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Abstract: Fertilization is essential to sexual reproduction of flowering plants. EC1 (EGG CELL 1)
proteins have a conserved cysteine spacer characteristic and play a crucial role in double fertilization
process in many plant species. However, to date, the role of ECI gene family in cotton is fully
unknown. Hence, detailed bioinformatics analysis was explored to elucidate the biological mech-
anisms of ECI gene family in cotton. In this study, we identified 66 genes in 10 plant species in
which a total of 39 EC1 genes were detected from cotton genome. Phylogenetic analysis clustered
the identified EC1I genes into three families (I-III) and all of them contain Prolamin-like domains.
A good collinearity was observed in the synteny analysis of the orthologs from cotton genomes.
Whole-genome duplication was determined to be one of the major impetuses for the expansion of
the EC1 gene family during the process of evolution. qRT-PCR analysis showed that ECI genes were
highly expressed in reproductive tissues under multiple stresses, signifying their potential role in
enhancing stress tolerance or responses. Additionally, gene interaction networks showed that EC1
genes may be involved in cell stress and response transcriptional regulator in the synergid cells
and activate the expression of genes required for pollen tube guidance. Our results provide novel
functional insights into the evolution and functional elucidation of EC1 gene family in cotton.

Keywords: cotton; egg cell 1 (EC1); evolution; gene family; double fertilization

1. Introduction

Fertilization is a complex phenomenon containing a series of orchestrating steps.
In animals, before a spermatozoon can fertilize an oocyte, it undergoes physiological
changes, and then band to develop a vigorous and intermittent flagellar movement [1,2].
Flagellated motile male gametes into the environment swim to non-motile eggs and finally,
sperm cell fertilizes egg cell to gamete fusion. In plants, unlike animals, sperm cells in
flowering plants are immotile. Furthermore, flowering plants perform double fertilization
in which one sperm cell fuses with the egg cell and the resultant zygote develops into an
embryo, the other fuses with the two polar nuclei in the central cell and grows into the
triploid endosperm [3]. Double fertilization is crucial for the reproduction of flowering
plants. It is highly dynamic and complex during the developmental process of double
fertilization. During double fertilization, two immobile sperm cells are delivered to the
chalazal edge of degenerated synergid cells between two female gametes, and the two
sperm cells remain motionless together for a period of time and then fuse with egg cell and
central cell [4]. The long quiescent period before the two sperm cells fuse with the female
gamete indicates that there is an unclear cell-cell communication mechanism between
the male gamete and the female gamete in flowering plants [5]. Flowering plants have
evolved complicated mechanisms to assure and regulate every step during the pollen tube
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journey and subsequent double fertilization to maximize their reproductive success [6].
Recent studies have shown that some genes specifically expressed in gametophytes play
an important role in the process of double fertilization. DMP (members of DOMAIN OF
UNKNOWN FUNCTION 679 membrane protein) [7,8], GEX2 (GAMETE EXPRESSED 2),
and HAP2/GCS1 (generative cell-specific protein) are expressed in the plasma membrane
of sperm cells, and which are sperm-specific genes required for pollen tube guidance and
fertilization [8-10]. Additionally, there is an egg-specific gene called ECI, it ensures the
appropriate localization of the cell-fusion machinery in distinct sperm membrane domains
and is involved in the attachment between male and female gametes in fertilized embryo
sac and plays an important role in gamete activation [11]. In the process of gamete fusion,
the down regulation of EC1 will reduce the speed of sperm activation or it may prolong the
time frame needed to reach a certain EC1 threshold that is necessary to activate the sperm
cells. The egg secretes EC1 protein when the sperm arrives to achieve rapid fusion with
female gametes and preventing polytubey [12].

EC1 proteins, members of the ECA1 (early culture abundant 1) gametogenesis-related
family proteins, belong to secreted small CRPs (cysteine-rich proteins) and EC1 gene
family and is the first known functional ECA1 gametogenesis-related family, which turned
out to be essential for the double fertilization event [13]. EC1 proteins, characterized by
a prolamin-like domain with six conserved cysteine residues may form three pairs of
disulfide bonds and distinguishing marks of egg-cell-expressed EC1 proteins are, two short
amino acid sequence motifs present in all EC1-like proteins [13]. Genes encoding EC1
proteins appear to be restricted to flowering plants and all five homologous EC1 genes
(AtEC1.1-AtEC1.5) in Arabidopsis show an egg-cell-specific expression pattern [13,14]. EC1
proteins are probably the most frequent CRPs secreted by the flowering plant egg cell and
they are essential for gamete fusion in double fertilization [15]. In Arabidopsis, identified
SUF4 (SUPPRESSOR OF FRIGIDA4) [16], a C2H2 transcription factor, acts as a regulator of
the EC1 gene expression. SUF4 binds to EC1 promoters to regulate the expression levels of
all five EC1 genes. Furthermore, a down-regulation of SUF4 was accompanied the down-
regulation of EC1 gene expression, impair rapid sperm fusion without abolishing it [17].
MOM1 (MORPHEUS MOLECULE1), CHD3-like chromatin remodeling protein, which has
nucleosome-remodeling and histone deacetylation activities [16]. In Arabidopsis mom1-3
ovules, both SUF4 and EC1 genes were down-regulated suggesting that MOM1 protein
participates with SUF4 in regulating the EC1 genes. ChIP (chromatin immunoprecipitation)
experiments revealed that EC1 gene showed a higher level of histone 3-lysine-9 acetylation
in mom1-3 indicating that histone modifications also participate in EC1 regulation [16].
In conclusion, EC1 protein plays an important role in the process of double fertilization
in plants.

Cotton, cross-pollinated crop, is one of the most important textile fibers in the world.
The release of different cotton whole-genome sequence data has provided an opportunity
for genome-wide study of cotton-specific gene families [18-21] which offers an information
for mining-related functional genes. Therefore, cotton is an ideal model for whole genome
duplication (WGD) and evolution research. Although the function of EC1 protein in Ara-
bidopsis has been studied, the comprehensive information and functional characterization of
cotton ECI gene family are still unclear, as well as how the said gene regulates pollination
and fertilization process of cotton is unknown. Owing to the above reasons, this present
study was conducted to investigate EC1 proteins in cotton using bioinformatics methods
and to unravel the gene structure features, chromosomal locations, phylogenetic relation-
ships, synteny and expression patterns to highlight the potential functional diversity. Our
results will provide useful theoretical support for the functional characterization of the
EC1 genes that are involved in gamete fusion in double fertilization process in cotton.
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2. Materials and Methods
2.1. Identification and Characterization of EC1 Gene Family Members

The amino acid sequences of 5 AtEC1 protein as queries in searches against the
database of other plant species (Gossypium arboreum (ICR, version 1.0), Gossypium hirsu-
tum (ZJU, version 2.0), Gossypium raimondii (JGI, version 2.0), Gossypium barbadense (Z]JU,
version 2.0), Sorghum bicolor (version 3.1.1), Oryza sativa (version 7.0), Populus trichocarpa
(version 4.1), Theobroma cacao, (version 2.1), and Vitis vinifera (version 2.1)), respectively. The
databases with the most up-to-date genome annotation data were downloaded from Phyto-
zome (version 13) (https:/ /phytozome.jgi.doe.gov/pz/portal.html, accessed on 22 Novem-
ber 2020) for all species except for Arabidopsis and cotton. The genome database of Ara-
bidopsis and cotton were downloaded from TAIR (https:/ /www.arabidopsis.org/, accessed
on 20 October 2020) and CottonFGD (https:/ /cottonfgd.org/, accessed on 26 November
2020), respectively and BLASTP (Protein-protein Basic Local Alignment Search Tool) was
performed. The conserved domain database (cdd) (https://www.ncbi.nlm.nih.gov/cdd/,
accessed on 14 December 2020) and SMART tool databases (http://smart.embl-heidelberg.
de/, accessed on 24 December 2020) were used to detect the domains of all candidate
gene protein sequences. EC1 genes of other plants were also obtained according to this
method. The names of all the genes were showed in Table S1. The physical and chemical
properties such as the isoelectric point molecular weight of the identified ECI were ana-
lyzed with ExPASy ProtParam tool (http:/ /us.expasy.org/tools/protparam.html, accessed
on 10 March 2021). Subcellular localization prediction was used using Softberry online
website (http:/ /www.softberry.com, accessed on 20 March 2021) [22].

2.2. Phylogenetic Analysis of EC1 Genes

To analyze evolutionary relationships, phylogenetic trees were constructed with
MEGA?7.0 software using the neighbor-joining method [23], with default parameters and
bootstrap test was executed by 1000 replications.

2.3. Chromosomal Locations and Gene Collinearity Analysis

The diagram of the chromosomal locations was plotted using TBtools software [24].
Genome assembly sequence, gene annotation files of all four species were downloaded from
CottonFGD (http:/ /www.cottonfgd.org/, accessed on 10 May 2021). Systematic names
of EC1 genes were assigned based on their chromosome distribution. Whole proteins of
the four cotton species were compared against each other using local blast software with
e value less than e~°. The blast outputs of all protein-coding genes were imported into
MCScanX [25]. The collinear relationships of duplicated EC1 genes in four cotton species
G. arboreum, G. barbadense G. hirsutum, and G. raimondii were obtained by MCScanX. The
syntenic relationships of ECI genes were demonstrated in a circos map using CIRCOS
software (http://circos.ca, accessed on 13 July 2021).

2.4. Gene Structure and Multiple Sequence Alignment Analysis

The exon-intron structure of EC1 genes was determined by comparing predicted
coding sequences with their corresponding full-length sequences using the online program
Gene Structure Display Server (GSDS: http:/ /gsds.cbi.pku.edu.cn, accessed on 25 June
2021) [26]; it was based on the alignment of the CDS with their corresponding genomic DNA
sequences. Conserved protein motifs of the EC1 proteins were predicted by the MEME
program (http://meme-suite.org/tools/meme, accessed on 15 March 2021) [27]. The
maximum motif search value was set at 10 and the rest of the parameters was set to default.
The SMART tool databases (http://smart.embl-heidelberg.de/, accessed on 22 March
2021) were used to detect the domains of all EC1 protein sequences. Multiple sequence
alignment of deduced EC1 proteins was performed using Geneious prime with default
parameters. The three-dimensional protein structure was generated using SWISS-MODEL
(https:/ /swissmodel.expasy.org/, accessed on 22 September 2021) [28] and the template file
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obtained from AlphaFold Protein Structure Database (https://www.alphafold.ebi.ac.uk/,
accessed on 22 September 2021) [29].

2.5. Promoter Regions Analysis of EC1 Genes

For the identification of cis-regulatory elements in ECI genes, we retrieved an up-
stream sequence from CottonFGD (http://www.cottonfgd.org/, accessed on 10 April
2021) of 2 kb of our genes from the translation start site. Subsequently, the sequences ob-
tained were searched in PlantCare database (http:/ /bioinformatics.psb.ugent.be /webtools/
plantcare/html/, accessed on 12 April 2021) [30] and eventually various cis-acting regula-
tory elements for our sequences were predicted.

2.6. Analysis Gene Expression

RNA-seq data of different tissues expression and stress treatment (under cold, heat,
salt, and PEG) of GhEC1 genes were obtained from the Cotton Omics Database (COD)
(http://cotton.zju.edu.cn/, accessed on 25 April 2021) [20,21]. The RNA-seq data were
assessed by quantitative RT-PCR (qRT-PCR). The total RNA was isolated by using RN38-
EASYspin-Plus Plant RNA Kit (Aidlab Co., LTD, Beijing, China). The total RNA was
reverse-transcribed using PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Biomed-
ical Technology Co., LTD, Beijing, China) according to the manufacturer’s instructions.
All the primer sequences are shown in Table S2. qRT-PCR assays were performed on the
Bio-Rad 7500 fast fluorescence quantitative PCR platform with SYBR® Premix Ex Taq™
(Tli RNaseH Plus) (Takara Biomedical Technology Co., LTD, Beijing, China) in accordance
with the manufacturer’s protocol. GhActin gene was selected as an internal reference gene.
The experiments were independently repeated three times, and 22 method was used to
calculate relative expression levels of GREC1 genes.

2.7. Interaction Network of GrEC1 Proteins

STRING software (https:/ /string-db.org/, accessed on 10 May 2021) was used to
analyze the interaction of GrEC1 proteins with a confidence parameter set at 0.15 thresh-
old [31]. We performed STRING network analysis using protein families and multiples
search. The protein sequences of GrEC1 were used for interactive network search. The
string interaction predicts protein—protein interactions based on co-citation in the literature,
co-regulation of gene expression, gene co-occurrence or gene neighborhood.

3. Results
3.1. Identification of EC1 Genes

BLASTP analysis was performed to search for ECI genes from two monocotyle-
dons and eight dicotyledons. Based on the analysis, three ECI genes in Oryza sativa and
two in Sorghum bicolor (Monocots) while six in Populus trichocarpa, four in Vitis vinifera,
seven in Theobroma cacao, five in Arabidopsis, six in G. arboreum, 13 in G. barbadense, 14
in G. hirsutum, and six in G. raimondii (Dicots) were identified. To ensure the preci-
sion of initial results, we used the cdd (cdd/wrpsb.cgi) and SMART tool databases
(http:/ /smart.embl-heidelberg.de/, accessed on 24 December 2020) to detect the do-
mains of all candidate gene protein sequences for further confirmation. For four cot-
ton species, a total of 39 EC1 genes were identified and were named based on the or-
der of genes located in chromosomes. We found an abnormal sequence of four genes
(GH_A05G1455, GH_D05G1474, GB_A05G1471, GB_D05G1480) in the database based
on alignment with other cotton sequences and combining with data from other cotton
databases (https:/ /www.cottongen.org/) [30,32], we determined that the gene and protein
sequences in the cotton databases (ZJU, version 2.0) were incorrectly annotated. Corrections
were made for the sequences of genes in this study (Table S1).

Subsequently, the biophysical properties of the ECI genes in four cottons including
genomic position, transcript features, and protein statistics were determined (Table S1). All of
EC1 genes identified above were named based on their chromosomal location. Ga, Gb, Gh,
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and Gr were used as prefixes before the names of EC1 genes from G. arboreum, G. barbadense,
G. hirsutum, and G. raimondii, respectively. The identified ECI genes in cotton-encoded proteins
were mainly amino acids which varied from 123 to 213, with a wide variation of CDS (372 to
642 bp), PI (4.17 to 8.91), and MWs (13.10 to 23.18 (kDa)) (Table S1).

3.2. Phylogenetic Analysis of EC1 Gene Family in Cotton

The phylogenetic analysis of EC1 proteins were established based on protein se-
quences of Oryza sativa, Vitis vinifera Sorghum bicolor while Populus trichocarpa, Theobroma
cacao, Arabidopsis, G. arboreum, G. barbadense, G. hirsutum, and G. raimondii. The EC1 proteins
were clustered into three distinct groups with Group II containing the highest members
(25), followed by Group I (23), and Group III (18) with the lowest members (Figure 1A).
Interestingly, four members of the EC1 proteins in Arabidopsis were clustered in Group IL
The monocots (Oryza sativa and Sorghum bicolor) showed a completely different distribution
pattern and the species were grouped into Groups II and III. To investigate the evolutionary
relationship of EC1 proteins among different cotton species, phylogenetic tree was con-
structed (Figure 1B). To further study the evolutionary relationship and to predict the gene
function, the EC1 genes in cotton were divided into six subgroups, named a-e, respectively
(Figure 1B). The EC1 gene was divided into three major groups comprising six subgroups
(Figure 1) with Group Ill-e as the largest subgroup (12 EC1 members) and Group III-f as the
smallest subgroups with only four members. On the basis of these results, we speculated
that this result is due to whole genome duplication in the process of evolution of cotton.
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Figure 1. Phylogenetic tree of the EC1 family proteins. The unrooted tree was generated using the MEGA?7.0 program with
the neighbor-joining (NJ) method. Bootstrap values from 1000 replicates are indicated at each branch. (A) The phylogenetic
trees were constructed based on the full-length protein sequences of the EC1 proteins from Oryza sativa, Vitis vinifera,
Sorghum bicolor, Populus trichocarpa, Theobroma cacao, Arabidopsis, G. arboreum, G. barbadense, G. hirsutum, and G. raimondii.
(B) The phylogenetic trees were constructed based on the full-length protein sequences of the EC1 proteins from G. arboretum,
G. barbadense, G. hirsutum and G. raimondii.

3.3. Chromosomal Locations and Gene Collinearity Analysis

To determine the chromosomal distribution of ECI genes and better understand the
mechanism of genomic distribution, chromosomal localization maps were constructed
from G. arboretum, G. barbadense, G. hirsutum, and G. raimondii. Among six identified
EC1 genes of G. arboretum, five members were distributed on three chromosomes, while
only one gene was found at scaffold region (Figure 2A). Chromosome chr05 contains
three of ECI genes in G. arboretum while chr13 and chr09 contains only one gene. Five
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out of six identified ECI genes from G. raimondii were assigned to three chromosomes
with only one EC1 gene on scaffold (Figure 2B). Total of 13 identified EC1 genes from
G. barbadense were assigned to nine chromosomes. Six and seven genes were localized to
the four chromosomes from At subgenome and five chromosomes from Dt subgenome,
respectively (Figure 2C). In the identified EC1 genes from G. barbadense, GhEC1 genes
were evenly distributed among all the chromosomes, and the distribution of EC1 genes
on a single chromosome was one or two genes. Similarly, 14 EC1 genes from G. hirsutum
were mapped on nine chromosomes. At subgenome harbors six genes and Dt Subgenome
contains eight EC1 genes (Figure 2D) and the distribution pattern of these genes on the
chromosomes was the same as that of G. barbadense. The chromosomal positions of GhEC1.2
(A05: 13711970-13718094), GbEC1.7 (D05: 12487956-12494073), GREC1.2 (A05: 13322117-
13328241) and GhEC1.8 (DO05: 12247842-12253949) genes were incorrectly annotated, so
we corrected them. The correct positions of GPEC1.2, GbEC1.7, GhEC1.2 and GhEC1.8 are
as follows: A05:13717681-13718094, D05:12493660-12494073, A05:13327828-13328241, and
D05:12253536-12253949, respectively (Figure 2).

Gene family expansion occurs via the following three mechanisms: whole genome
duplication, tandem duplication, and segmental duplication. Gene duplications, occurring
during the course of evolution, have led to the diversity of gene function. Based on
chromosome distance, coverage, and similarity, the evolutionary relationship between EC1
gene families in diploid and tetraploid cotton was analyzed. To reveal the mechanism(s)
behind the expansion of the EC1 family in four cottons, all intragenomic and intergenomic
duplication data files of four cotton species were filtered by MCScanX and analyzed. A
total of 42 orthologous/paralogous gene pairs were identified of which most of them were
whole genome duplication (WGD). In this study, five pairs of orthologous/paralogous
gene pairs were identified among At and Dt subgenomes of both allotetraploid cotton
species (G. hirsutum, G. barbadense) respectively (Figure 3, Table S4). Among the five pairs
of duplicated GhEC1 genes, all were observed between different chromosomes and all pairs
were identified between the At and Dt subgenomes. The analysis showed that several EC1
gene loci were highly conserved between the At and Dt sub-genomes of both allotetraploid
cotton species. Collinear relationship among the orthologous EC1 genes from grape, cacao,
and cotton were surveyed to investigate the putative clues of evolutionary events. As
observed, there were EC1 syntenic relationships among the collinearity of grapes, cocoa,
and cotton (Figure 4). The analysis showed that several ECI genes were highly conserved.
In two allotetraploid cotton species, the number of EC1 genes was much higher than that
of any other plant species, including the two diploid cotton species with their progenitors
G. arboreum and G. raimondii. From these results we presumed that WGD is the major gene
duplication modes of EC1 genes family.

3.4. Exon-Intron Structure, Motif and Sequence Analysis

In plants, most genes are interrupted genes that have one or more exons and several
introns. The arrangement of introns and exons in gene families can provide valuable
information regarding the evolutions and functions of gene families. In this study, we
analyzed the exon and intron arrangement among different members of EC1 gene family
to further explore its phylogenetic relationship. To better understand the diversity and
similarity of gene structure and motif among EC1 proteins, we constructed a separate
phylogenetic tree and visualization using GSDS with Figure 5B showing the exons. All gene
structures of EC1 family had only one exon without intron and with a conserved domain.
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Figure 2. Chromosomal localization of EC1 genes on G. arboretum (A), G. raimondii (B), G. barbadense (C) and G. hirsutum.
(D). The scale represents megabases (Mb). The chromosome numbers are indicated above each vertical bar. Gene names
after correction of annotation errors are indicated in red.
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Figure 3. The collinearity relationships of EC1 genes in cotton. The scale on the circle is in Megabases. Each colored bar
represents a chromosome as indicated. The green and purple lines represent the collinearity of the At subgenome to the A
subgroup of G. hirsutum and G. barbadense, respectively; dark blue and light blue lines represent the collinearity of the Dt
subgenome to the D subgroup of G. hirsutum and G. barbadense, respectively; red and pink lines represent the collinearity
between subgroup A and D in G. hirsutum; and G. barbadense, respectively; and both gray and orange lines represent the
collinearity of the D subgroup of G. hirsutum to the D subgroup of the G. barbadense.

In the phylogenetic tree, most tightly clustered EC1 genes showed a similar length
of exon (Figure 5A). We performed MEME program [27] for the discovery of motifs in
all classes and extracted 10 motifs at default parameters of MEME. As expected, the
EC1 members were gathered close to each other in the same clade demonstrating similar
patterns of conserved motif distribution. Most members of the ECI family had five to
six conserved motifs. All members of the EC1 proteins contained motif 2 and motif
7 (Figure 5C). Some motifs were present in some specific classes. For example, Motif4 was
conserved in Group Ill-e and Group III-f EC1 proteins. We speculated that the unique
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motif of different clades may represent the conserved and specific function of the EC1 gene
family. In addition, the motifs and their arrangement in the EC1 proteins were alike among
proteins within the same class, signifying a common origin and/or close relationship. Most
family members had the signal peptide at the N-terminal suggesting that EC1 proteins are
related to cell secretion (Figure 5D). There were several genes without signaling peptides
which may be due to the gene changes in the process of evolution.
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Figure 4. The synteny and collinearity analysis of ECI genes among grape, cacao, and cotton. The
positions of ECI genes were depicted in the chromosome of V. vinifera (Vv, blue band), T. cacao
(Tc, yellow band), and G. raimondii (Gr, purple band).
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Figure 5. Phylogenetic relationship, exon-intron organizations, and motif analysis of EC1 proteins. (A) Phylogenetics tree of
EC1 proteins from four cottons. Phylogenetic tree was created in MEGA?7.0 software with the neighbor-joining (NJ) method.
Bootstrap values from 1000 replicates are indicated at each branch. The phylogenetic trees were constructed based on the
full-length protein sequences of the EC1 proteins from G. arboreum, G. barbadense, G. hirsutum, and G. raimondii. (B) Gene
structure (exon-intron) analysis of EC1 genes. (C) Motif prediction of EC1 proteins. Ten motifs were identified by MEME
online tool. The length and position of the motifs could be estimated according to the scale bar. (D) Domain prediction of

EC1 proteins.
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Sequence analysis of the deduced proteins showed a conserved domain prolamin-like,
which is a characteristic of the major facilitator superfamily. The relatively conserved trypto-
phan residues were found after the first and fifth cysteines residue (Figure 6B and Figure S1).
The sequence’s characteristic is the same as that reported for Arabidopsis EC1 genes [13].
The most conserved residues were located in the two larger cysteine-loops that is the
second and third cysteine with the fourth and the fifth cysteine in between. The ECI gene
family belongs to a subfamily CRP gene family. Intact CRPs are highly cross-linked by mul-
tiple disulfide bridges which confer their high stability. Therefore, CRPs can be classified
according to their specific “disulfide signature” [33]. Cysteine residues are often conserved
in evolutionarily related proteins that have similar structures [34]. Most members of the
CRP gene family have a scaffold of eight conserved cysteines, but the EC1 proteins have
six cysteines, which would cause protein structure variation. Protein structure and its func-
tion are interrelated, and any change in protein structure may affect its function. Despite
differences in sequence, members of this superfamily possess the characteristic conserved
skeleton of six cysteine residues as demonstrated in all sequences. We further analyzed
the conservation of the homologous domain of these proteins and found three types of
EC1 proteins (Type-1/-1I-/11I) (Figure 6A). Most EC1 proteins had only one Prolamin-like
domain and a few of them with two Prolamin-like domains. Sequence alignments of the do-
mains revealed two differences between Prolamin-like-A and Prolamin-like-B (Figure 6B).
Interestingly, type-III EC1 genes forming Group IlI-e were found only in cotton which may
be attributed to the fusion or recombination events during the evolution of these genes,
hence, indicating the importance of these genes. Type-II genes formed Group III-f and
type-1 formed Group I and Group II. For a better understanding of the structure, one gene
was randomly selected from each group (Group I (GrEC1.3), Group 1I (GrEC1.5), and Group
III (GrEC1.1) shown in Figure 6C) to predict its three-dimensional structure.

3.5. Cis-Elements Analysis of GhEC1 Genes Promotors

Gene expression is controlled by their interaction of transcription factors and target
cis-elements DNA elements in promoters. The cis-elements in the promoter regions of
genes provide an important insight into the stress response of plants to define the tissue-
specific expression behavior or stress receptive under different environments. Therefore,
to understand the mechanisms behind abiotic stress tolerance, the promoter sequence of
GhEC1 genes was analyzed for identification, extraction, and scanning of stress-related and
hormone-responsive cis-elements using PlantCARE database. Our analysis detected a large
number of cis-elements in the promoter of GKEC1 genes (Figure 7). The cis-elements iden-
tified in our study can be classified into four main types. First, five hormone-responsive
regulatory elements in the increasing order namely abscisic acid responsiveness (ABRE),
methyl jasmonate (Me]A), gibberellin (GA), salicylic acid (SA), and auxin (IAA) responses
were identified in the GHEC1 promoters. The second types of regulatory element found in
the GhEC1 promoters were stress-related cis-elements including cis-element involved in
low-temperature responsiveness (LTR), MYB binding site involved in light responsiveness
and drought-inducibility (MBS), cis-element involved in defense and stress responsive-
ness (TC-rich repeats), and anaerobic induction (ARE). Among them, ARE cis-elements
were most frequently found, followed by MBS, LTR, and TC-rich repeats. The third type
of regulatory element found in the EC1 promoters were growth and development cis-
elements, involved in cell cycle regulation (MSA-like), circadian control (circadian), and
meristem expression (CAT-box). CAT-box covered the largest portion of the third category
of cis-elements, followed by circadian, and MSA-like. The fourth group was the light-
responsive regulatory elements which comprised of different elements predicted in the
GhEC1 genes. We speculated that some ECI genes might have the potential to improve
abiotic stress responses.
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Figure 6. Multiple sequence alignments and the conserved domains of EC1 proteins from four cotton (A) The domains
were highlighted by green and purple boxes. (B) Sequence logo was generated by TBtools software. (C) Three-dimensional
structure of three EC1 proteins (Groupl (GrEC1.3), Groupll (GrEC1.5) and GrouplIl (GrEC1.1)). Conserved cysteine sites are
highlighted in red.

3.6. Expression Profile of Cotton EC1

To better understand the function of GHEC1 genes, publicly available transcriptome
datasets were analyzed. The heat map shows that the same subgroup showed similar
expression patterns (Figure 8; Table S5). Most of the GREC1 genes were expressed in ovules,
while one gene (GhEC1.14) was not expressed in almost all tissues and organs. Group I
and II included GhEC1.3, GhEC1.4, GREC1.5, GREC1.9, GhEC1.12, and GhEC1.13 which
were highly expressed in ovules, fibers, and slightly expressed in some other tissues. The
expression of GhEC1.2 and GhEC1.8 was different from that of the group, and exhibit
constitutive expression patterns in different tissues. In Group III, two genes (GKEC1.1 and
GhEC1.7) of Group III-f were expressed in almost all tissues and in ovules, suggesting
the role of these genes in regulating reproductive development. Among the four genes
(GhEC1.6, GREC1.10, GhEC1.11, and GhEC1.14) in Group IlI-e, GHEC1.14 was almost not
expressed in tissues and organs and the other three genes were only slightly expressed in
the ovules.
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Figure 8. The expression profiles of GRECI genes. The heatmap was generated based on RNA-seq data from the website
(http:/ /cotton.zju.edu.cn/, accessed on 25 April 2021), the color scale was shown at the right of the figure.

To verify the accuracy of RNA-seq data, qRT-PCR of 11 randomly selected EC1 genes
in G. hirsutum was performed to determine the expression pattern in root, stem, leaf, petal,
pollen, anther (flowers bud size <3 mm, 4-5 mm, 5-8 mm and >8 mm, the classification
method of anthers at different developmental stages was described by Koltunow [35] and
Scott [36]), ovule and fiber (Figure 9). The qRT-PCR results showed that almost all genes
were expressed in ovules and followed a similar pattern with that detected by the RNA-seq
data, except EC1.2 and EC1.8, which may be due to the incorrect annotation of gene and
protein sequences in the ZJU, version 2.0 databases. Similarly, most ECI genes were highly
expressed in the anthers and reproductive tissues, indicating the functioning of the gene
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in promoting the ovule and anthers at different developmental stages. In addition, EC1.1
and EC1.7 genes were highly expressed in the anthers, especially in 5-8 mm anthers. We
infer the function of EC1 through a combination of their expression and the function of
their orthologs in model plants, which provided an efficient approach to screen potential
candidates for further functional studies.
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Figure 9. The expression patterns of ECI genes in G.hirsutum. qRT-PCR was conducted to analyze the relative expression of

11 EC1 genes in root, stem, leaf, petal, pollen, anther, ovule, and fiber. GhActin gene was selected as an internal reference

gene. qRT-PCR experiments were performed with three independent replicates, and the error bars in this figure represent

the SDs from three independent experiments.

In addition, the expression changes of each gene were different under different abiotic
stresses. To further investigate the potential functions EC1 genes in response to abiotic
stresses in cotton, we analyzed the G. hirsutum transcriptomic data to detect the GWEC1
genes involved in heat, salt, polyethylene glycol (PEG), and cold stress (Figure S2; Table S6).
GhEC1.2, GhEC1.8, GhEC1.1, and GhEC1.7 showed expression in response to multiple
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abiotic stresses. When the cotton plants were exposed to three abiotic stresses, nearly half
of the members were less or almost imperceptibly expressed especially those in Group I
and II. Genes of Group III-f were barely expressed at all time points. Homologous genes
such as GhEC1.13 and GhEC1.5, were continuously expressed upward after cold stress and
drought stress. GhEC1.12 and GhEC1.4 genes were continuously expressed upward after
heat stress. All four genes belong to Group II, suggesting that members of the same group
showed not only functional redundancy but also functional differentiation.

3.7. Interaction Network of GrEC1 Proteins

Protein interaction network provides information for understanding protein function
and is the basis for understanding protein function [37,38]. To understand the functional
relationships among these EC1 proteins, we performed an interaction network analysis
by STRING data (https://string-db.org/, accessed on 10 May 2021) using protein families
(Figure 10A) and multiple sequences (Figure 10B) search. By the method of protein families
search, the proteins from G. raimondii, involved in regulation of double fertilization forming
a zygote and endosperm pathway (NOG25365) and Prolamin-like pathway (NOG34999)
were identified. These proteins belong to the small secretory protein family. In addition,
proteins of disruption of cells of other organisms (NOG41946) and self pollen (NOG66913)
also belong to the small secretory protein family. These proteins are extracellular signaling
molecules that may act during embryo sac development or fertilization [39]. These results
are consistent with our analysis of the EC1 proteins. These results predicted that EC1
proteins in cotton may play an important role in certain cell interactions during double
fertilization. Proteins interaction network query was performed by using EC1 member
sequence of G. raimondii. As is shown in Figure 10B, GhEC1.3, GhEC1.9, GhEC1.2, and
GhEC1.8 interacted with Gorai.001G145100.1. These proteins have not been studied in
cotton, but their homologous genes were identified candidate genes involved in gametic
and/or early zygotic development in rice [40]. As is shown in Figure 10B, GREC1.10,
GhEC1.11, and GhEC1.14, interacted with Gorai.008G295800.1 and did not form an interac-
tion network with other proteins. Interestingly, GhEC1.10, GhEC1.11, and GhEC1.14 belong
to Group Ill-e and have a unique motif 5 compared with members of other groups. This
means that these three members have the potential to have some special functions. GREC1.2
GhEC1.8, GhEC1.3, and GrEC1.9 form an interaction network. In addition, homologues of
these genes were identified as candidate genes involved in double fertilization in Arabidop-
sis [39]. The results suggest that it may act as signals between the male gamete and the
female gamete during fertilization.
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Figure 10. Interaction network of EC1 proteins (A) Interaction network of EC1 proteins families. (B) Interaction network of
GrEC1 proteins with other proteins. The light green lines represent the protein—protein interaction based on textmining; dark

green lines represent the protein—protein interaction based on gene neighborhood; black lines represent the protein—protein

interaction based on co-expression; blue lines represent the protein—protein interaction based on gene co-occurrence; purple

line represent the protein—protein interaction based on protein homology.

4. Discussion

Recently, small cysteine-rich proteins have remarkably attracted the attention of
researchers. It has been shown that small cysteine-rich proteins also have a role in abiotic
stress, exhibit potent antifungal activity in vitro, and are involved in short-range signaling
required for pollen tube attraction by the female gametophyte [41-43]. Previous studies on
the EC1 family have focused mainly on Arabidopsis. In this study, we first reported on the
EC1 gene family in cotton in which 39 EC1 members were identified which is higher than
that reported in others. The EC1 gene family in cotton significantly expanded with cotton
tetraploid event. The results indicated that modern allotetraploid genome of G. hirsutum
and G. barbadense are allotetraploid generated by the hybridization of the two diploid
progenitor species, which contributed to the A and D genomes. The number of GhEC1
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genes (14) and GbEC1 genes (13) were generally consistent with the sum of six GaEC1 genes
and six GrEC1 genes. This expansion in EC1 genes indicates the important functions of EC1
gene in cotton growth and development. These results provide significant insights into the
evolution and functions of EC1 genes in cotton. Gene duplication is a common phenomenon
observed in virtually all plants [44]. Plants evolve to produce variations in gene family
size, which allows evolution of gene functions but also introduces functional redundancy,
resulting in increased genetic robustness. In this study, five pairs of whole-genome or
segmental duplications among 14 GhECI genes, five pairs among 13 GbEC1 genes, six pairs
between G. hirsutum and G. arboreum, two between G. barbadense and G. raimondii were
identified. These results imply that whole-genome or segmental duplications may be one
of the main driving forces of EC1 family expansion during the evolution of cotton. In this
study, most EC1 proteins contain a prolamin-like domain, though two domains were also
present in some genes, suggesting that the function is highly conserved in the evolutionary
process. EC1 proteins have six cysteines to form three pairs of disulfides bonds. Disulfide
bonds are a typical feature of secreted proteins and subcellular localization could be a key
factor in defining the function of genes. Bioinformatics analysis showed that subcellular
location prediction of the EC1 members was extracellular (Secreted) and none of the genes
analyzed contained any predicted introns. Furthermore, combining the phylogeny of
EC1 proteins with their peptide length, we found that EC1 is a highly conserved small
cysteine-rich secreted protein that plays an important role in double fertilization.

Many nsLTPs (non-specific lipid-transfer proteins), DEFLs (defensin-like genes), and
ECA1 gametogenesis-related family CRPs are preferentially expressed in reproductive
tissues [45-47], indicating their role in enhancing different aspects of flowering plant
reproduction. From the expression pattern of GEREC1 genes in the different cotton tissues
using the RNA-seq data and qRT-PCR (Figure 8), we found that ECI genes were highly
expressed in ovules and anthers indicating their significant role in promoting the molecular
mechanisms of plant flowering and reproduction. Protein interaction network analysis
showed that regulation of double fertilization forming a zygote and endosperm pathway
(NOG25365) was found around the interaction network. Gene interaction network analysis
revealed that ECI genes may act as signals between the male gamete and the female gamete
during fertilization. These results suggest that cotton EC1 genes may participate in the
process of gamete fertilization in plants. In plants, transcription factors bind to specific cis-
elements to regulate the expression of genes and control diverse biological processes [48].
Many cis-elements related to stresses, plant growth, and development and phytohormone
responses were extensively distributed in the promoter regions of EC1 genes, implying the
involvement of EC1 genes in different biological processes. The light-related cis-elements
and circadian elements in the promoter justified that the EC1 genes might be involved
in the circadian rhythm (Figure 4). Double fertilization in plants is a complex process in
the fusion of the sperm and oocyte plasma membranes in which many genes play a role
in the fusion of the egg cell with the sperm. Double fertilization is considered one of the
most critical components of development because it ensures the growth, survival, and
reproduction of flowering plants. In recent years, several small proteins involved in double
fertilization have been identified, however, understanding of their role in plant is not fully
elucidated. Many behaviors of male and female cells still have not found a reasonable
mechanism for the whole double fertilization process. Identification and study of small
peptide signal are the key processes to analyze the process of double fertilization. While
this study provided biological insight into EC1 proteins function, future studies to ascertain
the functional role of various important biological molecular mechanisms of this vital gene
family in cotton are required.

5. Conclusions

The present study characterized the ECI gene family in cotton by a comprehensive
sequence analysis, exon-intron structure, conserved motifs, phylogenetic relationships,
gene collinearity, and expression profiles. The analysis lays a foundation for the study of
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EC1 genes in cotton and other plants. However, the molecular mechanisms need to be
verified and explored by more experiments in subsequent studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ genes12122001/s1, Table S1: The details of ECI genes. Table S2: The primers used for gqRT-PCR
in this study. Table S3: Analysis of ECI cis-elements in cotton. Table S4: Synteny relationships among
four cottons. Table S5: Expression values of GHEC1 genes in tissues obtained from RNA-seq data.
Table S6: Expression values of GREC1 genes in abiotic stresses obtained from RNA-seq data. Figure S1.
Multiple sequence alignments of EC1 proteins from four cotton. (A) Prolamin-like-A domain region
sequence alignment. (B) Prolamin-like-B domain region sequence alignment. Figure S2. Expression
analysis of GhECI genes in G. hirsutum TM-1 under abiotic stresses. The detail FPKM values are
present in Table S5.

Author Contributions: Formal analysis, X.W., ].Y. and Y.L.; validation, W.C.; writing original draft,
X.W. and A.Y,; writing—review and editing, S.Z. and Y.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This project was supported by the Central Public-interest Scientific Institution Basal
Research Fund (1610162021007).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tosti, E.; Menezo, Y. Gamete activation: Basic knowledge and clinical applications. Hum. Reprod. Update 2016, 22, 420—-439.
[CrossRef]

2. Barroso, G.; Valdespin, C.; Vega, E.; Kershenovich, R.; Avila, R.; Avendano, C.; Oehninger, S. Developmental sperm contributions:
Fertilization and beyond. Fertil. Steril. 2009, 92, 835-848. [CrossRef]

3.  Hamamura, Y,; Nagahara, S.; Higashiyama, T. Double fertilization on the move. Curr. Opin. Plant Biol. 2012, 15, 70-77. [CrossRef]
[PubMed]

4. Rotman, N.; Gourgues, M.; Guitton, A.E.; Faure, ].E.; Berger, F. A dialogue between the SIRENE pathway in synergids and the
fertilization independent seed pathway in the cen-tral cell controls male gamete release during double fertilization in Arabidopsis.
Mol. Plant 2008, 1, 659-666. [CrossRef]

5. Hamamura, Y.; Saito, C.; Awai, C.; Kurihara, D.; Miyawaki, A.; Nakagawa, T.; Kanaoka, M.M.; Sasaki, N.; Nakano, A.;
Berger, F.; et al. Live-cell imaging reveals the dynamics of two sperm cells during double fertilization in Arabidopsis thaliana. Curr.
Biol. 2011, 21, 497-502. [CrossRef]

6. Qu,LJ,;Li L;Lan, Z; Dresselhaus, T. Peptide signalling during the pollen tube journey and double fertilization. J. Exp. Bot.
2015, 66, 5139-5150. [CrossRef] [PubMed]

7. Zhu, S.; Wang, X.; Chen, W.; Yao, J.; Li, Y.; Fang, S.; Lv, Y,; Li, X,; Pan, J.; Liu, C,; et al. Cot-ton DMP gene family: Characterization,
evolution, and expression profiles during development and stress. Int. ]. Biol. Macromol. 2021, 183, 1257-1269. [CrossRef]

8.  Cyprys, P; Lindemeier, M.; Sprunck, S. Gamete fusion is facilitated by two sperm cell-expressed DUF679 membrane proteins.
Nat. Plants 2019, 5, 253-257. [CrossRef]

9.  Mori, T.; Igawa, T.; Tamiya, G.; Miyagishima, S.Y.; Berger, F. Gamete attachment requires GEX2 for successful fertilization in
Arabidopsis. Curr. Biol. 2014, 24, 170-175. [CrossRef] [PubMed]

10.  Von Besser, K.; Frank, A.C.; Johnson, M.A ; Preuss, D. Arabidopsis HAP2 (GCS1) is a sperm-specific gene required for pollen tube
guidance and fertilization. Development 2006, 133, 4761-4769. [CrossRef]

11.  Sprunck, S.; Rademacher, S.; Vogler, F.; Gheyselinck, J.; Grossniklaus, U.; Dresselhaus, T. Egg cell-secreted EC1 triggers sperm cell
activation during double fertilization. Science 2012, 338, 1093-1097. [CrossRef] [PubMed]

12.  Rademacher, S.; Sprunck, S. Downregulation of egg cell-secreted EC1 is accompanied with delayed gamete fusion and polytubey.
Plant Signal. Behav. 2013, 8, €27377. [CrossRef] [PubMed]

13.  Sprunck, S.; Hackenberg, T.; Englhart, M.; Vogler, F. Same same but different: Sperm-activating EC1 and ECA1 gametogenesis-
related family proteins. Biochem. Soc. Trans. 2014, 42, 401-407. [CrossRef]

14. Ingouff, M,; Sakata, T.; Li, J.; Sprunck, S.; Dresselhaus, T.; Berger, F. The two male gametes share equal ability to fertilize the egg
cell in Arabidopsis thaliana. Curr. Biol. 2009, 19, R19-R20. [CrossRef]

15. Zhang, J.; Yue, L.; Wu, X; Liu, H.; Wang, W. Function of Small Peptides During Male-Female Crosstalk in Plants. Front. Plant Sci.

2021, 12, 671196. [CrossRef]


https://www.mdpi.com/article/10.3390/genes12122001/s1
https://www.mdpi.com/article/10.3390/genes12122001/s1
http://doi.org/10.1093/humupd/dmw014
http://doi.org/10.1016/j.fertnstert.2009.06.030
http://doi.org/10.1016/j.pbi.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22153653
http://doi.org/10.1093/mp/ssn023
http://doi.org/10.1016/j.cub.2011.02.013
http://doi.org/10.1093/jxb/erv275
http://www.ncbi.nlm.nih.gov/pubmed/26068467
http://doi.org/10.1016/j.ijbiomac.2021.05.023
http://doi.org/10.1038/s41477-019-0382-3
http://doi.org/10.1016/j.cub.2013.11.030
http://www.ncbi.nlm.nih.gov/pubmed/24388850
http://doi.org/10.1242/dev.02683
http://doi.org/10.1126/science.1223944
http://www.ncbi.nlm.nih.gov/pubmed/23180860
http://doi.org/10.4161/psb.27377
http://www.ncbi.nlm.nih.gov/pubmed/24384993
http://doi.org/10.1042/BST20140039
http://doi.org/10.1016/j.cub.2008.11.025
http://doi.org/10.3389/fpls.2021.671196

Genes 2021, 12, 2001 18 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kim, S.Y.; Michaels, S.D. SUPPRESSOR OF FRI 4 encodes a nuclear-localized protein that is required for delayed flowering in
winter-annual Arabidopsis. Development 2006, 133, 4699—4707. [CrossRef]

Resentini, F; Cyprys, P; Steffen, J.G.; Alter, S.; Morandini, P; Mizzotti, C.; Lloyd, A.; Drews, G.N.; Dresselhaus, T.;
Colombo, L.; et al. SUPPRESSOR OF FRIGIDA (SUF4) Supports Gamete Fusion via Regulating Arabidopsis EC1 Gene Expression.
Plant Physiol. 2017, 173, 155-166. [CrossRef]

Li, F; Fan, G.; Wang, K.; Sun, E; Yuan, Y.; Song, G.; Li, Q.; Ma, Z.; Lu, C.; Zou, C.; et al. Genome sequence of the cultivated cotton
Gossypium arboreum. Nat. Genet. 2014, 46, 567-572. [CrossRef]

Liu, X.; Zhao, B.; Zheng, H.J.; Hu, Y,; Lu, G.; Yang, C.Q.; Chen, ].D.; Chen, ].].; Chen, D.Y.; Zhang, L.; et al. Gossypium barbadense
genome sequence provides insight into the evolu-tion of extra-long staple fiber and specialized metabolites. Sci. Rep. 2015, 5,
14139. [CrossRef] [PubMed]

Zhang, T.; Hu, Y,; Jiang, W.; Fang, L.; Guan, X.; Chen, J.; Zhang, J.; Saski, C.A.; Scheffler, B.E.; Stelly, D.M.; et al. Sequencing of
allotetraploid cotton (Gossypium hirsutum L. acc. TM-1) provides a resource for fiber improvement. Nat. Biotechnol. 2015, 33,
531-537. [CrossRef]

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] [PubMed]

Zhang, X.; Xu, X.; Yu, Y.; Chen, C.; Wang, J.; Cai, C.; Guo, W. Integration analysis of MKK and MAPK family members highlights
potential MAPK signaling modules in cotton. Sci. Rep. 2016, 6, 29781. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef]

Chen, C.; Xia, R.; Chen, H.; He, Y. TBtools, a Toolkit for Biologists integrating various HTS-data handling tools with a user-friendly
interface. bioRxiv 2018. [CrossRef]

Wang, Y.; Tang, H.; Debarry, ].D.; Tan, X.; Li, ].; 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] [PubMed]
Suyama, M.; Torrents, D.; Bork, P. PAL2NAL: Robust conversion of protein sequence alignments into the corresponding codon
alignments. Nucleic Acids Res. 2006, 34, 609—-612. [CrossRef]

Bailey, T.L.; Boden, M.; Buske, F.A.; Frith, M.; Grant, C.E.; Clementi, L.; Ren, J.; Li, W.W.; Noble, W.S. MEME SUITE: Tools for
motif discovery and searching. Nucleic Acids Res. 2009, 37, W202-W208. [CrossRef]

Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, ET.; de Beer, T.A.P.; Rempfer, C.;
Bordoli, L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46,
W296-W303. [CrossRef] [PubMed]

Jumper, ]J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvu-nakool, K.; Bates, R.; Zidek, A.;
Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]
[PubMed]

Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rom-bauts, S. PlantCARE, a database of
plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30,
325-327. [CrossRef] [PubMed]

Wang, X.; Lu, X.; Malik, W.A.; Chen, X.; Wang, J.; Wang, D.; Wang, S.; Chen, C.; Guo, L.; Ye, W. Differentially expressed bZIP
transcription factors confer multi-tolerances in Gossy-pium hirsutum L. Int. |. Biol. Macromol. 2020, 146, 569-578. [CrossRef]

Yu, J.; Jung, S.; Cheng, C.H.; Ficklin, S.P; Lee, T.; Zheng, P; Jones, D.; Percy, R.G.; Main, D. CottonGen: A genomics, genetics and
breeding database for cotton research. Nucleic Acids Res. 2014, 42, D1229-D1236. [CrossRef]

Loo, S.; Kam, A.; Xiao, T.; Nguyen, G.K.; Liu, C.F; Tam, ]J.P. Identification and Characteri-zation of Roseltide, a Knottin-type
Neutrophil Elastase Inhibitor Derived from Hibiscus sabdariffa. Sci. Rep. 2016, 6, 39401. [CrossRef]

Kondoh, T.; Manzoor, R.; Nao, N.; Maruyama, J.; Furuyama, W.; Miyamoto, H.; Shigeno, A.; Kuroda, M.; Matsuno, K;
Fujikura, D.; et al. Putative endogenous filovirus VP35-like protein potentially functions as an IFN antagonist but not a polymerase
cofactor. PLoS ONE 2017, 12, e0186450. [CrossRef]

Koltunow, A.M.; Truettner, ].; Cox, K.H.; Wallroth, M.; Goldberg, R.B. Different Temporal and Spatial Gene Expression Patterns
Occur during Anther Development. Plant Cell 1990, 2, 1201-1224. [CrossRef]

Scott, R.; Hodge, R.; Paul, W.; Draper, J. The molecular biology of anther differentiation. Plant Sci. 1991, 80, 167-191. [CrossRef]
Bostanci, N.; Selevsek, N.; Wolski, W.; Grossmann, J.; Bao, K.; Wahlander, A.; Trachsel, C.; Schlapbach, R,; Oztiirk, V,;
Afacan, B; et al. Targeted Proteomics Guided by Label-free Quantitative Proteome Analysis in Saliva Reveal Transition Signatures
from Health to Periodontal Disease. Mol. Cell. Proteom. 2018, 17, 1392-1409. [CrossRef] [PubMed]

Taraslia, V.; Lymperi, S.; Pantazopoulou, V.; Anagnostopoulos, A.K.; Papassideri, 1.S.; Basdra, E.K.; Bei, M.; Kontakiotis, E.G.;
Tsangaris, G.T.; Stravopodis, D.J.; et al. A High-Resolution Proteomic Landscaping of Primary Human Dental Stem Cells:
Identifi-cation of SHED- and PDLSC-Specific Biomarkers. Int. . Mol. Sci. 2018, 19, 158. [CrossRef]

Jones-Rhoades, M.W.; Borevitz, J.O.; Preuss, D. Genome-wide expression profiling of the Arabidopsis female gametophyte
identifies families of small, secreted proteins. PLoS Genet. 2007, 3, 1848-1861. [CrossRef]

Abiko, M.; Maeda, H.; Tamura, K.; Hara-Nishimura, I.; Okamoto, T. Gene expression pro-files in rice gametes and zygotes:
Identification of gamete-enriched genes and up- or down-regulated genes in zygotes after fertilization. J. Exp. Bot. 2013, 64,
1927-1940. [CrossRef]


http://doi.org/10.1242/dev.02684
http://doi.org/10.1104/pp.16.01024
http://doi.org/10.1038/ng.2987
http://doi.org/10.1038/srep14139
http://www.ncbi.nlm.nih.gov/pubmed/26420475
http://doi.org/10.1038/nbt.3207
http://doi.org/10.1038/ng.2371
http://www.ncbi.nlm.nih.gov/pubmed/22922876
http://doi.org/10.1038/srep29781
http://www.ncbi.nlm.nih.gov/pubmed/27417377
http://doi.org/10.1093/molbev/msw054
http://doi.org/10.1101/289660
http://doi.org/10.1093/nar/gkr1293
http://www.ncbi.nlm.nih.gov/pubmed/22217600
http://doi.org/10.1093/nar/gkl315
http://doi.org/10.1093/nar/gkp335
http://doi.org/10.1093/nar/gky427
http://www.ncbi.nlm.nih.gov/pubmed/29788355
http://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
http://doi.org/10.1093/nar/30.1.325
http://www.ncbi.nlm.nih.gov/pubmed/11752327
http://doi.org/10.1016/j.ijbiomac.2020.01.013
http://doi.org/10.1093/nar/gkt1064
http://doi.org/10.1038/srep39401
http://doi.org/10.1371/journal.pone.0186450
http://doi.org/10.2307/3869340
http://doi.org/10.1016/0168-9452(91)90281-C
http://doi.org/10.1074/mcp.RA118.000718
http://www.ncbi.nlm.nih.gov/pubmed/29610270
http://doi.org/10.3390/ijms19010158
http://doi.org/10.1371/journal.pgen.0030171
http://doi.org/10.1093/jxb/ert054

Genes 2021, 12, 2001 19 of 19

41.

42.

43.

44.
45.

46.

47.

48.

Joshi, J.R.; Singh, V.; Friedman, H. Arabidopsis cysteine-rich trans-membrane module (CYSTM) small proteins play a protective
role mainly against heat and UV stresses. Funct. Plant Biol. 2020, 47, 195-202. [CrossRef] [PubMed]

Terras, ER.; Eggermont, K.; Kovaleva, V.; Raikhel, N.V.; Osborn, RW.; Kester, A.; Rees, S.B.; Torrekens, S.; Van Leuven, F;
Vanderleyden, J.; et al. Small cysteine-rich antifungal proteins from radish: Their role in host defense. Plant Cell 1995, 7, 573-588.
[CrossRef]

Marton, M.L.; Cordts, S.; Broadhvest, J.; Dresselhaus, T. Micropylar Pollen Tube Guidance by Egg Apparatus 1 of Maize. Science
2005, 307, 573-576. [CrossRef]

Wendel, ].F. Genome evolution in polyploids. Plant Mol. Biol. 2000, 42, 225-249. [CrossRef] [PubMed]

Silverstein, K.A.; Graham, M. A ; Paape, T.D.; VandenBosch, K.A. Genome organization of more than 300 defensin-like genes in
Arabidopsis. Plant Physiol. 2005, 138, 600-610. [CrossRef]

Tesfaye, M.; Silverstein, K.A.; Nallu, S.; Wang, L.; Botanga, C.J.; Gomez, S.K.; Costa, L.M.; Harrison, M.].; Samac, D.A;
Glazebrook, J.; et al. Spatio-temporal expression patterns of Arabidopsis thaliana and Medicago truncatula defensin-like genes.
PLoS ONE 2013, 8, €58992. [CrossRef] [PubMed]

Silverstein, K.A.; Moskal, WA, Jr.; Wu, H.C.; Underwood, B.A.; Graham, M.A.; Town, C.D.; VandenBosch, K.A. Small cysteine-
rich peptides resembling antimicrobial peptides have been under-predicted in plants. Plant J. 2007, 51, 262-280. [CrossRef]

Lee, T.I; Young, R.A. Transcription of eukaryotic protein-coding genes. Annu. Rev. Genet. 2000, 34, 77-137. [CrossRef] [PubMed]


http://doi.org/10.1071/FP19236
http://www.ncbi.nlm.nih.gov/pubmed/32007127
http://doi.org/10.1105/tpc.7.5.573
http://doi.org/10.1126/science.1104954
http://doi.org/10.1023/A:1006392424384
http://www.ncbi.nlm.nih.gov/pubmed/10688139
http://doi.org/10.1104/pp.105.060079
http://doi.org/10.1371/journal.pone.0058992
http://www.ncbi.nlm.nih.gov/pubmed/23527067
http://doi.org/10.1111/j.1365-313X.2007.03136.x
http://doi.org/10.1146/annurev.genet.34.1.77
http://www.ncbi.nlm.nih.gov/pubmed/11092823

	Introduction 
	Materials and Methods 
	Identification and Characterization of EC1 Gene Family Members 
	Phylogenetic Analysis of EC1 Genes 
	Chromosomal Locations and Gene Collinearity Analysis 
	Gene Structure and Multiple Sequence Alignment Analysis 
	Promoter Regions Analysis of EC1 Genes 
	Analysis Gene Expression 
	Interaction Network of GrEC1 Proteins 

	Results 
	Identification of EC1 Genes 
	Phylogenetic Analysis of EC1 Gene Family in Cotton 
	Chromosomal Locations and Gene Collinearity Analysis 
	Exon-Intron Structure, Motif and Sequence Analysis 
	Cis-Elements Analysis of GhEC1 Genes Promotors 
	Expression Profile of Cotton EC1 
	Interaction Network of GrEC1 Proteins 

	Discussion 
	Conclusions 
	References

