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Abstract

ZAT (Zinc Finger of Arabidopsis thaliana) proteins are composed of a plant-specific transcription factor family, which
play an important role in plant growth, development, and stress resistance. To study the potential function of ZAT
family in cotton, the whole genome identification, expression, and structure analysis of ZAT gene family were
carried out. In this study, our analysis revealed the presence of 115, 56, 59, and 115 ZAT genes in Gossypium
hirsutum, G. raimondii, G. arboreum and G. barbadense, respectively. According to the number of domains and
phylogenetic characteristics, we divided ZAT genes of four Gossypium species into 4 different clades, and further
divided them into 11 subfamilies. The results of collinearity analysis showed that segmental duplication was the
main method to amplify the cotton ZAT genes family. Analysis of cis-elements of promoters indicated that most
GhZAT genes contained cis-elements related to plant hormones and abiotic stress. According to heatmap analysis,

the response to alkaline stress.

the expression patterns of GhZAT genes under different stresses indicated that GhZAT genes were significantly
involved in the response to cold, heat, salt, and PEG stress, possibly through different mechanisms. Among the
highly expressed genes, we cloned a G. hirsutum gene GhZAT67. Through virus-induced gene silencing (VIGS), we
found that its expression level decreased significantly after being silenced. Under alkaline treatment, the wilting
degree of silenced plants was even greater than the wild type, which proved that GhZAT67 gene was involved in
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Background

Plants were constantly affected by a wide variety of bi-
otic and abiotic factors during their growth and develop-
ment. In response to these challenges, some responsive
genes, including zinc finger genes, were induced to resist
adversity through physiological and morphological
changes. Zinc finger proteins (ZFPs) were one kind of
the most abundant transcription factors in higher plants
(Takatsuji 1999). According to the number and location
of cysteine and histidine residues, ZFPs were classified
into different groups, including C,H,, C,HC;, C,C,,
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CCCH, C3HC,, C4, C4HC3, Cq, and Cg (Sun et al. 2019).
Previous studies on ZFP transcription factors found that
they played an important role to promote plant growth
and development, and most of the ZFPs transcription
factors proteins may participate in the response to vari-
ous stresses, including cold, hot, drought, salt, oxidation
stress, osmotic stress, and wound stress (Kietbowicz-
Matuk 2012; Wang et al. 2009).

ZAT genes belong to the subclass C1-2i of C,H, ZFPs
family (Xie et al. 2019). As an important part of the
C,H, ZFPs family, ZAT genes played an important role
in resisting adversity. Studies had found that they were
widely involved in the response to abiotic stresses. In
Arabidopsis, ZATI2 was mainly related to oxidative

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s42397-021-00098-0&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:yew158@163.com

FAN et al. Journal of Cotton Research (2021) 4:24

stress (Le et al. 2016; Rizhsky et al. 2004). ZAT12 was
also involved in response to strong light, ROS signal
transduction, and low temperature in Arabidopsis (Dav-
letova et al. 2005; He et al. 2020; Vogel et al. 2005; Wang
et al. 2020). The exogenous gene GmZAT4 expressed in
Arabidopsis can enhance the tolerance of transgenic
Arabidopsis to drought and salt stress (Sun et al. 2019).
The ZAT7 transgenic plants in Arabidopsis can inhibit
growth and show higher tolerance to salt stress (Ciftci-
Yilmaz et al. 2007). Studies found that transgenic plants
expressing Zatl0 gene had stronger resistance to
drought, heat, osmotic stress, and salt stress (Mittler
et al. 2006; Sakamoto et al. 2004). Overexpression of
Zat10 can increase the transcription of ascorbate perox-
idase 1, 2 (APXI, 2) and iron superoxide dismutase 1
(FSD1), thereby eliminating ROS in plants (Mittler et al.
2006). It was shown that the ZAT gene family indeed
played an important role in adversity stresses. However,
there was no study on ZAT genes in cotton, so it was
necessary to analyze the ZAT gene family.

Cotton was not only a worldwide leading textile fiber
crop but also a crop with significance for petroleum and
biofuel products (Zhang et al. 2008). However, the
growth and production of cotton were severely restricted
by external and internal environmental factors. The ana-
lysis of the whole cotton genome and the development
of transcriptomics had laid the foundation for the study
of the expression patterns and functions of different
gene families. In this study, we conducted a preliminary
analysis of the gene structure, evolutionary relationship,
expression pattern, and cis-acting elements of Gossypium
hirsutum. A ZAT family gene, GhZAT67, was isolated
and characterized. VIGS plants with GhZAT67 gene si-
lenced were sensitive to alkaline stress. This study pro-
vided potential candidate genes for the study of cotton
gene function and provided a certain molecular basis for
cotton breeding.

Materials and methods

Identification of GhZAT gene family members in
Gossypium hirsutum L.

To identify the members of the GhZAT gene family, the pro-
tein sequence and genome annotation of upland cotton were
downloaded from Cotton Functional Genomic Database
(CottonFGD) (http://www.cottonfgd.org/) (Zhu et al. 2017).
The Hidden Markov Model (HMM) of PF13912 was down-
loaded from the Pfam (https://pfam.xfam.org/) website.
HMMER 3.0 software was used to obtain the protein se-
quence of PF13912, Online sites Pfam (https://pfam.xfam.
org/) and SMART (http://smart.emblheidelberg.de/) with de-
fault parameters were used to further screen the genes. We
also retrieved some other features of ZAT genes of upland
cotton like isoelectric points (pIs), molecular weights (MWs),
exon/intron lengths, grand average of hydropathy, and
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charge by using CottonFGD (http://www.cottonfgd.org/).
Subcellular localization prediction of GhZAT genes was car-
ried out by using several websites, such as TargetP (http://
www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al
2000), ProtComp (http://linuxl.softberry.com/berry.
phtml?topic=protcomppl&group=programs&subgroup=
proloc), WOLEF-PSORT  (https://wolfpsorthgcjp/) and
CELLO v.2.5 (http://cello.life.nctu.edu.tw/) (Yu et al. 2006).

Phylogenetic analysis

To study the evolutionary relationship among ZAT genes
in different species, CottonFGD (http://www.cottonfgd.
org/) was used to obtain ZAT protein sequences in other
three cotton species (G. barbadense, G. arboreum, and G.
raimondii). Protein sequences of other species like Theo-
broma cacao (version 10), A. thaliana (TAIR 10), Oryza
sativa (version 7), Populus trichocarpa (version 3.0), Vitis
vinifera Genoscope (version 12), Glycine max (version 10),
Zea mays (version 10) were obtained from Phytozome
v12.1 (https://phytozome.jgi.doe.gov/pz/portal.html) by
using PF13912 as the keyword, and MEGA7.0 software
was used for protein sequence alignment. Subsequently,
the neighbor-joining (NJ) tree with 1 000 bootstrap repli-
cates was constructed using the Poisson substitution
model with default parameters in MEGA 7.0 (Kumar et al.
2016).

Chromosomal locations of ZAT genes from four
Gossypium species

Physical positions of chromosomal locations from four
cotton species including G. hirsutum, G. arboreum, G.
raimondii, and G. barbadense were drawn by TB Tools
software (Chen et al. 2018). Genomic sequences, coding
sequences of all of the four species were downloaded
from CottonFGD (http://www.cottonfgd.org/) (Zhu et al.
2017). Genome sequences of four Gossypium species (G.
hirsutum, NAU; G. barbadense, HAU; G. arboreum,
CRI; and G. raimondii, JGI) were used to identify the
gene family.

Collinearity analysis of ZAT genes in four Gossypium
species

Synteny relationship between duplicated gene pairs from
four cotton species G. hirsutum, G. arboreum, G. rai-
mondii, and G. barbadense was analyzed by using
MCScanX software (Wang et al. 2012) and diagrammati-
cal results were visualized by using Circos-0.69 software
(http://circos.ca/) (Krzywinski et al. 2009).

Calculation of selection pressure

Duplicated gene pairs from four Gossypium species in-
cluding G. arboreum, G. raimondii, G. hirsutum, and G.
barbadense were identified by using MCScanX software.
The nonsynonymous to the synonymous ratio (Ka/Ks)
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was calculated for duplicated genes to investigate the se-
lection pressure by using TB Tools software.

Analysis of the conserved protein motifs and gene
structure

Using Multiple Em for Motif Elicitation (MEME, http://
meme-suite.org/) to identify the conserved motifs (Bailey
et al. 2009). TB Tools software was used to map the evo-
lutionary relationship, gene structure, and conserved
motifs of GhZAT genes with MAST file from MEME
website, NWK file from phylogenetic tree analysis, and
GFF3 genome file of G. hirsutum L.

Analysis of GhZAT promoter regions

DNA sequences of 2 000bp in upstream regions of
GhZAT genes were obtained from CottonFGD database
(http://www.cottonfgd.org/) as promoters. PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/
html/) was used for the prediction of cis-acting elements
in promoter regions of GhZAT genes.

Analysis of differentially expressed genes (DEGs)
RNA-Seq data (PRJNA248163) downloaded from Na-
tional Center for Biotechnology Information (NCBI)
(https://www.ncbi.nlm.nih.gov/) was used to analyze dif-
ferentially expressed genes under salt, PEG, cold, and
heat stress (Hu et al. 2019). The heat map along with
phylogenetic tree and cis-acting elements was generated
through TB Tools software by using fragments per kilo
base of exon per million fragments mapped (FPKM).

VIGS experiment of GhZAT67

The purified GhZAT67 fragment was inserted into the
empty pYL156 to form the pYL156: GhZAT67 vector,
with the sites of Sacl and BamHI. The GV3101 strains
carrying pYL156 (empty vector), pYL156: GhZAT67
(VIGS), pYL156: PDS (positive control), and pYL192
(helper vector) were cultured to ODgoo = 1.21.5. Each
mixture was injected into the underside of cotyledons of
cotton variety Zhong 9807 plants. After injection, the
plants were placed in the dark overnight, and a 16 h
light/8 h dark cycle was performed at 25°C. The plants
injected with pYL156 and pYL156: GhZAT67 were
treated with alkaline treatment after the cotton plants
with pYL156: PDS developed an albino phenotype.

Results

Identification of ZAT proteins

To identify the ZAT genes in four cotton species, the
protein sequences and genome sequences of G. arbor-
eum, G. raimondii, G. hirsutum, and G. barbadense were
compared using HMMER 3.0 software by using PF13912
as a query condition. Redundant sequences were de-
tected and deleted by manual, 115, 115, 59, and 56 genes
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were identified in G. hirsutum, G. barbadense, G. arbor-
etum, and G. raimondii, respectively. Statistical analysis
of the number of genes in four Gossypium species
showed that the number of ZAT genes in two tetraploid
cotton species (G. hirsutum and G. barbadense) were al-
most double of their progenitors (G. arboretum and G.
raimondii) (Fig. 1), and their numbers were also much
higher than many of other plant species like V. vinifera
(17), T. cacao (24) and O. sativa (46), indicating that the
ZAT gene family in cotton had exhibited large scale ex-
pansion during the evolution.

To understand the ZAT gene family more conveniently,
the ZAT genes were renamed according to the position of
the gene on the cotton chromosome. For example, we
assigned the name to ZAT genes as GhZATI-GhZATI1S for
G.  hirsutum, GbZATI-GbZATII5 for G. barbadense,
GaZATI-GaZAT59 for G. arboretum, GrZATI-GrZATS6
for G. raimondii (Supplementary Table S1). Then we pre-
dicted the physical and chemical properties of GEZAT genes,
including protein length, protein molecular weight (MWs),
isoelectric point (pI), grand average of hydropathy analysis,
and subcellular location (Supplementary Table S1). For Gos-
sypium hirsutum, all of the 115 genes encoded proteins ran-
ging from 134 (GhZAT72) to 577 (GhZAT105) amino acids,
with an average of 283.6 amino acids. The isoelectric point
(pI) varied from 4.936 (GhZATS8S5) to 10171 (GhZAT37)
with a mean of 798, and MWs varied from 15.105
(GhZAT?72) kDa to 63.324 (GhZATI05) kDa. The values of
the grand average of hydropathy were all negative, which
proved that the proteins of ZAT family genes were hydro-
philic. Subcellular location prediction showed that there were
110 genes located in the nuclear, 3 in the extracellular, one
in the mitochondrial, and one in the plasma membrane.
Most GhZAT genes located in the nuclear, which may be
consistent with their interaction with DNA (Takatsuji et al.
1992).

Phylogenetic analysis of ZAT genes

To understand the evolutionary relationship of ZAT
genes among four cotton species and other plant species,
phylogenetic analysis of 662 ZAT protein sequences
(Fig. 1) was performed to construct the tree based on
multiple sequence alignment using the neighbor-joining
(NJ) method in MEGA 7 with 1 000 bootstrap replicates,
including 115 in G. hirsutum, 115 in G. barbadense, 59
in G. arboretum, 56 in G. raimondii, 42 in A. thaliana,
83 in G. max, 46 in O. sativa, 46 in P. trichocarpa, 24 in
T. cacao, 17 in V. vinifera and 59 in Z. mays (Fig. 2).
According to the number of domains in the genes, we
divided the ZAT ZAT genes into 5 clades, and each
clade can be divided into different classes (Fig. 2B).
Among them, there were 2 classes in clade I, 6 in clade
II, 2 in clade III, 1 in clade IV, and one in clade V (Fig.
2B). Among them, clade II had the most subgroups. As
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Fig. 1 Distribution of ZAT genes among eleven plant species
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shown in the phylogenetic tree, we found that the gene
distribution in subfamily Ia was the most extensive.
There were 25 GhZAT genes in subfamily Ia, accounting
for 21.7% of all GhZAT genes. The sequence similarity
of the proteins between cotton and 7. cacao was higher
than that of any other plant species, which was consist-
ent with a previous study that cotton and T. cacao were
originated from the same ancestor. All species had gene
pairs derived from the same node, demonstrating that
the ZAT genes in all species had experienced gene

duplication events that causing the expansion of the
ZAT gene family. However, gene duplication among dif-
ferent groups varies from each other in different species.
These results indicated that gene duplication was the
main contributor toward ZAT gene family expansion in
all plant species.

In addition, in order to study the relationship between
the common ancestors of diploid cotton (G. arboretum
and G. raimondii) and allotetraploid cotton (G. hirsutum
and G. barbadense), we constructed NJ tree of four

-
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Fig. 2 Two rooted phylogeny trees constructed using MEGA-7 by the Neighbor-Joining (NJ) method. A: Phylogenetic relationship of the 384
identified ZAT genes from four cotton species; B: Phylogenetic relationship of the 662 identified ZAT genes from four cotton species and other
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cotton species (Fig. 2A). In general, 345 ZAT genes in
diploid cotton and allotetraploid cotton can be divided
into four clades according to their number of domains.
We can see that each branch contained genes from dip-
loid and allotetraploid cotton species (Fig. 2A).

Analysis of chromosomal localization

To further study the genetic divergence and duplication
events of the ZAT gene family, we constructed chromo-
somal maps of 345 ZAT genes from G. hirsutum, G. bar-
badense, G. arboretum and G. raimondii (Fig. 3). 334 out
of 345 ZAT genes were distributed to their specific chro-
mosomes, while the remaining only 11 ZATs were allo-
cated to the unmapped scaffold. The distribution of ZAT
genes on 13 chromosomes of different cotton species was
uneven, and the number of each chromosome did not
show a significant positive correlation with its length.

Among 115 identified ZAT genes of G. hirsutum, 56
genes were distributed on 12 chromosomes of At-
subgenome (GhAt) while two genes were found at the
scaffold, 53 genes were positioned on 12 chromosomes
of Dt-subgenome (GhDt) while four genes at the scaffold
(Fig. 3A, B). In G. hirsutum, Chr5, Chr7, Chr8, Chr10,
Chr12 in GhAt had relatively more ZAT genes, including
7, 7, 6, 6, and 7 genes, respectively; while Chr5, Chr7,
Chr8, Chr9, Chr1l0 in GhDt had relatively more ZAT
genes, including 5, 6, 5, 5, 5 and 7 genes, respectively
(Fig. 4). Furthermore, the number of genes located on
the chromosomes of GhAt was not the same as that on
its homologous chromosome of GhDt except GhAO1-
GhDO1, GhA11-GhD11, GhA12-GhD12, GhA13-
GhD13. Interestingly, we found that there was no
GhZAT gene on Chr6, which may be related to the
chromosome deletion of G. hirsutum or the transloca-
tion of large fragments during the evolution. Similarly,
the number of genes located on the chromosomes of
GhAt/GhDt subgenomes as compared with their hom-
ologous chromosome of A/D genome (G. arboreum/G.
raimondii) was almost the same except GhAt01-A01,
GhAt02-A02, GhAt03-A03, GhAt07-A07, GhAt08-A08,
GhAt11-A11, GhDt03-D03, implied that some ZAT
genes had lost or added during the evolution. At the
same time, the uneven and random distribution of genes
indicated that gene loss may occur during the evolution-
ary process, but it may also be the result of incomplete
genome assembly.

Among 115 identified ZAT genes of G. barbadense, 57
genes were distributed on 13 chromosomes of the At-sub-
genome (GbAt) while only one gene was found at the scaf-
fold, 55 ZAT genes were positioned on 13 chromosomes
of Dt-subgenome (GbDt) while two genes were found at
the scaffold (Fig. 3C, D). In G. barbadense, Chr5, Chr7,
Chr10, and Chrl2 in GbAt had relatively more ZAT
genes, including 7, 7, 7, and 6 genes, respectively; while
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Chr7, Chr10, Chrl2 in GbDt had relatively more ZAT
genes, including 7, 7, 6 genes, respectively (Fig. 4). In
addition, the number of genes located on the chromo-
somes of GbAt was not the same as that on its homolo-
gous chromosome of GbDt except GbA01-GbDO1,
GbA02-GbD02, GbA06-GbD06, GbA07-GbD07, GbA09-
GbD09, GbA10-GbD10. We also found the number of
genes on the GbAt/GbDt subgenome with the homolo-
gous chromosome A/D genome (G. arboreum/G. raimon-
dii) was not the same, except for GbAt01-A01, GbAt02-
A02, GbAt03-A03, Gbt06-A06, Gbt07-A07, GbAt09-A09,
GhAt12-A12, and GhDt03-D03, which was similar to the
situation of G. hirsutum.

Among 59 identified ZAT genes of G. arboreum, 57
genes were distributed on 13 chromosomes while two
genes were found at the scaffold (Fig. 3E). Among 56
identified ZAT genes of G. raimondii, 56 genes were dis-
tributed on 13 chromosomes while no gene was found
at the scaffold (Fig. 3F). In G. arboreum, Chr7, Chrs,
Chr12 had relatively more ZAT genes, including 7, 6, 6
genes, respectively; while Chrl, Chr8, Chr9 in G. rai-
mondii had relatively more ZAT genes, including 7, 7, 6
genes, respectively (Fig. 4).

Analysis of conserved protein motifs and gene structure
Diversity of gene structure and differentiation of con-
served motifs were possible mechanisms for the evolu-
tion of polygenic families (Hu et al. 2010). We identified
the conserved motifs of ZAT protein using the online
website MEME and found 10 conserved motifs (named
motif 1 to motif 10), the results were represented in
schematic diagrams (Fig. 5B). ZAT genes in the same
clade had similar motif composition, and the different
composition of motifs indicating the diversity of gene
function, which was particularly obvious in the class Ila
and class IIb subfamily. Similar motif arrangements in
the same subgroup revealed that protein structure was
conserved in a specific subgroup, and the functions of
most conserved motifs remain to be clarified. There
were 1 ~ 11 motifs in each GhZAT gene, and all GhZAT
genes had a conservative protein motif distribution. Ex-
cept for the genes of subclasses Ia and Ib, all others had
a conserved motif 3. Interestingly, in addition to the
GhZAT93 gene, the genes of subclass Ia contained a spe-
cial motif 8, while the other subclasses did not have,
which may be the reason that subclass Ia had obtained
the special motif 8 through evolution or other subfam-
ilies had lacked specific conserved motifs during
evolution.

In general, genes in the same subclass had similar
intron-exon arrangements in terms of intron number
and exon length (Malik et al. 2020). As can be seen from
Fig. 5C, most genes had no introns except for a few
genes. The exon length of the sequence encoded by the
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(See figure on previous page.)

Fig. 3 Chromosomal location of ZAT genes from four Gossypium species. A: Location of ZAT genes on chromosomes in G. hirsutum At sub-
genome (GhA); B: Location of ZAT genes on chromosomes in G. hirsutum Dt sub-genome (GhDt); C: Location of ZAT genes on chromosomes in
G. barbadense At sub-genome (GbAt); D: Location of ZAT genes on chromosomes in G. barbadense Dt sub-genome (GbDt); E: Location of ZAT
genes on chromosomes in G. arboreum (Ga); F: Location of ZAT genes on chromosomes in G. raimondii (Gr). Note: The gene ID on the right side
of each chromosome corresponds to the approximate location of each ZAT gene

gene had little difference, indicating that the genes were
somewhat conserved.

In addition, 8 genes had only one intron, one gene had
three introns, and many genes (106 of 115) had no

introns. Fewer introns in the ZAT gene family indicated
that GhZAT genes were less likely to undergo alternative
splicing. Exon/intron analysis along with phylogenetic
tree results displayed their random distribution among
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GhZAT genes of different clades and showed that similar
genes were clustered close to one another in the same
group of phylogeny trees. It was worth noting that
closely related genes were more similar in gene struc-
ture, but not necessarily the same in exon/intron length.

Gene duplication and collinearity analysis

Previous studies had shown that gene duplication was one
of the major drivers of the evolution of genomes and gen-
etic systems (Moore and Purugganan 2003). Whole-
genome duplication, segmental duplication, and tandem
duplication were considered to be the main causes of
plant gene family expansion (Xu et al. 2012). Segmental
duplication produced multiple genes by polyploidy and
chromosomal rearrangement (Yu et al. 2005), and it oc-
curred in plants because most plants were diploid or poly-
ploid and retained many duplicate chromosome blocks in
their genomes (Cannon et al. 2004). Tandem duplication
was characterized by multiple members of a family in the
same or adjacent intergenic region (Ramamoorthy et al.
2008). A gene cluster usually contained two or more genes
of chromosome regions in a 200 kb region (Holub 2001).
Gene duplication can be large-scale whole-genome dupli-
cation (WGD), and can also be a small series of segmental
duplication and tandem duplication (Ramsey and
Schemske 1998). In this study, we performed to analyze

the gene duplication and syntenic relationship from G.
hirsutum, G. barbadense, G. arboreum, and G. raimondii
using MCScanX (Fig. 6). We used the MCScanX software
to analyze the gene pairs of tandem duplication, segmental
duplication, and whole-genome duplication. The genes
which lied on the same chromosomal block (e-value <le-
5) were categorized as tandem duplicated while the
remaining from the same genomes were considered as
segmental and else of all from different genomes and sub-
genomes of the four Gossypium species were allocated
in the whole-genome duplication (Malik et al. 2020). A
total of 1 629 gene pairs in the four cotton species were
identified as duplicated genes pairs, of which 19 pairs were
tandem duplication, 386 pairs were segmental duplication,
and 1 224 pairs were whole-genome duplication (Supple-
mentary Table S2). A total of 19 tandem repeat gene
pairs were identified in the four cotton species, of
which 2 were Ga-Ga (GaZAT21/22, GaZAT36/37), six
were Gh-Gh (GhZAT20/21, GhZAT34/35, GhZAT41/
42, GhZAT77/78, GhZAT90/91, GhZAT95/96), 8 were
Gb-Gb (GbZAT22/23, GbZAT36/37, GbZAT42/43,
GbZAT44/45, GbZAT77/78, GbZAT91/92, GbZAT97/
98, GbZAT99/100), three were Gr-Gr (GrZATI/2,
GrZAT24/25, GrZAT48/49). Therefore, tandem dupli-
cation played an indispensable role in the evolution
of the ZAT gene family.
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Fig. 6 Syntenic relationship of duplicated ZAT genes pairs from four Gossypium species (G. hirsutum, G. barbadense, G. arboreum, and G. raimondii)

In addition to tandem duplication, other replication
mechanisms may also contribute to the extension of
genes. It was suggested that parallel homologous genes
were usually produced by segmental duplication and the
whole-genome duplication before polyploidy, especially
segmental duplication was the most significant factor in
evolution (Malik et al. 2020). Segmental duplication of
the ZAT genes in four cotton species was analyzed and
386 gene pairs were identified. There were 49, 150, 152,
and 35 gene pairs among Ga-Ga, Gh-Gh, Gb-Gb, and
Gr-Gr, respectively. In addition, there were 185, 241,
250, 254, 190, and 104 gene pairs between Gh-Ga, Gh-
Gr, Gh-Gb, Gb-Gr, Gb-Ga, and Ga-Gr, respectively.
From these results, we presumed that tandem duplica-
tion, segmental duplication, and whole-genome duplica-
tion had an impartment effect on the evolution of the
ZAT gene family.

Calculation of non-synonymous (Ka) to synonymous (Ks)
substitution rates

To investigate the differentiation mechanism of ZAT
genes after polyploid duplication in cotton, Ka, Ks, and

Ka/Ks of 1 332 homologous gene pairs from 10 combi-
nations of four Gossypium species were determined, in-
cluding Ga-Ga, Ga-Gb, Ga-Gr, Gb-Gb, Gb-Gr, Gh-Gh,
Gh-Ga, Gh-Gb, Gh-Gr and Gr-Gr (Supplementary Table
S3). Ka/Ks ratio was used to infer the selection pressure
of duplicated gene pairs. Ka/Ks <1 was considered as a
purification selection, indicating that natural selection
eliminated harmful mutations and kept the protein un-
changed, Ka/Ks > 1 was considered as positive selection,
indicating natural selection changed the protein, the mu-
tation site was quickly fixed in the population, and the
evolution of the gene was accelerated, Ka/Ks=1 was
considered as neutral selection, indicating that natural
selection did not affect mutation (Hurst 2002).

Over all, we found 1 332 duplicated gene pairs in this
analysis from four Gossypium species (Ga, Gr, Gh, and
Gb). Among them, 1 288 (96.7%) duplicated gene pairs
with Ka/Ks ratio < 1 including 1 045 gene pairs with Ka/
Ks < 0.5 and 243 gene pairs between 0.5 and 0.99, exhi-
biting pure selection. Only 44 (3.3%) duplicated gene
pairs with Ka/Ks > 1 and these gene pairs might have ex-
perienced relatively rapid evolution following duplication
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and underwent positive selection pressure. Studies had
shown that sub-functional duplicated genes generally
differentiated at the transcriptional level first and tended
to be subject to strong purification (Roulin et al. 2013).
In general, gene duplication will produce two copies, on
the one hand, under low selective pressure, the gene will
evolve, on the other hand, it will produce some new
functions, which can contribute to the evolution of the
species.

Analysis of promoters and differentially expressed genes

To further understand the response of GhZAT genes to
abiotic stress, we analyzed their expression under cold,
heat, salt, and PEG stress using RNA-seq data and cis-
acting elements of promoters under abiotic stress. Con-
sidering the importance of cis-acting elements in abiotic
stress, we selected the region of 2kb upstream of the
start codon of the ZAT genes, then we used PlantCARE
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to study the cis-acting elements that may be involved in
gene expression, and extracted the GhZAT gene pro-
moter region which was associated with stress and plant
hormone. In this study, most GhZAT genes in G. hirsu-
tum contained cis-acting elements related to plant hor-
mones (ABA, MeJA, GA, IAA) and various stresses (low
temperature, light stress, and wound stress) (Fig. 7B),
and genes in the same subfamily were functionally di-
verse despite the similar motifs. In terms of plant hor-
mone response, we found the cis-acting elements
including GARE-motif (gibberellin responsive elements),
ERE (ethylene response), ABRE (involved in abscisic acid
responsiveness), AuxRR-core (cis-acting regulatory ele-
ments involved in auxin responsiveness), and CGTCA-
motif (cis-acting regulatory element involved in MeJA
responsiveness). Almost all the promoters were found to
contain several hormones responsive elements except
GhZAT25, GhZAT23, GhZAT100, but we did not find
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any close relationship of hormone-responsive elements
with their subfamily. Therefore, GhZAT genes may be
involved in regulating the growth and defense responses
of cotton through specific hormonal signaling pathways.

Gene expression patterns can provide important refer-
ences for functional analysis of genes, and gene expres-
sion was related to biological functions controlled by cis-
acting elements. We detected the expression pattern of
GhZAT genes in different times (1h, 3h, 6h, 12h)
under different stresses (cold, hot, salt, and PEG) by ana-
lyzing RNA-seq data (Fig. 7C). The results showed that
the genes of the IIb and Ile subfamily all responded to
cold, heat, salt, and PEG stress, while the expression
levels of other subfamily genes also changed, but the ex-
pression levels were not as high as these two types. The
gene expression patterns of the same subfamily were al-
most the same, but the gene expression patterns of the
same subfamily were slightly different. These results
proved that GhZAT genes were involved in plant stress
response.

Cotton plants with GhZAT gene silenced by VIGS were
sensitive to alkaline stress

We also explored whether ZAT genes responded to alka-
line stress. We selected a high-expressed gene
GhD03G1247.1 (GhZAT67) from transcriptome data
treated with alkaline stress (125 mmolL™' NaHCO;
treated for 12h) for further study. VIGS vector pYL156:
GhZAT67 was constructed using In-Fusion technology to
study their functions under NaHCOj; stress. Afterward,
the cotton carrying pYL156: PDS appeared albino, in-
dicating that VIGS silencing was successful (Fig. 8A).
qRT-PCR was used to detect the gene silencing effect,
and the results showed that the GhZAT67 expres-
sion level of pYL156: GhZAT67 was significantly
lower than that of the control pYL156 (Fig. 8B). After
treatment with 125 mmol-L™' NaHCOs;, we found that
the pYL156: GhZAT67 cotton seedlings wilted more
severely than the pYL156. Therefore, GhZAT67 was
also involved in the adaptability of cotton to alkaline
stress.

Page 11 of 14

Discussion

Cotton was an important economic crop, widely distrib-
uted around the world, faced serious biotic and abiotic
stress. However, the understanding of the functional role
of ZAT genes in cotton was still very limited. In recent
years, higher-quality de-novo-assembled genomes of two
allotetraploid species (Hu et al. 2019) and G. arboretum
(Du et al. 2018) had been published, which will open a
new era of genome-wide analysis of cotton gene families.

In this study, we conducted a comprehensive identifi-
cation and analysis of the ZAT genes of G. hirsutum, G.
barbadense, G. arboretum, G. raimondii and seven other
species. Among them, we identified 115, 115, 59, and 56
genes in G. hirsutum, G. barbadense, G. arboretum, G.
raimondii, respectively, 42 genes in 7. cacao, 24 genes in
Z. mays, 59 genes in V. vinifera, 17 genes in P. tricho-
carpa, 46 genes in G. max, and 83 genes in A. thaliana.
Previous research had shown that allotetraploid cotton
was formed by inter-genomic hybridization of A-genome
diploids and D-genome diploids, and followed by
chromosome doubling (Paterson et al. 2012). And in our
research, the number of ZAT genes in G. hirsutum and
G. barbadense was the sum of the number of those in G.
arboretum and G. raimondii. The subcellular localization
results showed that about 96% (110 of 115) of ZAT
genes were localized in the nucleus, while the other 5
genes were predicted to be located in the extracellular,
mitochondrial and plasma membrane. This indicated
that these genes had special characteristics compared
with other members of the family. In addition, based on
the analysis of WOLF PSORT software, we can roughly
determine their location, but for a more accurate loca-
tion, further experimental verification was needed.

In this study, we divided the 345 ZAT genes from four
Gossypium species into four clades according to the
number of domains. Each clade contained different sub-
families, and clade II contained the largest number of
genes. This proved that most genes of the ZAT family
were conserved in the evolution, and most of them
retained two main domains. However, genes containing
only one domain also appeared in the class II subfamily,
such as GhZAT47 and GhZAT2. Through the analysis of

pYL156: PDS CK SAS

Fig. 8 The phenotype of cotton leaves after virus infection and expression analysis of GhZAT67 under NaHCOs stress. A: Phenotype of cotton
leaves after virus infection; B: gRT-PCR for GhZAT67 under NaHCOs stress. Note: CK: No infection; SAS: WT under NaHCOs stress
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the motifs of these genes, it was found that they were
one motif less than the motifs of genes in the same sub-
family. Genes that also contained 3 domains, such as
GhZAT78 and GhZAT67, were found to have one more
motif compared with other members of the same sub-
family. It was worth noting that these genes may have
new functions or miss some functions in the process of
evolution.

Phylogenetic analysis showed that the ZAT proteins in
Gossypium were more closely related to the ZAT protein
in T. cacao, which was consistent with a previous study
that Gossypium and T. cacao came from the same ances-
tor (Li et al. 2015). Most ZAT genes in the same subfam-
ily had similar intron and exon structures and conserved
motifs, but there was a high degree of differentiation
among different subfamilies. In addition, some exon-
intron structure and motif composition mainly existed
in a specific subgroup, which may be related to the func-
tional diversity of this subgroup, such as both GhZATI8
and GhZAT69 had two motif 5, and this can be used as
an important indicator to identify this subfamily.

Gene duplication produced functional differentiation,
which was of great significance to environmental adapt-
ability and speciation (Conant and Wolfe 2008). Accord-
ing to this study, the gene replication rate of plants was
significantly higher than that of other eukaryotes (Hanada
et al. 2008). Previous studies had proved that there were
segmental duplication and tandem duplication in various
plant transcription factor families such as Fbox, bZIP, and
NAC factors (Jain et al. 2007; Puranik, et al. 2012; Wei
et al. 2012). Therefore, we analyzed the gene duplication
of ZAT transcription factor families. To reveal the expan-
sion mechanism of the ZAT gene family, we used
MCScanX to screen duplicated gene pairs, according to
the results of the analysis, there were only a few tandem-
duplicated events in both G. hirsutum and G. barbadense,
most of which were segmental duplications, which indi-
cated that segmental duplication played a vital role in the
evolution of the ZAT gene family. This result was also
consistent with previous studies (Wei et al. 2016). The
number of homologous genes in the At and Dt sub-
genomes of G. hirsutum and G. barbadense were close, so
we inferred that translocation and reverse transcript inser-
tion rarely occurred in the ZAT gene family. In order to
elucidate the differences after gene duplication, we calcu-
lated the ratio of non-synonymous (Ka) to synonymous
(Ks) of four Gossypium species. We found the Ka/Ks<1
in the four Gossypium species, indicating that the four
Gossypium species had undergone strong purification se-
lection. This finding was consistent with a recent study
that MYB transcription factor genes were mostly evolved
under negative selection (Salih et al. 2016).

ZAT proteins played an important role in the growth
and development of plants. Some ZAT genes had been
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confirmed to act as an important role in the tolerance in-
creasing to stress in Arabidopsis. Cis-acting elements
played an important role when plants were subjected to
abiotic stress (Nakashima et al. 2014). In this study, the
difference in the cis-acting elements of the duplicated
genes played a direct role in their expression and differ-
entiation. The cis-acting element responded to the
elicitor to regulate gene expression. Based on a large
number of hormone response elements (salicylic acid,
jasmonic acid, ethylene, and abscisic acid) in the pro-
moter of GhZAT genes, we believed that plant hormones
may be involved in the regulation of upstream of GhZAT
genes. Studies had found that salicylic acid, jasmonic
acid, ethylene, abscisic acid and other plant hormones
interacted with corresponding cis-acting elements by in-
ducing transcription factors, which were of great signifi-
cance for plants to adapt to abiotic stress. This was
consistent with our results (Fujita et al. 2006; Santner
and Estelle 2009). ABA-responsive elements were widely
distributed in promoters, we induced that ABA may be a
key signal regulating the GhZAT gene family. Through
the analysis of the cis-acting elements of G. hirsutum,
we speculated that the ZAT gene of upland cotton was
related to plant hormone response and stress resistance.

When subjected to abiotic stress, cotton will produce a
series of physiological and biochemical reactions to resist the
stress of adversity. Abiotic stresses such as drought, cold,
heat, and salt stress will decrease the yield of cotton. The ex-
pression pattern of genes was often used as an indicator of
their functions. This study used the published transcriptome
data to study the expression profile of GhZAT genes under
abiotic stress. The expression of ZAT genes in the Ile and IIb
subfamily of G. hirsutum after cold, heat, salt, and PEG treat-
ments was quite different. Among them, GhZAT67 had the
highest expression level at 6h and 12h after cold stress,
GhZAT7 and GhZAT6 were both expressed in every treat-
ments, GhZATI111 and GhZAT57 were highly expressed
after cold stress for 12 h, GhZAT109, GhZAT75, GhZAT102,
GhZAT58, GhZATY, GhZAT64 all played an important role
in cold stress. Therefore, GhZAT genes may be involved in
the adaptation of cotton to various stresses, especially cold
stress. In summary, this study analyzed the gene structure,
chromosome distribution, phylogenetic relationship, cis-act-
ing elements, and collinearity relationship of GhZAT genes
in G. hirsutum, which greatly enriched our understanding of
the ZAT gene family. In addition, the expression profile and
cis-acting element analysis of GhZAT genes indicated that
they may be involved in plant hormone signal transduction
and abiotic stress response, especially under cold stress con-
ditions. These findings not only laid the foundation for fur-
ther analysis of the function of cotton ZAT genes but also
provided valuable information for potential candidate genes
related to plant growth and development and adversity
stress.
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Conclusions

In conclusion, this study conducted a comprehensive ana-
lysis of the ZAT gene family of four kinds of cotton for
the first time. We confirmed that ZAT subfamilies dis-
played a great evolutionary divergence by phylogenetic
analysis, conserved motifs, and gene structure. Cis-acting
elements analysis and expression profiles under environ-
mental stresses suggested that ZAT family genes might be
related to the responses of abiotic stresses and hormone
stimuli. In addition, an alkaline-stress-induced gene
GhZAT67 was cloned and we found it positively
responded to alkaline stress. Taken together, we estab-
lished a foundation for further functional characterization
of ZAT genes in response to abiotic stress in the future.
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