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Background: Cotton is an important cash crop. The fiber length has always been a hot spot, but multi-factor control
of fiber quality makes it complex to understand its genetic basis. Previous reports suggested that OsGASR9 promotes
germination, width, and thickness by GAs in rice, while the overexpression of AtGASAT0 leads to reduced silique
length, which is likely to reduce cell wall expansion. Therefore, this study aimed to explore the function of GhGASAT0

Results: To explore the molecular mechanisms underlying fiber elongation regulation concerning GhGASA10-1,

we revealed an evolutionary basis, gene structure, and expression. Our results emphasized the conservative nature

of GASA family with its origin in lower fern plants S. moellendorffii. GhGASAT0-1 was localized in the cell membrane,
which may synthesize and transport secreted proteins to the cell wall. Besides, GhGASAT0-1 promoted seedling ger-
mination and root extension in transgenic Arabidopsis, indicating that GhGASAT0-1 promotes cell elongation. Interest-
ingly, GhGASAT0-1 was upregulated by IAA at fiber elongation stages.

Conclusion: We propose that GhGASAT0-1 may promote fiber elongation by regulating the synthesis of cellulose
induced by IAA, to lay the foundation for future research on the regulation networks of GASAT0-1 in cotton fiber

Background

Upland cotton with higher yield properties attributed to
a significant proportion of cotton production worldwide
to fulfill the ever-increasing demands of the textile indus-
try. Although upland cotton yields higher than other cot-
ton species, the bottleneck in further improving fiber
quality remains the fundamental concern [1]. Therefore,
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improving the fiber quality of cotton, specifically Upland
cotton, is one of the current crucial research dimensions
in cotton breeding programs. Fiber length is an impor-
tant indicator in assessing fiber quality [2]. Therefore, the
exploitation of fiber developmental mechanisms in dif-
ferent cotton species is fundamental to improve cotton
cultivars. Fiber development mechanisms comprise four
distinct yet overlapping phases viz., fiber initiation, fiber
elongation, synthesis of the secondary cell wall, and fiber
maturation [3, 4]. Cotton fibers, generally described as
single-celled trichomes, are an excellent source material
for studying single-cell elongation [5, 6]. Many studies
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showed that phytohormones, i.e., IAA, GA3, BR, etc.,
promoted cell and fiber elongation in cotton fiber devel-
opment [7-9]. Previous research extensively emphasized
that the Gibberelic Acid Stimulated Transcript/Arabidop-
sis (GAST/GASA) family genes were regulated by phyto-
hormones to promote cell elongation and cell division in
many plants [10].

GAST-like genes have been involved in complicated
biological processes modifying further plant growth and
development [11]. GASAs domains are remarkably con-
served in most plants, resulting in conserved proteins [10,
12]. These proteins are generally divided into three well-
conserved subgroups; however, OsGASTs were divided
into four subgroups in rice [13]. The encoded protein of
GAST family members usually contains three sections:
the N-terminal signal peptide sequence, the hydro-
philic, and C-terminal regions as GASA domain. GASA
domains generally comprise 60 amino acids, including 12
cysteine, key residues for the functional domain [14]. The
exact subcellular localization of GASTs proteins is the
sticking point to determine the protein function. Many
in vivo studies demonstrated that GASTs proteins were
discovered in the cell wall and/or apoplast. However, a
few GASTs proteins were localized in the plasma mem-
brane, cytoplasm, and nucleus. The above-mentioned
reports imply the divergent functional trends of GASTs,
which are likely corresponding to functional associa-
tion with cell elongation and division [15]. The presence
of conserved motifs is the main reason for GASTs to be
conserved in vascular plants. Further, the phylogenetic
studies of GASTs family genes from the plant kingdoms
showed that GASTs might be initially evolved in S. moe-
lendorffii [11]. GASTI, which is one of GAST family
genes, initially detected in tomato [16] with subsequent
discoveries in different species, such maize (Zea mays L.)
[10], Arabidopsis [11], Glycine max [17], Grapevine (Vitis
vinifera L.) [12].

Previously published reports emphasized the regula-
tory role of GAST family genes in cell elongation and
cell division and involved in responses towards abiotic
and biotic stresses [18-20]. AtGASA family members
have been reported with their regulatory role in hor-
mone syntheses such as ABA, GA, BR, IAA, JA, and SA
in Arabidopsis [15], while the OsGASR9 regulated grain
length, width, and thickness in rice [21]. Interestingly,
two ortholog from Arabidopsis (AtGASAI0) and rice
(OsGAST9) showed conserved (Functional and struc-
tural) positive regulatory role in germination between
dicot and monocot plants. Phytohormones may regu-
late both AtGASA10 and OsGASR9 through the signal
element in their promoter regions and correspond to
the signal element in likely feedback response cycles in
GA/ABA-mediated regulation [11]. GAs are among the
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universal plant phytohormones that play a crucial role
in the growth and development processes, including
germination, stem elongation, photosynthesis, flower-
ing, and seed development, while GASA-like genes pos-
sess a key role in GAs signaling pathway [12, 22, 23] in
different plants viz. gerbera [24], and maize [10]. Some
GASA genes are regulated by other hormones, as RSII
was regulated by IAA [25], and OsGSR1/2 was regulated
by GA3 [26].

Reported statistics suggested that different GASA-like
genes may exhibit differential expression patterns, mostly
built on the spatiotemporal pattern of gene expression
for regulating their speculated functions [27]. In A. thali-
ana, AtGASAS is highly expressed in the shoot tip and
the inflorescence meristems of the reproductive stage
[27]. Interestingly, AtGASAG is the key node in GA, ABA,
and glucose signal interaction network, which regulates
GA, ABA, and glucose in seed germination mesocotyl
elongation [28]. The expression analysis in Moso bamboo
revealed that most PAGASTs might be related to M. bam-
boo flower development and shoot growth. Importantly,
PhGASRI was presumed to play a key role in the rapid
shoot growth involved in the ABA pathway [29]. How-
ever, the expression of AtGASA10 was not significantly
influenced by exogenous GA treatment of suspension
cells in Arabidopsis [30].

However, the factors that the mechanism of exogenous
plant phytohormones IAA and GA3 promoted in cot-
ton fiber cells elongation remain unknown. Given the
important roles of GASA family proteins by exogenous
plant phytohormones IAA and GA3 promoted in plant
development and cell elongations, the analysis of GASA
family is greatly valued. Our study systematically aimed
to uncover the transcriptomic landscape of GASA genes
in fiber development of G. arboretum, G. barbadense,
G. hirsutum, specifically AtGASA10, and its ortholog
genes, by utilizing RNA-Seq and qRT-PCR expression
profiles. Furthermore, we exploited specific features of
GASA gene family, including gene structures, conserved
motifs, tissues-specific expression, subcellular localiza-
tion, expression patterns, overexpression of Arabidopsis,
and in vitro ovule culture. Using IAA, GA3, and their
transport/biosynthesis inhibitors, we demonstrated that
GhGASA 10 plays a vital role promoted cell elongations in
the overexpression of Arabidopsis and cotton fibers.

Results

Identification, phylogenetic analysis of the GASA gene
family in the plant kingdoms

According to BLASTP and Query Sequence Search
of TBtools, the GASA protein sequences from differ-
ent plants were collected. To study the evolutionary
relationships of GASA genes, the protein sequences,
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including Arabidopsis, G. darwinii, G. mustelinum, G.
tomentosum, G. raimondii, G. arboretum, G. barbadense,
and G. hirsutum, were exploited using phylogenetic
analysis (Fig. 1A). GASA proteins depicted conserved
phylogenetic relationships between Arabidopsis and Gos-
sypium. Based on phylogeny, we further classified GASA
proteins into three subfamilies viz. GASA1/2/3/9/11/14,
GASA4/5/6/12/13, and GASA7/8/8L/10. The ortholog
genes corresponding to each AtGASA gene could be
found in different Gossypium species. Most GASA genes
did not have homologous in diploid cotton compared to
Arabidopsis such as GASA1/2/3/4/5/6/9/14/12, while
GASA7/8/8L/10/11/13 were identified with homolo-
gies. Allotetraploid cotton should have twice the num-
ber of diploid cotton genes, but the numbers of GASA
genes were less than twice. This result showed that some
GASA genes were lost during the evolution process,
which is in line with the previously published statistics
demonstrating higher gene losses in allotetraploid cot-
ton than diploid cotton [31]. Subsequently, GASA genes
were explored in 20 species, extending from lower plants
to higher plants, to make certain the origin and evolu-
tionary relationship of these genes (Fig. 1B). Based on
the genes number analysis, GASA genes were present in
lower fern plants Selaginella moellendorffii, but not in
the lower algae plants Micromonas pusilla, Ostreococ-
cus Tauri, and Volvox carteri, and moss Physcomitrella
patens, indicating that the GASA genes might have origi-
nated in fern. From the origin of ferns to angiosperms,
the number of GASA genes has hardly changed in diploid
plants. This result indicated that the number of GASA
family genes is conserved in most plants.

Structural characterizations and motifs analyses

of GhGASA genes

A phylogenetic tree was constructed utilizing GhGASA
protein sequences to exploit the evolutionary relation-
ships of GhGASA family genes along with their structure
and function. In general, GEGASA genes possessed one
to three exons. Furthermore, gene structure and phylo-
genetic relationship displayed a high correlation. In total,
20 conserved motifs were identified in the GEGASA pro-
tein sequence (Fig. S1). The number of conserved motifs
in each GhGASA varied from 3 to 11. Most GASA pro-
teins contain the conserved Motif 1-3, showing that the
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three Motif of GASA proteins may have important role
for the cell elongation and cell division.

To study the evolutionary relationships and functional
divergence of the prominent GASA gene-family mem-
bers, we extracted and examined the upstream 2.0kb
promoter regions. Many cis-acting regulatory elements,
including 13 elements related to plant growth (including,
Photo-responsive, cell cycle, and seed-specific regula-
tion) and stress responses (including hormone-response,
wound-response, and defense response towards stresses),
were analyzed (Fig. 2B).

We mainly focused on cis-acting regulatory elements
to verify gene functions concerning cotton fiber devel-
opment. GEGASA genes promoter active elements and
cotton transcriptomic data revealed that fiber develop-
ment might not be linked to the cell cycle regulation and
seed-specific regulation; it might be linked to hormone-
responsive elements such as IAA, GAs (Fig. 2A). Inter-
estingly, we found that the Gh.A04G144000 and Gh.
GASA10-1(Gh.D04G182700) genes have gibberellin-
responsive and abscisic acid responsiveness in similar
sites of their promoters, while they have auxin-respon-
sive in different sites of their promoters near to genes of
5’-UTR. However, other GhGASA genes promoters had
different with the promoters of Gh.A04G 144000 and Gh.
GASA10-1. It might be suggested that IAA and GAs play
essential roles in fiber development and cell elongation.

RNA-seq expression profile of GASA genes in three major
cotton species

Expression profile and tissue specificity were explored
using transcriptomic data of G. arboretum, G. bar-
badense, G. hirsutum. Firstly, we constructed a phy-
logenetic tree of GASA family genes of three major
cotton species using the relative expression profiles with
TBtools. The majority of GASA family genes from the
same subfamily had similar expression patterns in six
varieties in three major cotton species (Fig. 3, Fig. S2, and
Fig. S3).

In G. hirsutum (Fig. 3), only four genes are highly
expressed at fiber development stages. Gh.A09G018000
and Gh.D04G053600 depicted relatively high expression
at the early stages of fiber development. However, the GA.
A04G144000 and Gh.D04G182700 were highly expressed
throughout whole fiber development stages, especially
the critical period of fiber elongation for 5-15 DPA.

(See figure on next page.)

Fig. 1 Phylogenetic and evolutionary analysis of the GASA gene family in different plant species. (A) An unrooted phylogenetic tree of GASA
protein sequences from Arabidopsis thaliana and seven Gossypium specie. The phylogenetic tree was constructed using GASA protein sequences
and the Neighbor-Joining (NJ) method in MEGA 6.0 software. (B) Comparisons of GASA protein number across a wide range of plant species. Mp,
Micromonas pusilla; Ot, Ostreococcus tauri; V'c, Volvox carteri; Pp, Physcomitrella patens; Sm, Selaginella moellemdorffii; Atr, Amborella trichopoda; Ps,
Picea sitchensis; Pd, Phoenix dactylifera; Os, Oryza sativa Japonica; \v, Vitis vinifera; Nc, Nymphaea colorata; Zm, Zostera marina; At, A. thaliana; Gr, G.
raimondii; Ga, G. arboretum; Gd, G. darwinii; Gt G. tomentosum; Gm, G. mustelinum; Gb, G. barbadense; Gh, G. hirsutum
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Fig. 3 Expression profile of GhGASA family genes based on RNA-seq data in two uplant accessions viz, J02 and ZRI. The tissues include root, stem,

In G. arboretum (Fig. S2), the study found that the
Gal4G0224.1 showed a significantly higher expression
level in all the tissues. While Ga07G1350.1 was only
highly expressed in leaves, and Ga04G0326.1 was only
highly expressed in different fiber development stages,
especially during the critical period of fiber elongation.

In G. barbadense (Fig. S3), only three genes were highly
expressed at crucial fiber development stages, especially
two genes viz. Gbar.D04G017490 and Gbar.A04G012790
showed significant expression levels at the critical period
for fiber elongation (10-DPA).

Interestingly, the five genes Ga04G0326.1, Gbar.
D04G017490, Gbar.A04G012790, Gh.A04G144000, and
Gh.D04G182700 were all ortholog of AtGASA10 in three
cotton species. Regardless of the evolutionary relationship,
gene structure and expression changes were consistent
among the six varieties of G. arboretum, G. barbadense,
G. hirsutum. These results emphasized that higher expres-
sion and tissue specificity of these genes viz. Ga04G0326.1,
Gbar.D04G017490, Gbar.A04G012790, Gh.A04G144000,
and Gh.D04G182700 might play a direct critical role in
fiber development and fiber cell elongation.
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In this study, we identified five GASAs genes sited at
A04/D04. They were explicitly expressed at critical fiber
development stages in three major cotton species, which
emphasized that the GASAI0 might have a significant
role in fiber development, specifically fiber cell elonga-
tion. We further performed functional verification to
understand the genetic basis, characteristics, and func-
tions of GhGASA10-1 (Gh.D04G182700).

Subcellular localization of GhGASA10-1

According to the online tool analysis, TMHMM?2.0
(http://www.cbs.dtu.dk/servicess TMHMM/)  predicted
that GhGASA10-1 has the 26 N-term signal sequence
with transmembrane and the other sequence outside the
membrane. The CELLO version 2 [32] and Euk-mPLoc
2.0 [33] predicted that the subcellular localization of
GhGASAI10-1 is extracellular. YLoc [34] and BaCelLo
[35] indicated that the localization of GEGASAI0-1 is a
secreted pathway.

To verify this prediction, the full-length CDS of
GhGASA10-1 was ligated with 35S-1300-GFP vector. The
constructed vector was infiltrated into N. benthamiana
mature leaves and visualized by confocal microscopy. The
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fluorescence of 35S-GFP was detected in the nucleus and
the cytomembrane (Fig. 4). In contrast, the GhGASA10-
1::GFP fusion protein was localized in the cell membrane,
appearing green, and the cell membrane presented red
fluorescence stained by cell membrane marker Dil. Sub-
sequently, the cell membrane was merged into yellow
by GhGASA10-1:GFP fusion protein and cell mem-
brane marker Dil. The above results demonstrated that
GhGASA10-1 was localized in the cell membrane, which
may synthesize secreted protein transport to the cell wall
involved in cell wall synthesis and promote cotton fibers
cell wall development through the secreted pathway.

Overexpression and tissues specificity analysis

of GhGASA10-1 in Arabidopsis

To further confirm the gene function, GhGASA10-1
was overexpressed in Arabidopsis. Among ten lines
GhGASAI10-I-overexpressing transgenic Arabidop-
sis of T3 generation, three lines were selected for
further analysis. Tissue specificity expression analy-
sis (Fig. 5A) showed that GEGASA10-1 is explicitly
expressed in the roots at the seedling stage. However,
GhGASAI0-1 is significantly down-regulated in the

GFP

Dil

Merged was GFP-GhGASA10-1 and Dil collective effect. Bar=20um

Fig. 4 Subcellular localization of GhGASA10-1 protein in the epidermal cells of tobacco leaf. GFP was a green fluorescent protein and as a blank
control; GFP-GhGASA10-1 protein was only located in the cell membrane; Dil was the most commonly used cell membrane fluorescent probe;

GFP-GhGASA10-1

Merged
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roots and specifically expressed in the flower buds at
the flowering stages.

When grown on 1/2 MS medium, wild-type and
three transgenic lines exhibited a noticeable phe-
notypic difference in Arabidopsis seedling germina-
tion stages. The seedling germinated after 14 days
of standard cultivation (Fig. 5B), while GhHGASA10-
1-overexpressed seedlings germinated vigorously than
wild-type seedlings. Statistics on seeds germination
rate showed that transgenic seeds germination rate was
significantly higher than the wild type, especially on
the third day (Fig. 5C). The length of the taproot after
14-days of vertical cultivation (Fig. 5D), GhGASAI10-
I-overexpressed seedlings formed more main roots
than wild-type seedlings. The seed from wild-type
and transgenic plants, viz., OE1, OE2, and OE3, were
germinated on MS-agar medium. The results com-
prehended the transgene, as shown in Fig. 5D; the
root growth was observed with significantly higher
expression in the transgenic lines than in the wild-
type plants. Biological statistics (Fig. 5E) showed that
the length of the root of transgenic lines was twice the
wild-type of Arabidopsis seedling stages. These results
indicated that GEGASA10-1 promotes seedling germi-
nation and root extension in Arabidopsis.

As mentioned above, GHGASAI10-1 was screened as
a putative candidate gene for fiber cell elongation. How-
ever, the tissue specificity of this gene in Arabidopsis
suggested marked changes in root elongation. To vali-
date our hypothesis that GhGASA10-1 play a crucial
role in cell elongation, we further examined the roots of
Arabidopsis and compared both the transgenic and wild
type. Interestingly, we observed that overexpression of
GhGASAI0-1 extensively promotes root length with
the elongation of root cells instead of an increase in the
number of cells (Fig. 5F/G). These results strengthen our
hypothesis that GZGASA10-1 may be important in fiber
cell elongation.

GhGASA10-1 expression level associates with cellulose
synthesis

As the over-expression of GhHGASAI10-1 in Arabidopsis
promote cell elongation resulting in root elongations, we
speculated that GhHGASA10-1 might promote downstream
transcription factors, leading to high expression of cel-
lulose synthase genes, further promoting cell elongation.
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Comparing the expression of cellulose synthase genes
(AtCesAs) (Fig.6) in wild-type and overexpressing Arabi-
dopsis, five members of the AtCesAs family were found to
be upregulated. AtCesA5b/9 were upregulated twice, while
AtCesA4/7 were upregulated three times, and AtCesA10
was upregulated more than ten times. Taken together,
this data provides strong evidence that over-expression
of GhGASAI10-1 strongly induced particular cellulose
synthesis associated genes, and further to promote cell
elongation.

GhGASA10-1 induced by IAA but not GA;

It has been shown that GASA family genes are involved in
the regulation of phytohormones in different plants and
act as binding promoter elements in upland cotton. IAA or
GA3 might regulate GhGASA10-1 and GhA04G144000,
so we take hormone-treated ovule in vitro culture to
verify the expression level GhGASA10-1. Surprisingly,
qRT-PCR (Fig.7A) results showed that GhGASA10-1 was
significantly upregulated during crucial fiber elongation
stages. Moreover, GhGASAI0-1 was regulated by IAA,
but not GA3 (Fig.S4) during cotton fiber development
when treated with different concentrations of hormone
IAA, GA3, and their inhibitors in the cotton ovule. In addi-
tion, we further verified its ortholog gene GhA04G144000,
which was slightly up by IAA (Fig.7B). These results
revealed that GhGASA10-1 may be induced by IAA to
promote cell elongation.

Discussions

The whole-genome sequences (WGS) of different cot-
ton species have been accomplished in recent years,
which has boosted the research on genetic breeding
and functional gene discovery of cotton [36-38]. More-
over, cotton fibers are single-celled trichomes and are
excellent model materials for studying single-celled
elongations [39]. Some studies showed that phytohor-
mones IAA, GA3, BR etc., promoted cell elongation in
cotton fiber development [40] and GASA family genes
are regulated by different phytohormones to promote
or inhibit cell elongation and cell division as well as
other function in many plants [12]. Therefore, it is
imperative to exploit and understand the functional
mechanism of some crucial genes of the GASA fam-
ily regulating fiber cell elongations for different fiber
development stages in cotton.

(See figure on next page.)

Fig. 5 Characterization of GhGASAT0-1 overexpression in Arabidopsis. (A) Different expression characteristics of different organs. The data are
shown in (A) as mean£SD, n=3, **P<0.01, ***P<0.001, Student’s t-test. ACTIN2/8 was used as an internal control. (B/C) Verification and statistics
of the germination experiment of wild-type and transgenic Arabidopsis. (D/E) Comparing and statistics of root lengths wild-type and transgenic
Arabidopsis. The data are shown in (E) as mean +SD, n=6, **P <0.01, ***P <0.001, Student’s t-test. (F/G) Comparing wild-type and transgenic root
lengths at the cellular level. The data are shown in (G) as mean =+ SD, n =60, **P <0.01, ***P <0.001, Student’s t-test. Bars in (B), (E) =1cm. Bars in (F)

=100pm
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In this study, we identified GASA genes in seven rep-
resentative cotton species, including three wild allotetra-
ploid cotton G. mustelinum, G. darwinii, G. tomentosum
with 48, 45, 47 GASA genes respectively, two cultivated
allotetraploid cotton G. hirsutum, G. barbadense with 45,
41 GASA genes respectively, and its two diploid ances-
tors, G. arboreum and G. raimondii with 24, 25 GASA
genes respectively. This differential distribution of GASA
family genes emphasized the loss of genes in different
allotetraploid cotton species, consistent with the higher
rate of gene loss in different allotetraploid cotton than
in diploid species [15, 41]. The GASA proteins are quite
conservative in higher plants, mainly divided into three
subgroups in Arabidopsis and Gossypium, which is con-
sistent with GASA family of Zea mays [10], Oryza sativa
[11, 21], Vitis vinifera [12], and Glycine max [17]. GASA
genes are present in lower fern plants S. moellendorffii
[11]. In the life evolutionary tree, the number of GASA
genes has hardly changed from ferns to angiosperms,
firstly reported in our study. The above results showed
that GASA family genes are relatively conservative in
gene structure and quantity [10, 12].

The promoter region elements and expression pro-
file of GhHGASA family genes in cotton were analyzed,
and fiber-specific expression of GASAI0 members in
different cotton species. The results emphasized the
involvement of phytohormones viz. GA3 and IAA in
promoting cell wall and fiber elongation. Most of the
GASA genes are regulated by GA, ABA, SA [11], which
are involved in the hormone signaling pathway in dif-
ferent plants, explicitly influencing many plant func-
tions such as bud dormancy, bud germination, root
length, stem elongation, seed size, and yield [12, 36,
42, 43]. Interestingly, GASA10-1 and Gh.A04G144000

have abscisic acid responsiveness, gibberellin-respon-
sive, and auxin-responsive elements, while Gh.
A04G144000 have two gibberellin-responsive elements,
especially it are different to the sites of their promoter
auxin-responsive elements.

According to the expression profile of GASA genes
in three major cotton species, different GASA fam-
ily genes showed tissue-specific expression such as
GhGASA1/2 was highly expressed in leaves of both cul-
tivars, whereas GhGASA10 showed high expression in
the fiber and seed of both cultivars. GASA genes have
tissue-specific expression, that CcGASA4, OsGASRI1/9
genes have flower-tissue-specific expression [21, 23,
43]. Numerous studies have found that the function
of GASA genes not only promotes cell elongation and
other tissue development but also resists various abi-
otic stresses i.e., salinity, drought, cold, fungal, and
paclobutrazol (PBZ) [29, 44, 45].

GhGASA10-1 was localized in the cell membrane,
which may synthesize secreted protein transform into
the cell wall involved in cell wall compound for fiber
cell elongations. Citrus clementina CcGASA4 and
Rice OsGASRY localized to the plasma membrane and
nucleus [23], while Pyrus pyrifolia PpyGAST1 localized
to the cytoplasm, and AtGASA5 protein localized in
the cell wall/extracellular matrix [46]. Potato Snakin-
1(GASA-like), which follows the secretory pathway,
regulated cell division, primary metabolism, and cell
wall composition [47]. This study results showed that
GhGASA10-1 might be consistent with the function of
AtGASAIO.

The overexpression of GhGASA10-1 in Arabidop-
sis was analyzed, which promoted seedling germina-
tion. Interestingly, the overexpression of GhGASA10-1
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remarkably promoted t/ie main root extension, and the
cellular level of Arabidopsis roots length was found
that GhGASA10-1 promotes Arabidopsis roots cell
elongations, which further indirectly confirmed that
GhGASAI10-1 promote cell and fiber elongation of cot-
ton. AtGASAI10 is involved in changing the hydroxyl
length facilitating cell wall growth by regulating cell
elongation. The above results showed that the func-
tions of GhGASA10-1 differ from AtGASAIO func-
tion and might have different regulation mechanisms,
which is crucial for further characterization of the
GhGASAI0-1 gene for its involvement in fiber cell
elongation [30].

Most previous studies have shown that changes in
plant organs may be due to the regulation of CesAs genes.
CesAs genes perform various functions of primary and
secondary cell wall synthesis [48]. Our results suggested
that GhGASA10-1 in Arabidopsis promotes root elonga-
tions, which leads to the hypothesis that GHGASA10-1
may promote downstream transcription factors, leading
to high expression of cellulose synthase and further pro-
moting cell elongation.

Our study found that the expression of GHGASAI10-1
was not promoted by the exogenous phytohormones
GA3, which is consistent with the expression of
AtGASA10 being not regulated by GA3 [30]. OsGASR9
is involved in response to GA in rice [21]. Interestingly,
GhGASA10-1 was upregulated by the exogenous phyto-
hormones IAA; the result showed that IAA might play
a crucial role in fiber cell elongation and development,
which is further researched for cotton fiber quality main
as fiber elongations.

Conclusions

In this study, the evolutionary relationships of GASA
gene family were identified in different Gossypium spe-
cies, which were classified with three distinct subclasses
and quite conservative. GASA genes might have origi-
nated in lower fern plants Selaginella moellendorffii.
From the origin of ferns to angiosperms, the number
of GASA genes has hardly changed. The GhGASA10-1
was localized in the cell membrane, which may syn-
thesize proteins in the cell wall involved in cell wall
compound for fiber cell elongations. The overexpres-
sion of GhGASAI0-1 promotes seedling germination
in advance and promotes Arabidopsis roots cell elon-
gations in Arabidopsis, further indirectly confirmed
that GhGASA10-1 might promote cell elongation.
GhGASA10-1 promotes AtCesA4/5b/7/9/10 in Arabi-
dopsis, especially AtCesAI0 being more remarkable,
which revealed that GHGASA10-1 not only promotes
primary wall synthesis but also primarily promotes sec-
ondary wall synthesis. GhGASA10-1 was upregulated
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by IAA, emphasizing that IAA may play a crucial role
in fiber cell elongation and development. These results
reveal the structural characteristics and expression pat-
terns of the GEIGASA gene family and functional verifi-
cation of GhGASA10-1 in cell elongation and provide
crucial information for further regulation mechanism/
network of fiber elongation.

Materials and methods

Database search and sequence retrieval

Cotton Functional Genomics Database (CottonFGD)
(https://cottonfgd.org/) platform was employed to obtain
the genomic datasets and protein sequences of different
cotton species, i.e., G. arboreum L, G. raimondii Ulbr, G.
hirsutum L, G. barbadense L. The protein sequences of
three wild cotton such G. darwinii, G. mustelinum, and
G. tomentosum were downloaded from NCBI (https://
www.ncbi.nlm.nih.gov/) [49]. The protein sequences of
Arabidopsis thaliana were downloaded from the Arabi-
dopsis Information Resource (TAIR) (https://www.arabi
dopsis.org/). The other species’ protein sequences come
from NCBI (https://www.ncbi.nlm.nih.gov/). Based
on the sequence similarity of the protein domains,
GASA protein sequences in different plant species were
extracted using TBtools [50].

TBtools, with default parameters [50], was employed
to search for various GASA protein sequences where the
GASA domain (PF02704), obtained from pfam database
(http://pfam.xfam.org./) was used as a query sequence.
Repeated proteins were redundant, thus deleted, and
only GASA protein sequences with e-value> 30 were kept
and double-checked through NCBI-CDD (NCBI con-
served domain database, https://www.ncbi.nlm.nih.gov/
cdd) for further analysis.

Phylogenetics, gene structure, and motif analysis

Multiple sequence alignments of obtained GASA pro-
tein sequences, including Arabidopsis and Gossypium
(as mentioned above), were done using Muscle wrap-
per in TBtools. Subsequently, IQ-TREE in TBtools
was utilized to generate a phylogenetic tree with 1000
bootstraps [50]. A bar graph was made by the number
of GASA family protein sequences of different cotton
species.

Furthermore, The gene structures of GASAs were ana-
lyzed using the Gene Structure Shower of TBtools [50].
We also exploited motifs with conserved domains of
GASA proteins using MEME (http://meme-suite.org/
tools/meme) with default parameters. The GASA family
genes characteristic was visualized and integrated into
graphics using TBtools [50].
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Analysis of cis-elements related to plant hormone

2.0kb upstream sequences of GASA family genes in G.
hirsutum and GASAIO genes from other four cotton
species G. arboreum L, G. raimondii Ulbr, G. hirsu-
tum L, G. barbadense, were extracted by TBtools, and
the cis-elements were determined utilizing the Plant-
CARE database (http://bioinformatics.psb.ugent. be/
webtools/plantcare/html/).

Plant materials and growth conditions

The three major cotton species of G. hirsutum cv. J02—
508 and ZRI-015; G. arboreum cv. 971 and 972; G. bar-
badense cv. XINHAI133 and MAROAD were grown in
Anyang cotton farm. Three different tissues and 0 DPA
(day post-anthesis) ovules, 3, 5 DPA ovules, and 10, 15,
20, & 25 DPA fibers in G. hirsutum, 0, 3, 5 DPA ovules
as well as 8 DPA fibers in G. arboreum, 0 DPA ovules as
well as 15, 25 DPA fibers in G. barbadense were sent to
Biomarker Technologies company for completing tran-
scriptome sequencing.

Col-0, ecotype of Arabidopsis thaliana, seeds were put
in 4°C for vernalization and later grown on agar-solidi-
fied Murashige and Skoog (MS) medium, which were
placed in an incubator with a 16h / 8 h (light/dark) cycle
at 22°C. The seedlings were transplanted in mixed soil
(vermiculite: humus=1:1). The Agrobacterium tumefa-
ciens strain (GV3101) with constructed overexpression
vector was transformed into Arabidopsis plants using the
floral dip method [51].

Expression profile of genes

The fragments per kilobase of exon per million frag-
ments mapped (FPKM) values were obtained from the
transcriptome data of G. hirsutum cv. J02-508 and
ZRI-015; G. arboreum cv. 971 and 972; G. barbadense
cv. XINHAI133 and MAROAD. The expression values
of three different tissues and 0 DPA ovules, 3, 5 DPA
ovules as well as 10, 15, 20, and 25 DPA fibers in G. hir-
sutum, 0, 3, 5 DPA ovules as well as 8 DPA fibers in G.
arboreum, 0 DPA ovules as well as 15, 25 DPA fibers
in G. barbadense, were analyzed. Genes with FPKM> 1
in at least one stage were selected for further analysis.
log2FPKM, after normalization, was used to display the
gene expression as a heatmap.

Cloning of GhGASA10-1, vector construction, and plant
transformation

cDNA sequence of GhGASAI10-1 was cloned and
plugged into pBI121 vector using two restriction
sites (Xbal and Sacl). The primers were conceived
by primer 5.0, and the sequences are presented in
Table S1. Subsequently, we took the GV3101 strain
containing constructed GhGASAI10-1-pBI121 vector
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to transform it into Arabidopsis plants according to
the floral dip method. Seedlings with transgene were
selected carefully and transferred to mixed soil. The
transgenic plants were grown in a greenhouse for fur-
ther sample collection for PCR confirmation. Homozy-
gous transgenic Arabidopsis lines were obtained, and
the lines OE1, OE2, and OE3, which have high levels
of GhGASA10-1 expression, were selected for further
analysis. The wild-type Arabidopsis plants were used as
the controls.

RNA extraction and quantitative PCR

The total RNA of cotton stem tips and leaves were iso-
lated by the RNAprep Pure Plant kit (Tiangen, China).
Approximately 1000ng of RNA were reversely synthe-
sized into cDNA by MonScript RTIII Super Mix with
dsDNase (Two-Step) (Monad, China).

The real-time PCR detection system (RT-PCR) uti-
lized ABI 7500 real-time PCR system and ChamQ Uni-
versal SYBR qPCR Master Mix (Vazyme, China). The
UBQ gene which expresses stably in upland cotton,
was used as an internal control. The relative expres-
sion levels of GASA genes were calculated by the 2"42€..
method.

The cotton ubiquitin gene (Gh_AI10G005800) and
Arabidopsis B-actin genes (actin 2, actin 8) were used
as internal references [52, 53]. To further explore OE-
GhGASAI10-1 in Arabidopsis, whether through regu-
lation of cell wall synthesis cellulose synthase genes to
promote main root elongation, and related 12 AtCesAs
primer pairs [48]. The primers used in the quantita-
tive PCR analysis are shown in Table S1. All qRT-PCR
experiments were executed for at least three biological
replicates.

Subcellular localization of GhGASA10-1

The amplified exonic region of ChGASA10-1, using spe-
cific primers (Table S1) corresponding Sma I and Kpn I
restriction enzyme sites, was fused to the 5’ terminal of
the GFP gene and consequently generated GhGASAI10-
1-GFP fusion construct comprising CaMV 35S promoter.
The GhGASA10-I1-GFP vector and positive control
(empty vector) were transformed into the Agrobacte-
rium tumefaciens strain (GV3101), then transformed into
Nicotiana tabacum leaves [54]. Leaves of the seedings
were stained with cell membrane CM-Dil (10 pM, Sigma-
Aldrich) and visualized using a laser confocal microscope
(Zeiss LSM710, Germany).

In vitro cotton ovule culture and hormone treatment

Randomly selected cotton bolls (TM-1) were collected
and sterilized in 0.1% (w/v) HgCl, and 75% (v/v) etha-
nol for 15min and 5min, respectively. Collected bolls


http://bioinformatics.psb.ugent

Chen et al. BMC Plant Biol (2021) 21:448

were washed with sterilized distilled water after steri-
lization. Ovule samples were collected from air-dried
bolls under sterile conditions. Collected ovules were
then cultured in BT medium as a control treatment in a
dark environment at 28-30°C, as previously described
by [55]. The ovules were also cultured for harmone
treatment assay with different concentrations of GA,
(1uM, 3uM, 5uM), GA biosynthesis inhibitor (PAC,
5uM), IAA (1uM, 5uM, 10uM), and IAA transport
inhibitor (NPA, 5 uM), respectively.

Abbreviations

GAST/GASA: Gibberelic Acid Stimulated Transcript/Arabidopsis; DPA: Days post
anthesis; CDS: Coding sequence; OE: Over-expression; gRT-PCR: Quantitative
real-time PCR; WGS: Whole-genome sequences; CottonFGD: Cotton Func-
tional Genomics Database; FPKM: Fragments per kilobase of exon per million
fragments mapped.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-021-03230-z.

[ Additional file 1:. }

Acknowledgments

We would appreciate to all colleagues in our lab for providing experimental
materials and technical assistance. We are very grateful to the editors and
reviewers for their critical evaluation of the manuscript and for providing
constructive comments on its improvements.

Authors’ contributions

B.C.and YS. carried out the experiments and drafted the manuscript. BC, ZT,
G.F, XP,ZP HL and JS. analyzed the data. B.C, XW. and N.Q. participated in
figure preparation. B.C, SH., X.D, S.S.and Y.M. participated in experimental
design and manuscript. M.N. participated in its manuscript revision. S.H. and
X.D. conceived the study. All authors read and approved the final manuscript.

Funding

This work was supported by grants from the Foundation for Innovative
Research Groups of the National Natural Science Foundation of China (Grant
No. 31621005); Agricultural Science and Technology Innovation Program of
the Chinese Academy of Agricultural Sciences. The funding body had no role
in the design of the study and collection, analysis, and interpretation of data
and in writing the manuscript.

Availability of data and materials

G. arboreum L (PRINA382310), G. raimondii Ulbr (PRINA82769), G. hirsutum

L (PRINA503326), G. barbadense L (PRINA219156) were obtained from the
Cotton Functional Genomics Database (CottonFGD) (https://cottonfgd.org/).
The protein sequences of three wild cotton such G. darwinii (PRINA280597),
G. mustelinum (PRINA667519), G. tomentosum (PRINA122619), Oryza sativa
Japonica (PRINA592760), Vitis vinifera (PRINA667206) were downloaded from
NCBI (https://www.ncbi.nlm.nih.gov/). The protein sequences of Arabidopsis
thaliana were downloaded from the Arabidopsis Information Resource (TAIR)
(PRINA732724) (https://www.arabidopsis.org/), such as AtGASAT(AT1G75750),
AtGASA2(AT4G09610), AtGASA3(ATAG09600), AtGASA4(AT5G15230),
AtGASA5(AT3G02885), AtGASAG(AT1G74670), AtGASAT7(AT2G14900),
AtGASAB(AT2G39540), AtGASABL(AT1G10588), AtGASAI(AT1G22690),
AtGASATO(AT5G59845), AtGASAT1(AT2G18420), AtGASAT2(AT2G30810),
AtGASAT3(AT3G10185), AtGASAT4A(AT5G14920). The other species protein
sequences come from NCBI Blast (https://www.ncbi.nlm.nih.gov/). The original
datasets generated for this study are included in the article/Supplementary
Material, further inquiries can be directed to the corresponding authors.

Page 14 of 15

Declarations

Ethics approval and consent to participate

The collection of plant materials used in our study complied with institutional
and national guidelines. Field studies were conducted in accordance with
local legislation.

Consent for publication
Not applicable.

Competing interests
Conflict of interest the authors declare that they have no conflict of interest.

Author details

' Zhengzhou Research Base, State Key Laboratory of Cotton Biology, Zheng-
zhou University, Zhengzhou 450001, Henan, China. “State Key Laboratory

of Cotton Biology, Institute of Cotton Research, Chinese Academy of Agricul-
tural Sciences, 455000 Anyang, China. >State Key Laboratory of Cotton Biology,
Institute of Plant Stress Biology, School of Life Sciences, Henan University,
Jinming Street, Kaifeng 475004, China. “National Supercomputing Center

in Zhengzhou, Zhengzhou University, Zhengzhou 450001, Henan, China.

Received: 10 February 2021 Accepted: 23 September 2021
Published online: 06 October 2021

References

1. SulJJ,MaQ, Li M, Hao FS, Wang CX. Multi-locus genome-wide association
studies of fiber-quality related traits in Chinese early-maturity upland
cotton. Front Plant Sci. 2018;9:1169.

2. Gao ZY, Sun WJ, Wang J, Zhao CY, Zuo KJ. GhbHLH18 negatively regulates
fiber strength and length by enhancing lignin biosynthesis in cotton
fibers. Plant Sci. 2019;286:7-16.

3. Gao P, Zhao PM, Wang J, Wang HY, Wu XM, Xia GX. Identification of genes
preferentially expressed in cotton fibers: a possible role of calcium signal-
ing in cotton fiber elongation. Plant Sci. 2007;173:61-9.

4. Wang M, Sun RR, Li C, Wang QL, Zhang BH. MicroRNA expression profiles
during cotton (Gossypium hirsutum L) fiber early development. Sci Rep.
2017,7:44454.

5. Ruan YL, Llewellyn DJ, Furbank RT. Suppression of sucrose synthase gene
expression represses cotton fiber cell initiation, elongation, and seed
development. Plant Cell. 2003;15:952-64.

6. Ruan YL, Llewellyn DJ, Furbank RT. The control of single-celled cotton
fiber elongation by developmentally reversible gating of plasmodesmata
and coordinated expression of sucrose and K+ transporters and expan-
sin. Plant Cell. 2001;13:47-60.

7. Tang WX, He YH, Tu LL, Wang MJ, LiY, Ruan YL, et al. Down-regulating
annexin gene GhAnn2 inhibits cotton fiber elongation and decreases
Ca,™ influx at the cell apex. Plant Mol Biol. 2014;85:613-25.

8. ZhaoTL, Xu XJ,Wang M, Li C, Li C, Zhao RB, et al. Identification and
profiling of upland cotton microRNAs at fiber initiation stage under
exogenous IAA application. BMC Genomics. 2019,20:421.

9. Sun HR, Hao PB, Gu LJ, Cheng SS, Wang HT, Wu AM, et al. Pectate lyase-like
gene GhPEL76 regulates organ elongation in Arabidopsis and fiber elon-
gation in cotton. Plant Sci. 2020;293:110395.

10. Zimmermann R, Sakai H, Hochholdinger F. The Gibberelic Acid Stimulated
Like (GSL) gene family in maize (Zea mays L) and its role in lateral root
development. Plant Physiol. 2009;152:356-65.

11. Kumar A, Singh A, Kumar P, Sarkar AK. Giberellic acid-stimulated transcript
proteins evolved through successive conjugation of novel motifs and
their subfunctionalization. Plant Physiol. 2019;180:998-1012.

12. Ahmad B, Yao J, Zhang SL, Li XM, Zhang XM, Yadav V, et al. Genome-wide
characterization and expression profiling of GASA genes during different
stages of seed development in grapevine (Vitis Vinifera L) predict their
involvement in seed development. Int J Mol Sci. 2020,21:1088.

13. Muhammad |, LiWQ, Jing XQ, Zhou MR, Shalmani A, Ali M, et al. A
systematic in silico prediction of gibberellic acid stimulated GASA family
members: a novel small peptide contributes to floral architecture and


https://doi.org/10.1186/s12870-021-03230-z
https://doi.org/10.1186/s12870-021-03230-z
https://cottonfgd.org/
https://www.ncbi.nlm.nih.gov/
https://www.arabidopsis.org/
https://www.ncbi.nlm.nih.gov/

Chen et al. BMC Plant Biol

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

(2021) 21:448

transcriptomic changes induced by external stimuliin rice. J Plant Physiol.
2019;234-235:117-32.

Fan 'S, Zhang D, Zhang LZ, Gao C, Xin MZ, Tahir MM, et al. Comprehensive
analysis of GASA family members in the Malus domestica genome: identi-
fication, characterization, and their expressions in response to apple flower
induction. BMC Genomics. 2017;18:827.

Zhang SC, Wang XJ. One new kind of phytohormonal signaling integrator:
up-and-coming GASA family genes. Plant Signal Behav. 2017;12:21226453.
Shi LF, Gast RT, Gopalraj M, Olszewski NE. Characterization of a shoot-spe-
cific, GAs- and ABA-regulated gene from tomato. Plant J. 1992;2:153-9.
Ahmad MZ, Sana A, Jamil A, Nasir JA, Ahmed S, Hameed MU. Abdullah. A
genome-wide approach to the comprehensive analysis of GASA gene fam-
ily in Glycine max Plant Mol Biol. 2019;100:607-20.

Herbel V, Sieber-Frank J, Wink M. The antimicrobial peptide snakin-2 is
upregulated in the defense response of tomatoes (Solanum lycopersicum)
as part of the jasmonate-dependent signaling pathway. J Plant Physiol.
2017;208:1-6.

Boonpa K, Tantong S, Weerawanich K, Panpetch P, Pringsulaka O, Yingchutr-
akuly, et al. Heterologous expression and antimicrobial activity of OsGASR3
from rice (Oryza sativa L). J Plant Physiol. 2018;224-225:95-102.

An B, Wang QN, Zhang XD, Zhang B, Luo HL, He CZ. Comprehensive
transcriptional and functional analyses of HOGASA genes reveal their roles
in fungal pathogen resistance in Hevea brasiliensis. Tree Genet Genomes.
2018;14:41.

Li XB, Shi SY, Tao QD, Tao YJ, Miao J, Peng XR, et al. OsGASR9 positively regu-
lates grain size and yield in rice (Oryza sativa). Plant Sci. 2019,286:17-27.
LuYZ, Feng Z, Meng YL, Bian LY, Xie H, Mysore KS, et al. SLENDER RICE 1 and
Oryza sativa INDETERMINATE DOMAINZ regulating OsmiR396 are involved in
stem elongation. Plant Physiol. 2020;182:2213-27.

WuTL, Cheng CZ, Zhong Y, Lv YD, Ma YY, Zhong GY. Molecular characteriza-
tion of the gibberellin-stimulated transcript of GASA4 in Citrus. Plant Growth
Regul. 2020;91:89-99.

Huang G, Han MX, Jian L, Chen YB, Sun SL, Wang XJ, et al. An ETHYLENE
INSENSITIVE3-LIKET protein directly targets the GEG promoter and mediates
ethylene-induced ray petal elongation in Gerbera hybrida. Front Plant Sci.
2020;10:1737.

Taylor BH, Scheuring CF. A molecular marker for lateral root initiation: the
RSI-1 gene of tomato (Lycopersicon esculentum mill) is activated in early
lateral root primordia. Mol Gen Genet. 1994,243:148-57.

Furukawa T, Sakaguchi N, Shimada H. Two OsGASR genes, rice GAST
homologue genes that are abundant in proliferating tissues, show dif-
ferent expression patterns in development panicles. Genes Genet Syst.
2006;81:171-80.

Zhang SC, Yang CW, Peng JZ, Sun SL, Wang XJ. GASAS5, a regulator of
flowering time and stem growth in Arabidopsis thaliana. Plant Mol Biol.
2009,69:745-59.

Zhong CM, Xu H, Ye ST, Wang SY, Li LF, Zhang SC, et al. AtGASAG serves as an
integrator of gibberellin-, abscisic acid- and glucose-signaling during seed
germination in Arabidopsis. Plant Physiol. 2015;169:2288-303.

Hou D, Bai QS, Li JA, Xie LH, Li XY, Cheng ZC, et al. The gibberellic acid-
stimulated transcript gene family in Moso bamboo: a genome-wide survey
and expression profiling during development and abiotic stresses. J Plant
Growth Regul. 2018;37:1135-47.

Trapalis M, Li SF, Parish RW. The Arabidopsis GASA10 gene encodes a cell
wall protein strongly expressed in developing anthers and seeds. Plant Sci.
2017,260:71-9.

Wang LY, Liu XY, Wang XY, Pan ZE, Geng XL, Chen BJ, et al. Identification and
characterization analysis of sulfotransferases (SOTs) gene family in cotton
(Gossypium) and its involvement in fiber development. BMC Plant Biol.
2019;19:595.

Yu CS, Chen YC, Lu CH, Hwang JK. Prediction of protein subcellular localiza-
tion. Proteins. 2006,64:643-51.

Chou KC, Shen HB. Cell-PLoc: a package of web-servers for predicting
subcellular localization of proteins in various organisms. Nat Protoc.
2008;3:153-62.

Briesemeister S, Rahnenfuhrer J, Kohlbacher O. YLoc - an interpretable

web server for predicting subcellular localization. Nucleic Acids Res.
2010;38:W497-502.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 15 of 15

Pierleoni A, Martelli PL, Fariselli P, Casadio R. BaCelLo: a balanced subcellular
localization predictor. Bioinformatics. 2006;22:2408-16.

Wang MJ, Tu LL, Yuan DJ, Zhu D, Shen C, Li JY, et al. Reference genome
sequences of two cultivated allotetraploid cottons, Gossypium hirsutum and
Gossypium barbadense. Nat Genet. 2019;51:224-9.

Li JY, Manghwar H, Sun L, Wang PC, Wang GY, Sheng HY, et al. Whole
genome sequencing reveals rare off-target mutations and considerable
inherent genetic or/and somaclonal variations in CRISPR/Cas9-edited cot-
ton plants. Plant Biotechnol J. 2019;17:858-68.

He SP, Sun GF, Geng XL, Gong WF, Panhong Dai PH, Yinhua Jia YH, et al. The
genomic basis of geographic differentiation and fiber improvement in
cultivated cotton. Nat Genet. 2021;53:916-24.

Cao JF, Zhao B, Huang CC, Chen ZW, Zhao T, Liu HR, et al. The miR319-
targeted GhTCP4 promotes the transition from cell elongation to wall
thickening in cotton fiber. Mol Plant. 2020;13:1063-77.

Mei GF, Zhang ZY. Optimization of polar distribution of GhPIN3a in the ovule
epidermis improves cotton fiber development. J Exp Bot. 2019;70:3021-3.
Fan K, Li F, Chen JH, Li ZW, Lin WW, Cai SZ, et al. Asymmetric evolution and
expansion of the NAC transcription factor in polyploidized cotton. Front
Plant Sci. 2018,9:47.

Han MX, Jin XF, Yao W, Kong LJ, Huang G, Tao YJ, et al. A Mini zinc-finger
protein (MIF) from Gerbera hybrida activates the GASA protein family gene,
GEG, to inhibit ray petal elongation. Front Plant Sci. 2017;8:1649.

Lee SC, Kim SJ,Han SK, An G, Kim SR. A gibberellin-stimulated transcript,
OsGASR1, controls seedling growth and a-amylase expression in rice. J Plant
Physiol. 2017;214:116-22.

Wang HB, Wei T, Wang X, Zhang LP, Yang ML, Chen L, et al. Transcriptome
analyses from mutant salvia miltiorrhiza reveals important roles for SmGASA4
during plant development. Int J Mol Sci. 2018;19:2088.

Darqui FS, Radonic LM, Trotz PM, Lopez N, Rovere CV, Hopp HE, et al. Potato
snakin-1 gene enhances tolerance to Rhizoctonia solani and Sclerotinia
sclerotiorum in transgenic lettuce plants. J Biotechnol. 2018;283:62-9.

Yang QS, Niu QF, Tang YX, Ma YJ, Yan XH, Li JZ, et al. PpyGASTT is potentially
involved in bud dormancy release by integrating the GA biosynthesis and
ABA signaling in‘Suli'pear (Pyrus pyrifolia white pear group). Environ Exp Bot.
2019;162:302-12.

Nahirdak V, Aimasia NI, Fernandez PV, Hopp HE, Estevez JM, Carrari F, et al.
Potato snakin-T gene silencing affects cell division, primary metabolism, and
cell wall composition. Plant Physiol. 2012;158:252-63.

Betancur L, Singh B, Rapp RA, Wendel JF, Marks MD, Roberts AW, et al.
Phylogenetically distinct cellulose synthase genes support secondary wall
thickening in Arabidopsis shoot trichomes and cotton fiber. J Integr Plant
Biol. 2010;52:205-20.

Chen ZJ, Sreedasyam A, Ando A, Song QX, De Santiago LM, Hulse-Kemp
AM, et al. Genomic diversifications of five Gossypium allopolyploid species
and their impact on cotton improvement. Nat Genet. 2020;52:525-33.
Chen CJ, Chen H, Zhang Y, Thomas HR, Frank MH, He YH, et al. TBtools - an
integrative toolkit developed for interactive analyses of big biological data.
Mol Plant. 2020;13:1194-202.

Clough SJ, Bent FA. Floral dip: a simplified method for Agrobacterium medi-
ated transformation of Arabidopsis thaliana. Plant J. 1998;16:735-43.
Walford SA, Wu YR, Llewellyn DJ, Dennis ES. GhMYB25-like: a key factor in
early cotton fibre development. Plant J. 2011,65:785-97.

Feng CZ, Chen Y, Wang C, Kong YH, Wu WH, Chen YF. Arabidopsis RAV1 tran-
scription factor, phosphorylated by SnRK2 kinases, regulates the expression
of ABI3, ABI4, and ABI5 during seed germination and early seedling develop-
ment. Plant J. 2014,80:654-68.

Zhang W, Wang SY, Yu FW, Tang J, Shan X, Bao K, et al. Genome-wide char-
acterization and expression profiling of SWEET genes in cabbage (Brassica
oleracea var. capitata L) reveal their roles in chilling and clubroot disease
responses. BMC Genomics. 2019;20:93.

Tan JF, Deng FL, Tang WX, Han J, Kai G, Tu LL, et al. Cotton ovules culture and
analysis. Bio-protocol. 2013;3:e972.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	GhGASA10–1 promotes the cell elongation in fiber development through the phytohormones IAA-induced
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Identification, phylogenetic analysis of the GASA gene family in the plant kingdoms
	Structural characterizations and motifs analyses of GhGASA genes
	RNA-seq expression profile of GASA genes in three major cotton species
	Subcellular localization of GhGASA10–1
	Overexpression and tissues specificity analysis of GhGASA10–1 in Arabidopsis
	GhGASA10–1 expression level associates with cellulose synthesis
	GhGASA10–1 induced by IAA but not GA3

	Discussions
	Conclusions
	Materials and methods
	Database search and sequence retrieval
	Phylogenetics, gene structure, and motif analysis
	Analysis of cis-elements related to plant hormone
	Plant materials and growth conditions
	Expression profile of genes
	Cloning of GhGASA10–1, vector construction, and plant transformation
	RNA extraction and quantitative PCR
	Subcellular localization of GhGASA10–1
	In vitro cotton ovule culture and hormone treatment

	Acknowledgments
	References


