattle virus (TRV) system
was used to analyze VIGS. A 300-bp fragment of the RAF gene was cloned using BamH1
and Xba1 restriction sites into the pTRV-RNA vector to create TRV::GhRAF42. Primer
Premier (v5.0) software was used to generate primers (Table S1). TRV::GhCLA1 was also
designed as a visual marker to track silencing effectiveness. Empty vector TRV2::00 was
utilized as a negative control. All vectors were introduced into the LBA4404 strain of
Agrobacterium tumefaciens. 10-days old cotyledons of G. hirsutum of Z9807 seedlings were
injected at a temperature of 25 ◦C. After 2 weeks of infiltration, the lines were injected with
TRV::GhCLA1, resulting in an albino phenotype. Salt treatment of 200 mM was started on
the emergence of three leaves stage until phenotype appeared, while control plants were
watered with 1/2 MS nutrient solution.

4.11. Assessment of Enzyme Activity Content of Gene Silencing Cotton

Wild-type seedlings and transgenic cotton seedlings were treated with 200 mM NaCl
solution after four weeks. The concentration of glutathione peroxidase (GPX), peroxidase
(POD), and catalase (CAT) in leaves was measured at various time intervals following
salt treatment. After 0.5, 12 h, 48 h, and 72 h, five individual seedling leaves from each
biological replication were collected, and examined for enzyme content. Control pots were
irrigated with tap water. Weigh each centrifuge tube, add roughly 0.1 g leaves to each tube,
and separate the treated cotton. The protein content of the crude leaf extract was measured
before the enzyme activity content. Three separate biological replicates of each control and
salt-treated sample (3–4 seedlings) were assessed. The CAT, POD and GPX activities were
determined using a CAT Assay Kit (A007-1), POD Assay Kit (A084-3), and GPX Assay Kit
(A004-3) according to the protocol manufactured by Nanjing Jiancheng Bioengineering
Institute, Nanjing, China.
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5. Conclusions

Salt stress is a major issue that harms the plant production and growth all around
the globe. GhRAF42 gene was used to assess the involvement of RAF-like kinases in plant
stress tolerance. From transcriptome data, 56 genes were identified, with differential gene
expression under salt stress. Salt tolerant Z9807 and salt-sensitive ZJ0102 genotypes were
subjected to salt stress, and potential genes were identified. Collinearity and synteny
analysis revealed the role of segmental duplications in the evolution of RAFs in cotton.
Candidate genes are found in the nucleus, as predicted by subcellular localization. Target
gene silencing caused evident wilting under 200 mM NaCl treatment. Control plants and
plants treated with negative genes had decreased GPX, POD and CAT levels, suggesting
that the GhRAF42 gene is linked to salt tolerance. This research might help scientists to
understand better the role of RAF-like kinases in plants to identify possible genes for
developing salt resistance in cotton genotypes.
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30. Jakubowicz, M.; Nowak, W.; Gałgański, Ł.; Babula-Skowrońska, D. Expression profiling of CTR1-like and EIN2-like genes in
buds and leaves of Populus tremula, and in vitro study of the interaction between their polypeptides. Plant Physiol. Biochem.
2019, 139, 660–671. [CrossRef]

31. Beaudoin, N.; Serizet, C.; Gosti, F.; Giraudat, J. Interactions between Abscisic Acid and Ethylene Signaling Cascades. Plant Cell
2000, 12, 1103–1115. [CrossRef]

32. Lee, S.-J.; Lee, M.H.; Kim, J.-I.; Kim, S.Y. Arabidopsis Putative MAP Kinase Kinase Kinases Raf10 and Raf11 are Positive Regulators
of Seed Dormancy and ABA Response. Plant Cell Physiol. 2014, 56, 84–97. [CrossRef]

33. Gao, L.; Xiang, C.-B. The genetic locus At1g73660 encodes a putative MAPKKK and negatively regulates salt tolerance in
Arabidopsis. Plant Mol. Biol. 2008, 67, 125–134. [CrossRef]

34. Kim, J.-A.; Agrawal, G.K.; Rakwal, R.; Han, K.-S.; Kim, K.-N.; Yun, C.-H.; Heu, S.; Park, S.-Y.; Lee, Y.-H.; Jwa, N.-S. Molecular
cloning and mRNA expression analysis of a novel rice (Oryzasativa L.) MAPK kinase kinase, OsEDR1, an ortholog of Arabidop-
sisAtEDR1, reveal its role in defense/stress signalling pathways and development. Biochem. Biophys. Res. Commun. 2003, 300,
868–876. [CrossRef]

35. Lin, Z.; Alexander, L.; Hackett, R.; Grierson, D. LeCTR2, a CTR1-like protein kinase from tomato, plays a role in ethylene
signalling, development and defence. Plant J. 2008, 54, 1083–1093. [CrossRef]

36. Arif, Y.; Singh, P.; Siddiqui, H.; Bajguz, A.; Hayat, S. Salinity induced physiological and biochemical changes in plants: An omic
approach towards salt stress tolerance. Plant Physiol. Biochem. 2020, 156, 64–77. [CrossRef] [PubMed]

http://doi.org/10.1038/nbt.3207
http://doi.org/10.1111/j.1365-313X.2011.04491.x
http://doi.org/10.1104/pp.112.198564
http://www.ncbi.nlm.nih.gov/pubmed/22837356
http://doi.org/10.1016/j.molp.2014.11.023
http://www.ncbi.nlm.nih.gov/pubmed/25704161
http://doi.org/10.1111/j.1469-8137.2009.02838.x
http://www.ncbi.nlm.nih.gov/pubmed/19402879
http://doi.org/10.1016/j.bbrc.2013.04.080
http://doi.org/10.1038/srep19736
http://doi.org/10.1016/S1360-1385(02)02302-6
http://doi.org/10.1093/oxfordjournals.pcp.a078818
http://doi.org/10.1016/j.abb.2006.05.001
http://www.ncbi.nlm.nih.gov/pubmed/16806044
http://doi.org/10.3390/ijms13067828
http://www.ncbi.nlm.nih.gov/pubmed/22837729
http://doi.org/10.3390/ijms140918740
http://doi.org/10.1016/S1369-5266(02)00285-6
http://doi.org/10.1093/dnares/dsq011
http://doi.org/10.1016/j.cell.2016.08.068
http://www.ncbi.nlm.nih.gov/pubmed/27641502
http://doi.org/10.1105/tpc.16.00091
http://doi.org/10.1073/pnas.98.1.373
http://doi.org/10.1016/j.plaphy.2019.04.029
http://doi.org/10.1105/tpc.12.7.1103
http://doi.org/10.1093/pcp/pcu148
http://doi.org/10.1007/s11103-008-9306-8
http://doi.org/10.1016/S0006-291X(02)02944-3
http://doi.org/10.1111/j.1365-313X.2008.03481.x
http://doi.org/10.1016/j.plaphy.2020.08.042
http://www.ncbi.nlm.nih.gov/pubmed/32906023


Int. J. Mol. Sci. 2021, 22, 12649 19 of 21

37. Kiełbowicz-Matuk, A. Involvement of plant C2H2-type zinc finger transcription factors in stress responses. Plant Sci. 2012,
185-186, 78–85. [CrossRef] [PubMed]

38. Lohani, N.; Golicz, A.A.; Singh, M.B.; Bhalla, P.L. Genome-wide analysis of the Hsf gene family in Brassica oleracea and a
comparative analysis of the Hsf gene family in B. oleracea, B. rapa and B. napus. Funct. Integr. Genom. 2019, 19, 515–531.
[CrossRef]

39. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

40. Hurst, L.D. The Ka/Ks ratio: Diagnosing the form of sequence evolution. Trends Genet. 2002, 18, 486–487. [CrossRef]
41. Zhang, X.; Yao, D.; Wang, Q.; Xu, W.; Wei, Q.; Wang, C.; Liu, C.; Zhang, C.; Yan, H.; Ling, Y.; et al. mRNA-seq Analysis of the

Gossypium arboreum transcriptome Reveals Tissue Selective Signaling in Response to Water Stress during Seedling Stage. PLoS
ONE 2013, 8, e54762. [CrossRef] [PubMed]

42. Wang, M.; Tu, L.; Yuan, D.; Zhu, D.; Shen, C.; Li, J.; Liu, F.; Pei, L.; Wang, P.; Zhao, G.; et al. Reference genome sequences of two
cultivated allotetraploid cottons, Gossypium hirsutum and Gossypium barbadense. Nat. Genet. 2019, 51, 224–229. [CrossRef]

43. Zhang, J.; Wang, F.; Zhang, C.; Zhang, J.; Chen, Y.; Liu, G.; Zhao, Y.; Hao, F.; Zhang, J. A novel VIGS method by agroinocu-lation
of cotton seeds and application for elucidating functions of GhBI-1 in salt-stress response. Plant Cell Rep. 2018, 37, 1091–1100.
[CrossRef]

44. Gao, Z.; Chen, Y.-F.; Randlett, M.D.; Zhao, X.-C.; Findell, J.L.; Kieber, J.J.; Schaller, G.E. Localization of the Raf-like Kinase CTR1 to
the Endoplasmic Reticulum of Arabidopsis through Participation in Ethylene Receptor Signaling Complexes. J. Biol. Chem. 2003,
278, 34725–34732. [CrossRef] [PubMed]

45. Wu, L.; Zhang, X.; Xu, B.; Li, Y.; Jia, L.; Wang, R.; Ren, X.; Wang, G.; Xia, Q. Identification and expression analysis of EDR1-like
genes in tobacco (Nicotiana tabacum) in response to Golovinomyces orontii. PeerJ 2018, 6, e5244. [CrossRef] [PubMed]

46. Nguyen, Q.T.C.; Lee, S.-J.; Choi, S.-W.; Na, Y.-J.; Song, M.-R.; Hoang, Q.T.N.; Sim, S.Y.; Kim, M.-S.; Kim, J.-I.; Soh, M.-S.; et al.
Arabidopsis Raf-Like Kinase Raf10 Is a Regulatory Component of Core ABA Signaling. Mol Cells 2019, 42, 646–660.

47. Wang, P.; Song, H.; Li, C.; Li, P.; Li, A.; Guan, H.; Hou, L.; Wang, X. Genome-Wide Dissection of the Heat Shock Transcription
Factor Family Genes in Arachis. Front. Plant Sci. 2017, 8, 106. [CrossRef]

48. Wang, J.; Sun, N.; Deng, T.; Zhang, L.; Zuo, K. Genome-wide cloning, identification, classification and functional analysis of
cotton heat shock transcription factors in cotton (Gossypium hirsutum). BMC Genom. 2014, 15, 961. [CrossRef]

49. Cai, R.; Zhang, C.; Zhao, Y.; Zhu, K.; Wang, Y.; Jiang, H.; Xiang, Y.; Cheng, B. Genome-wide analysis of the IQD gene family in
maize. Mol. Genet. Genom. 2015, 291, 543–558. [CrossRef]

50. Liu, Z.; Haider, M.S.; Khan, N.; Fang, J. Comprehensive Sequence Analysis of IQD Gene Family and their Expression Profiling in
Grapevine (Vitis vinifera). Genes 2020, 11, 235. [CrossRef]

51. Feng, L.; Chen, Z.; Ma, H.; Chen, X.; Li, Y.; Wang, Y.; Xiang, Y. The IQD Gene Family in Soybean: Structure, Phylogeny, Evolution
and Expression. PLoS ONE 2014, 9, e110896. [CrossRef] [PubMed]

52. Rehman, A.; Peng, Z.; Li, H.; Qin, G.; Jia, Y.; Pan, Z.; He, S.; Qayyum, A.; Du, X. Genome wide analysis of IQD gene family in
diploid and tetraploid species of cotton (Gossypium spp.). Int. J. Biol. Macromol. 2021, 184, 1035–1061. [CrossRef] [PubMed]

53. Christiansen, K.M.; Gu, Y.; Rodibaugh, N.; Innes, R.W. Negative regulation of defence signalling pathways by the EDR1 protein
kinase. Mol. Plant Pathol. 2011, 12, 746–758. [CrossRef]

54. Magwanga, R.O.; Lu, P.; Kirungu, J.N.; Cai, X.; Zhou, Z.; Wang, X.; Diouf, L.; Xu, Y.; Hou, Y.; Hu, Y.; et al. Whole Genome Analysis
of Cyclin Dependent Kinase (CDK) Gene Family in Cotton and Functional Evaluation of the Role of CDKF4 Gene in Drought and
Salt Stress Tolerance in Plants. Int. J. Mol. Sci. 2018, 19, 2625. [CrossRef] [PubMed]

55. Liu, X.; Wu, X.; Sun, C.; Rong, J. Identification and Expression Profiling of the Regulator of Chromosome Condensation 1 (RCC1)
Gene Family in Gossypium Hirsutum L. under Abiotic Stress and Hormone Treatments. Int. J. Mol. Sci. 2019, 20, 1727. [CrossRef]

56. Zhang, H.; Li, G.; Fu, C.; Duan, S.; Hu, D.; Guo, X. Genome-wide identification, transcriptome analysis and alternative splicing
events of Hsf family genes in maize. Sci. Rep. 2020, 10, 8073. [CrossRef]

57. Tang, C.; Qiao, X.; Zhu, X.; Khan, W.; Wu, J.; Zhang, S. Expression and evolutionary analysis of soluble inorganic pyrophosphatase
gene family in pear and four other Rosaceae species. Plant Syst. Evol. 2020, 306, 1–15. [CrossRef]

58. Wu, M.; Li, Y.; Chen, D.; Liu, H.; Zhu, D.; Xiang, Y. Genome-wide identification and expression analysis of the IQD gene family in
moso bamboo (Phyllostachys edulis). Sci. Rep. 2016, 6, 24520. [CrossRef]

59. Yuan, J.; Liu, T.; Yu, Z.; Li, Y.; Ren, H.; Hou, X.; Li, Y. Genome-wide analysis of the Chinese cabbage IQD gene family and the
response of BrIQD5 in drought resistance. Plant Mol. Biol. 2019, 99, 603–620. [CrossRef]

60. Lin, Y.; Cheng, Y.; Jin, J.; Jin, X.; Jiang, H.; Yan, H.; Cheng, B. Genome Duplication and Gene Loss Affect the Evolution of Heat
Shock Transcription Factor Genes in Legumes. PLoS ONE 2014, 9, e102825. [CrossRef]

61. Rehman, A.; Wang, N.; Peng, Z.; He, S.; Zhao, Z.; Gao, Q.; Wang, Z.; Li, H.; Du, X. Identification of C2H2 subfamily ZAT genes in
Gossypium species reveals GhZAT34 and GhZAT79 enhanced salt tolerance in Arabidopsis and cotton. Int. J. Biol. Macromol.
2021, 184, 967–980. [CrossRef]

62. He, X.; Luo, X.; Wang, T.; Liu, S.; Zhang, X.; Zhu, L. GhHB12 negatively regulates abiotic stress tolerance in Arabidopsis and
cotton. Environ. Exp. Bot. 2020, 176, 104087. [CrossRef]

63. Wang, M.; Tu, L.; Lin, M.; Lin, Z.; Wang, P.; Yang, Q.; Ye, Z.; Shen, C.; Li, J.; Zhang, L.; et al. Asymmetric subgenome selection and
cis-regulatory divergence during cotton domestication. Nat. Genet. 2017, 49, 579–587. [CrossRef]

http://doi.org/10.1016/j.plantsci.2011.11.015
http://www.ncbi.nlm.nih.gov/pubmed/22325868
http://doi.org/10.1007/s10142-018-0649-1
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1016/S0168-9525(02)02722-1
http://doi.org/10.1371/journal.pone.0054762
http://www.ncbi.nlm.nih.gov/pubmed/23382961
http://doi.org/10.1038/s41588-018-0282-x
http://doi.org/10.1007/s00299-018-2294-5
http://doi.org/10.1074/jbc.M305548200
http://www.ncbi.nlm.nih.gov/pubmed/12821658
http://doi.org/10.7717/peerj.5244
http://www.ncbi.nlm.nih.gov/pubmed/30018863
http://doi.org/10.3389/fpls.2017.00106
http://doi.org/10.1186/1471-2164-15-961
http://doi.org/10.1007/s00438-015-1122-7
http://doi.org/10.3390/genes11020235
http://doi.org/10.1371/journal.pone.0110896
http://www.ncbi.nlm.nih.gov/pubmed/25343341
http://doi.org/10.1016/j.ijbiomac.2021.06.115
http://www.ncbi.nlm.nih.gov/pubmed/34174315
http://doi.org/10.1111/j.1364-3703.2011.00708.x
http://doi.org/10.3390/ijms19092625
http://www.ncbi.nlm.nih.gov/pubmed/30189594
http://doi.org/10.3390/ijms20071727
http://doi.org/10.1038/s41598-020-65068-z
http://doi.org/10.1007/s00606-020-01628-0
http://doi.org/10.1038/srep24520
http://doi.org/10.1007/s11103-019-00839-5
http://doi.org/10.1371/journal.pone.0102825
http://doi.org/10.1016/j.ijbiomac.2021.06.166
http://doi.org/10.1016/j.envexpbot.2020.104087
http://doi.org/10.1038/ng.3807


Int. J. Mol. Sci. 2021, 22, 12649 20 of 21

64. Jiang, W.; Yin, J.; Zhang, H.; He, Y.; Shuai, S.; Chen, S.; Cao, S.; Li, W.; Ma, D.; Chen, H. Genome-wide identification, characteriza-
tion analysis and expression profiling of auxin-responsive GH3 family genes in wheat (Triticum aestivum L.). Mol. Biol. Rep.
2020, 47, 3885–3907. [CrossRef] [PubMed]

65. Scharf, K.-D.; Berberich, T.; Ebersberger, I.; Nover, L. The plant heat stress transcription factor (Hsf) family: Structure, function
and evolution. Biochim.Biophys. Acta (BBA) Bioenerg. 2012, 1819, 104–119. [CrossRef]

66. Maere, S.; De Bodt, S.; Raes, J.; Casneuf, T.; Van Montagu, M.; Kuiper, M.; Van de Peer, Y. Modeling gene and genome du-plications
in eukaryotes. Proceedings of the National Academy of Sciences 2005, 102, 5454–5459. [CrossRef]

67. Chao, D.-Y.; Dilkes, B.; Luo, H.; Douglas, A.; Yakubova, E.; Lahner, B.; Salt, D.E. Polyploids Exhibit Higher Potassium Uptake and
Salinity Tolerance in Arabidopsis. Science 2013, 341, 658–659. [CrossRef] [PubMed]

68. Yang, C.; Zhao, L.; Zhang, H.; Yang, Z.; Wang, H.; Wen, S.; Zhang, C.; Rustgi, S.; von Wettstein, D.; Liu, B. Evolution of
physiological responses to salt stress in hexaploid wheat. Proc. Natl. Acad. Sci. USA 2014, 111, 11882–11887. [CrossRef] [PubMed]

69. Cutler, S.R.; Rodriguez, P.L.; Finkelstein, R.R.; Abrams, S.R. Abscisic Acid: Emergence of a Core Signaling Network. Annu. Rev.
Plant Biol. 2010, 61, 651–679. [CrossRef]

70. Vaseva, I.; Mishev, K.; Depaepe, T.; Vassileva, V.; Van Der Straeten, D. The Diverse Salt-Stress Response of Arabidopsis ctr1-1 and
ein2-1 Ethylene Signaling Mutants Is Linked to Altered Root Auxin Homeostasis. Plants 2021, 10, 452. [CrossRef]

71. Ibrahim, W.; Qiu, C.-W.; Zhang, C.; Cao, F.; Shuijin, Z.; Wu, F.; Zhu, S. Comparative physiological analysis in the tolerance to
salinity and drought individual and combination in two cotton genotypes with contrasting salt tolerance. Physiol. Plant. 2018,
165, 155–168. [CrossRef]

72. Wang, H.; Wang, Q.-L.; Tian, J.; Dang, Y.; Liu, J.; Li, S.; Shang, J.; Fang, M. Antioxidant and Anticancer Activities of Extracts
Derived from Four Kinds of Lichen. Plant Sci. J. 2014, 32, 181–188. [CrossRef] [PubMed]

73. Kumar, K.; Sinha, A.K. Overexpression of constitutively active mitogen activated protein kinase kinase 6 enhances tolerance to
salt stress in rice. Rice 2013, 6, 1–5. [CrossRef] [PubMed]

74. Xie, G.; Kato, H.; Imai, R. Biochemical identification of the OsMKK6–OsMPK3 signalling pathway for chilling stress tolerance in
rice1. Biochem. J. 2012, 443, 95–102. [CrossRef]

75. Na, Y.-J.; Choi, H.-K.; Park, M.Y.; Choi, S.-W.; Vo, K.T.X.; Jeon, J.-S.; Kim, S.Y. OsMAPKKK63 is involved in salt stress response
and seed dormancy control. Plant Signal. Behav. 2019, 14, e1578633. [CrossRef] [PubMed]

76. Xiong, L.; Schumaker, K.S.; Zhu, J.-K. Cell Signaling during Cold, Drought, and Salt Stress. Plant Cell 2002, 14 (Suppl. 1),
S165–S183. [CrossRef] [PubMed]

77. Hu, G.; Fu, Y.; Dong, N.; Wang, Q. Effects of Overexpression of Cotton Superoxide Dismutase Genes on Salt Tolerant Capability
in Upland Cotton. Acta Agric. Boreali-Sin. 2017, 32, 54–59. [CrossRef]

78. He, X.; Zhu, L.; Xu, L.; Guo, W.; Zhang, X. GhATAF1, a NAC transcription factor, confers abiotic and biotic stress responses by
regulating phytohormonal signaling networks. Plant Cell Rep. 2016, 35, 2167–2179. [CrossRef] [PubMed]

79. Gao, W.; Xu, F.-C.; Guo, D.-D.; Zhao, J.-R.; Liu, J.; Guo, Y.-W.; Singh, P.K.; Ma, X.-N.; Long, L.; Botella, J.R.; et al. Calcium-dependent
protein kinases in cotton: Insights into early plant responses to salt stress. BMC Plant Biol. 2018, 18, 1–15. [CrossRef]

80. Long, L.; Zhao, J.-R.; Guo, D.-D.; Ma, X.-N.; Xu, F.-C.; Yang, W.-W.; Gao, W. Identification of NHXs in Gossypium species and the
positive role of GhNHX1 in salt tolerance. BMC Plant Biol. 2020, 20, 1–13. [CrossRef]

81. Li, Z.; Li, L.; Zhou, K.; Zhang, Y.; Han, X.; Din, Y.; Ge, X.; Qin, W.; Wang, P.; Li, F.; et al. GhWRKY6 Acts as a Negative Regulator
in Both Transgenic Arabidopsis and Cotton During Drought and Salt Stress. Front. Genet. 2019, 10, 392. [CrossRef] [PubMed]

82. Finn, R.D.; Clements, J.; Eddy, S.R. HMMER web server: Interactive sequence similarity searching. Nucleic Acids Res. 2011, 39
(Suppl. 2), W29–W37. [CrossRef] [PubMed]

83. Matsuda, F.; Tsugawa, H.; Fukusaki, E. Method for Assessing the Statistical Significance of Mass Spectral Similarities Using Basic
Local Alignment Search Tool Statistics. Anal. Chem. 2013, 85, 8291–8297. [CrossRef] [PubMed]

84. Savojardo, C.; Martelli, P.L.; Fariselli, P.; Profiti, G.; Casadio, R. BUSCA: An integrative web server to predict subcellular
lo-calization of proteins. Nucleic Acids Res. 2018, 46, W459–W466. [CrossRef] [PubMed]

85. Yu, C.S.; Chen, Y.C.; Lu, C.H.; Hwang, J.K. Prediction of protein subcellular localization. Proteins: Structure, Function, and
Bioinformatics 2006, 64, 643–651. [CrossRef]

86. Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; López, R.; McWilliam, H.; Remmert, M.; Söding, J.; et al. Fast,
scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef] [PubMed]

87. Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39–W49. [CrossRef]
88. Bailey, T.L.; Gribskov, M. Concerning the accuracy of MAST E-values. Bioinform. 2000, 16, 488–489. [CrossRef]
89. Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools—An inte-grative toolkit developed for

interactive analyses of big biological data. Molecules Plant 2020, 13, 1194–1202. [CrossRef]
90. Felsenstein, J. Confidence Limits on Phylogenies: An Approach Using the Bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
91. Nei, M.; Kumar, S. Molecular evolution and phylogenetics; Oxford university press: Oxford, UK, 2000; ISBN 0-19-513584-9.
92. Voorrips, R.E. MapChart: Software for the Graphical Presentation of Linkage Maps and QTLs. J. Hered. 2002, 93, 77–78. [CrossRef]
93. Wang, Y.; Tang, H.; DeBarry, J.D.; Tan, X.; Li, J.; Wang, X.; Lee, T.-H.; Jin, H.; Marler, B.; Guo, H.; et al. MCScanX: A toolkit for

detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [CrossRef]

http://doi.org/10.1007/s11033-020-05477-5
http://www.ncbi.nlm.nih.gov/pubmed/32361896
http://doi.org/10.1016/j.bbagrm.2011.10.002
http://doi.org/10.1073/pnas.0501102102
http://doi.org/10.1126/science.1240561
http://www.ncbi.nlm.nih.gov/pubmed/23887874
http://doi.org/10.1073/pnas.1412839111
http://www.ncbi.nlm.nih.gov/pubmed/25074914
http://doi.org/10.1146/annurev-arplant-042809-112122
http://doi.org/10.3390/plants10030452
http://doi.org/10.1111/ppl.12791
http://doi.org/10.1016/j.plantsci.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25219319
http://doi.org/10.1186/1939-8433-6-25
http://www.ncbi.nlm.nih.gov/pubmed/24280045
http://doi.org/10.1042/BJ20111792
http://doi.org/10.1080/15592324.2019.1578633
http://www.ncbi.nlm.nih.gov/pubmed/30764706
http://doi.org/10.1105/tpc.000596
http://www.ncbi.nlm.nih.gov/pubmed/12045276
http://doi.org/10.7668/hbnxb.2017.06.008
http://doi.org/10.1007/s00299-016-2027-6
http://www.ncbi.nlm.nih.gov/pubmed/27432176
http://doi.org/10.1186/s12870-018-1230-8
http://doi.org/10.1186/s12870-020-02345-z
http://doi.org/10.3389/fgene.2019.00392
http://www.ncbi.nlm.nih.gov/pubmed/31080461
http://doi.org/10.1093/nar/gkr367
http://www.ncbi.nlm.nih.gov/pubmed/21593126
http://doi.org/10.1021/ac401564v
http://www.ncbi.nlm.nih.gov/pubmed/23944154
http://doi.org/10.1093/nar/gky320
http://www.ncbi.nlm.nih.gov/pubmed/29718411
http://doi.org/10.1002/prot.21018
http://doi.org/10.1038/msb.2011.75
http://www.ncbi.nlm.nih.gov/pubmed/21988835
http://doi.org/10.1093/nar/gkv416
http://doi.org/10.1093/bioinformatics/16.5.488
http://doi.org/10.1016/j.molp.2020.06.009
http://doi.org/10.2307/2408678
http://doi.org/10.1093/jhered/93.1.77
http://doi.org/10.1093/nar/gkr1293


Int. J. Mol. Sci. 2021, 22, 12649 21 of 21

94. Weedall, G.D.; Polley, S.D.; Conway, D.J. Gene-Specific Signatures of Elevated Non-Synonymous Substitution Rates Correlate
Poorly across the Plasmodium Genus. PLoS ONE 2008, 3, e2281. [CrossRef]

95. Guéguen, L.; Duret, L. Unbiased Estimate of Synonymous and Nonsynonymous Substitution Rates with Nonstationary Base
Composition. Mol. Biol. Evol. 2018, 35, 734–742. [CrossRef] [PubMed]

96. Wang, K.; Wang, Z.; Li, F.; Ye, W.; Wang, J.; Song, G.; Yue, Z.; Cong, L.; Shang, H.; Zhu, S.; et al. The draft genome of a diploid
cotton Gossypium raimondii. Nat. Genet. 2012, 44, 1098–1103. [CrossRef]

97. Xu, L.; Dong, Z.; Fang, L.; Luo, Y.; Wei, Z.; Guo, H.; Zhang, G.; Gu, Y.Q.; Coleman-Derr, D.; Xia, Q.; et al. OrthoVenn2: A web
server for whole-genome comparison and annotation of orthologous clusters across multiple species. Nucleic Acids Res. 2019, 47,
W52–W58. [CrossRef] [PubMed]

98. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]

99. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef]

100. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; Van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511–515. [CrossRef]

101. Hoagland, D.R.; Arnon, D.I. The Water-culture Method for Growing Plants without Soil. Californian Agricultural Experimental Station.
Circular No. 347; University of California: Berkeley, CA, USA, 1950.

102. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2− ∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

103. Bachan, S.; Dinesh-Kumar, S.P. Tobacco Rattle Virus (TRV)-Based Virus-Induced Gene Silencing. In Springer Protocols Handbooks;
Springer: Singapore, 2012; Volume 894, pp. 83–92.

http://doi.org/10.1371/journal.pone.0002281
http://doi.org/10.1093/molbev/msx308
http://www.ncbi.nlm.nih.gov/pubmed/29220511
http://doi.org/10.1038/ng.2371
http://doi.org/10.1093/nar/gkz333
http://www.ncbi.nlm.nih.gov/pubmed/31053848
http://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://doi.org/10.1038/s41587-019-0201-4
http://doi.org/10.1038/nbt.1621
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	RAF Sequence Analysis and Characterization of Four Cotton Species 
	Cotton RAF Gene Family Tree Diagram, Exon-Intron Structure, Motif Assay, and Gene Ontology Analysis 
	Chromosomal Gene Location and Synteny Analysis 
	Orthologous Gene Clusters Identification and Synonymous and Nonsynonymous Ratio 
	Screening of Salt Tolerance Genes Based on Transcriptome Data 
	GhRAF Gene Expression Characteristics Analysis 
	Gene Cloning and Subcellular Localization 
	Silencing of Genes in Upland Cotton and Its Detection 

	Discussion 
	Material and Methods 
	Classification and Characterization of RAF Proteins in Cotton 
	Multiple Sequence Alignment and Intron or Exon Structure Analysis of RAF Gene Family 
	Phylogenetic Analysis of RAF Genes and Gene Ontology Analysis 
	Chromosomal Location, Synteny Analysis, and Collinearity Analysis of RAF Genes 
	Identification of Orthologous RAF Genes Based on Sequence 
	Heat-Map Analysis 
	Plant Materials 
	RNA Extraction from Upland Cotton for Real-Time Quantitative PCR (RT-qPCR) Analysis 
	Subcellular Localization 
	Virus-Induced Gene Silencing (VIGS) in Cotton 
	Assessment of Enzyme Activity Content of Gene Silencing Cotton 

	Conclusions 
	References

