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Soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE)
proteins mediate membrane fusion and deliver cargo to specific cellular locations
through vesicle trafficking. Synaptosome-associated protein of 25 kDa (SNAP25) is
a target membrane SNARE that drives exocytosis by fusing plasma and vesicular
membranes. In this study, we isolated GhSNAP33, a gene from cotton (Gossypium
hirsutum), encoding a SNAP25-type protein containing glutamine (Q)b- and Qc-SNARE
motifs connected by a linker. GhSNAP33 expression was induced by H2O2, salicylic
acid, abscisic acid, and polyethylene glycol 6000 treatment and Verticillium dahliae
inoculation. Ectopic expression of GhSNAP33 enhanced the tolerance of yeast cells
to oxidative and osmotic stresses. Virus-induced gene silencing of GhSNAP33 induced
spontaneous cell death and reactive oxygen species accumulation in true leaves at
a later stage of cotton development. GhSNAP33-deficient cotton was susceptible to
V. dahliae infection, which resulted in severe wilt on leaves, an elevated disease index,
enhanced vascular browning and thylose accumulation. Conversely, Arabidopsis plants
overexpressing GhSNAP33 showed significant resistance to V. dahliae, with reduced
disease index and fungal biomass and elevated expression of PR1 and PR5. Leaves
from GhSNAP33-transgenic plants showed increased callose deposition and reduced
mycelia growth. Moreover, GhSNAP33 overexpression enhanced drought tolerance in
Arabidopsis, accompanied with reduced water loss rate and enhanced expression of
DERB2A and RD29A during dehydration. Thus, GhSNAP33 positively mediates plant
defense against stress conditions and V. dahliae infection, rendering it a candidate for
the generation of stress-resistant engineered cotton.
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INTRODUCTION

Eukaryotic cells including those of plants contain membrane-
enclosed organelles that communicate through vesicle trafficking
and exchange (Steegmaier et al., 1998; Jahn and Scheller, 2006).
This process delivers cargo to specific locations in the cell via
a membrane fusion event such as exo- or endocytosis, and is
critical for cell growth and division and for maintaining the
spatial organization of biochemical reactions (McNew et al.,
2000; Bonifacino and Glick, 2004). Soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptor (SNARE)
proteins mediate membrane fusion at each step of the secretory
pathway (Bock et al., 2001; Jahn and Scheller, 2006). Selective
membrane fusion is achieved through interactions between
SNAREs located on vesicles and on target membranes (v- and
t-SNAREs, respectively) (McNew et al., 2000). A typical SNARE
complex contains glutamine (Q)a-, Qb-, and Qc- and arginine
(R)-SNARE motifs that forms a tetrameric bundle of coiled
helices (Ernst and Brunger, 2003; Bassham and Blatt, 2008).

Synaptosome-associated protein of 25 kDa (SNAP25)-type
proteins are the best known isoform of the t-SNARE subfamily
and mediate the fusion of vesicles with the plasma membrane
during exocytosis (Fukuda et al., 2000). These proteins contain
Qb and Qc SNARE domains connected via an anti-parallel
linker (Steegmaier et al., 1998; Wang et al., 2008). SNAP25-
type proteins play important roles in various organisms. The
yeast homologs Sec9 and Spo20 function in secretion and
sporulation, respectively (Fukuda et al., 2000; Strop et al., 2008).
Of the four mammalian SNAPs (SNAP23, SNAP25, SNAP29,
and SNAP47) (Holt et al., 2006), SNAP25 is a component of the
synaptic SNARE complex that mediates synaptic vesicle fusion
and exocytosis (Nagy et al., 2008). SNAP23 regulates phagosome
formation and maturation in macrophages, with its loss delaying
maturation of and reducing uptake by phagosomes (Sakurai
et al., 2012). Loss of SNAP29 impairs endocytic recycling and cell
motility, resulting in cerebral dysgenesis, neuropathy, ichthyosis,
and keratoderma syndrome (Rapaport et al., 2010). SNAP47
is widely distributed on intracellular membranes of neurons
and can replace SNAP-25 in SNARE complex formation (Holt
et al., 2006). PtSNAP, the Paramecium homolog of metazoan
SNAP-25, shows several divergent features including resistance
to cleavage by botulinum neurotoxins (Schilde et al., 2008).
SNAP25 depletion in the Gulf Coast tick impaired feeding and
engorgement and prevented oviposition (Browning and Karim,
2013). AtSNAP33 is the first characterized SNAP25-type protein
in plants and regulates cytokinesis in Arabidopsis via interaction
with KNOLLE (Heese et al., 2001), and is also involved
in the response to pathogens and mechanical stimulation
(Wick et al., 2003). The SNARE family proteins penetration
(PEN)1, SNAP33, and vesicle-associated membrane protein
(VAMP)721/722 constitute an immune secretory pathway in
plant defense that modulates immune responses through focal
secretion (Collins et al., 2003; Kwon et al., 2008b; Yun et al., 2016;
Yun and Kwon, 2017). OsSNAP32 is involved in the response
to polyethylene glycol (PEG) 6000 and low temperature stress
and may enhance rice resistance against blast fungus (Bao et al.,
2008b; Luo et al., 2016). HvSNAP34, a SNAP25-type protein

in barley, associates with syntaxin (ROR2) and contributes to
powdery mildew resistance (Collins et al., 2003). Cynanchum
komarovii CkSNAP33 enhances Arabidopsis disease resistance
to Verticillium dahliae (Wang et al., 2017), and Glycine soja
GsSNAP33 increases tolerance to salt and drought stress in
transgenic Arabidopsis (Nisa et al., 2017).

Cotton is a widely grown agricultural and industrial crop of
considerable economic value in the textile industry (Sunilkumar
et al., 2006; Gao et al., 2011). Significant effort has been expended
to increase the sustainable yield and quality of cotton by
improving plant cultivars and cultivation practices (Hill et al.,
1999; Wang et al., 2011a; Zhang et al., 2012; Zhao et al., 2012).
The recent availability of genome sequences not only provides
genetic resources to study complex genome evolution, but also
allows the exploitation of genetic resources for improvement of
cotton agricultural performance under conditions of biotic and
abiotic stress (Wang et al., 2012; Li et al., 2014, 2015; Zhang T.
et al., 2015). Additionally, the development of Agrobacterium-
mediated virus-induced gene silencing (VIGS) has facilitated the
investigation of cotton gene function and has contributed to the
dissection of the stress response in cotton (Gao et al., 2011; Gao
X. et al., 2013; Cox et al., 2017).

Verticillium wilt caused by the soil-borne fungal pathogen
V. dahliae Kleb is among the most prevalent and lethal diseases in
cotton (Daayf et al., 1995; Fradin and Thomma, 2006; Klosterman
et al., 2009). V. dahliae colonizes the plant through young,
uninjured roots or puncture wounds to the xylem and causes
browning of the vasculature, leaf discoloration, wilting, and
defoliation (Garas et al., 1986). Verticillium wilt is difficult
to control due to the viability and persistence of V. dahliae
microsclerotia in soil (Fradin and Thomma, 2006) and shortage
of resistance cotton germplasms (Yang et al., 2008). It has
been reported that cotton phenylpropanoid pathway, terpenoid
pathway, salicylic acid, reactive oxygen species and jasmonic
acid signaling pathways are important contributors to V. dahliae
response (Ashraf et al., 2018). In addition, many other cotton
genes were shown to be required for resistance to V. dahliae,
such as GhHb1 (Qu et al., 2005), GhNDR1, GhMKK2 (Gao et al.,
2011), GhPGIP (Liu et al., 2017), GhPMEI3 (Liu et al., 2018), and
receptor like protein or kinase genes GbaVd1 and GbaVd2 (Chen
et al., 2017), GhBAK1 (Gao X. et al., 2013), Gh-LYK1 and Gh-
LYK2 (Gu et al., 2017). Among different abiotic stresses, drought
stress is a major factor affecting cotton production. Many studies
have examined the genetic basis of the drought stress response
(Li et al., 2017; Ma et al., 2017) and ways to enhance cotton
drought tolerance (Guo et al., 2017; Mishra et al., 2017; Zahoor
et al., 2017). Meanwhile, Several drought-related genes including
transcription factors GhWRKY59 (Li et al., 2017), GhDERB2 (Li
et al., 2017), GhERF38 (Ma et al., 2017), GhNAC79 (Guo et al.,
2017) and GhABF (Kerr et al., 2017) and GhAnn1 (Zhang F.et al.,
2015) have been reported in cotton. However, none of vesicle
trafficking related genes has been characterized in cotton so
far and their contributions to cotton stress and disease defense
responses remains elusive.

To this end, in the present study we isolated GhSNAP33—
the first SNARE family gene identified in cotton (Gossypium
hirsutum)—encoding a SNAP25-type protein. GhSNAP33
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expression in response to various types of stress was characterized
in cotton and via ectopic expression in yeast (Saccharomyces
cerevisiae). The VIGS assay was used to evaluate the function of
GhSNAP33 in cotton development and defense against V. dahliae
infection. We also evaluated the role of GhSNAP33 in disease
resistance and drought tolerance in transgenic Arabidopsis plants.
These findings advance our understanding of the function plant
SNAP25-type protein in both biotic and abiotic stress and may
facilitate the development cotton with improved adaptability to
different environment.

MATERIALS AND METHODS

Plant, Yeast, and V. dahliae Cultivation
Gossypium hirsutum L. cultivar Zhongzhiming 2 (Verticillium
wilt-resistant upland cotton) seeds were provided by the Cotton
Research Institute, Chinese Academy of Agricultural Sciences
and germinated in pots filled with a mixture of soil and
vermiculite (2:1, w/w) in a growth chamber under 16-h light
(25◦C)/8-h dark (22◦C) conditions. Arabidopsis seeds (Columbia
ecotype) were used in this study. After vernalization for 3 days
at 4◦C, the seeds were geminated in pots containing a mixture
of soil and vermiculite (1:1, w/w) in a chamber under 16-h light
(22◦C)/8-h dark (20◦C) conditions. S. cerevisiae strain INVSC1
(genotype MATα-ahis311 leu2 trp1-289, ura3-52) was used as
the yeast host cell. The highly aggressive defoliating isolate Vd991
of V. dahliae was cultured on potato dextrose agar at 25◦C for
7 days, and then inoculated in Czapek liquid medium. After
7 days, the suspension was harvested by filtration through four
layers of cheesecloth and adjusted to a concentration of 106

conidia per mL for inoculation.

Gene Cloning and Sequence Analyses
Total RNA was isolated from cotton seedlings using a kit
(Promega, Madison, WI, United States) according to the
manufacturer’s instructions. The PolyATract mRNA Isolation
System (Promega) was used to generate polyadenylated mRNA.
The cDNA library was prepared as previously described (Wang
et al., 2011b; Liu et al., 2017) and propagated on 140 mm plates to
obtain about 106 clones. The conserved region of SNAP33 (Heese
et al., 2001; Wang et al., 2017) was used as a probe to screen for
positive clones (Liu et al., 2016; Wang et al., 2017).

The theoretical isoelectric point (pI) and molecular mass
were calculated with ProtParam1. A transmembrane hidden
Markov model (TMHMM) analysis of the transmembrane
domain was performed using the TMHMM online tool2. Multiple
amino acid sequence alignment was performed with Clustal
Omega3, and the multiple alignment file was shaded with
BoxShade4. A motif analysis was performed using the National
Center for Biotechnology Information (NCBI) conserved domain

1http://web.expasy.org/protparam/
2http://www.cbs.dtu.dk/services/TMHMM-2.0
3http://www.ebi.ac.uk/Tools/msa/clustalo/
4http://www.ch.embnet.org/software/BOX_form.html

search program5. A phylogenetic tree was constructed with the
neighbor-joining method using MEGA 6, with bootstrap values
from 1000 replicates indicated at the nodes.

Analysis of GhSNAP33 Expression
Two-week-old cotton seedlings were gently uprooted from soil
and cleaned with water for treatment. The seedlings were placed
in 10% (w/v) PEG, 100 µM abscisic acid (ABA), 1 mM salicylic
acid (SA), or 10 mM H2O2 solution or inoculated with V. dahliae.
For pathogen treatment, seedling roots were inoculated with
a V. dahliae conidial suspension for 3 min and the seedlings
were transplanted into pots with fresh soil. Control samples were
treated with sterile water. Three plants were combined for RNA
isolation at each time point of each treatment condition. The
experiment was repeated three times.

Real-time PCR was performed to detect transcript levels of
GhSNAP33 using SYBR Premix Ex Taq (Tli RNaseH Plus) (Takara
Bio, Dalian, China) on an ABI 7500 thermocycler (Applied
Biosystems, Foster City, CA, United States) under the following
conditions: 95◦C for 30 s, followed by 40 cycles of 95◦C for
5 s and 60◦C for 34 s. A pair of primers (qGhSNAP33-F and
qGhSNAP33-R) was designed to amplify a fragment of the
GhSNAP33 gene, and GhUBQ7 (DQ116441) was used as an
internal reference gene that was amplified with primers qUBQ-
F/qUBQ-R [26]. The relative transcript level of GhSNAP33 was
calculated with the comparative 2−11Ct method.

The Generation of Transgenic Plants
The full-length GhSNAP33 was cloned using primers ZW33-
F/ZW33-R with XbaI/SalI restriction sites at the 5′ and 3′ ends,
respectively. The resultant PCR fragment was inserted into
a modified pCAMBIA 1300 vector harboring a hygromycin
phosphotransferase (hptII) gene and the green fluorescent
protein (GFP) gene under the control of the super promoter
(Wang et al., 2011b). The vector was introduced into Arabidopsis
Columbia ecotype via Agrobacterium tumefaciens (strain
GV3101)-mediated transformation. Transgenic Arabidopsis
seeds were screened on MS plates containing 25 µg/mL
hygromycin B and the genomic DNA was extracted for
verification by PCR using the vector-specific primers 1300-
F/1300-R. Semi-quantitative RT-PCR was performed to confirm
GhSNAP33 expression. The primers are listed in Supplementary
Table S1.

Yeast Transformation and Stress
Tolerance Assays
The GhSNAP33 gene was amplified by PCR with primers
pYES-GhSNAP33-F/pYES-GhSNAP33-R and introduced into
the pYES2.0 vector between the EcoRI/XhoI restriction sites.
S. cerevisiae strain INVSC1 was transformed with the pYES2.0
and pYES-GhSNAP33 plasmids using the lithium acetate method
(Lee et al., 1999; Bao et al., 2008a; An et al., 2011). Total RNA was
isolated from the cells and GhSNAP33 expression was evaluated
by semi-quantitative RT-PCR. The growth rate of transformed

5https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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yeast cells was monitored under various conditions as previously
described (An et al., 2011). Briefly, the cells were cultured
overnight and the medium was changed to SC-ura plus 2%
galactose for 24 h. The optical density at 600 nm was adjusted at
0.4 with medium containing 100 mM H2O2 or 0.75 M mannitol,
followed by culturing for 24 h. 3 µL serial diluted cells were
spotted onto SC-ura agar medium. The assay was repeated at least
three times with similar results.

Agrobacterium-Mediated VIGS
Total RNA was isolated from cotton seedlings using EASYspin
Fast Plant RNA kit (Biomed, Beijing, China) according the
manufacturer’s instructions. First-strand cDNA was synthesized
using the FastQuant RT kit (Tiangen, Beijing, China). Fragments
of GhCLA1 and GhSNAP33 were amplified from cotton cDNA
and inserted into the pTRV2 vector by ligation-independent
cloning (Dong et al., 2007). The ligation product was transformed
into Escherichia coli DH5α cells. Plasmids from positive
transformants were tested by PCR analysis and sequencing.

The pTRV1 (pYL192), pTRV2-GhCLA1, and pTRV2-
GhSNAP33 plasmids were transformed into A. tumefaciens
strain GV310 by heat shock. Agrobacterium clones positive for
pTRV1, pTRV2-GhCLA1, or pTRV2-GhSNAP33 were inoculated
in Luria–Bertani (LB) broth supplemented with 50 mg/L
kanamycin and 50 mg/L rifampicin and cultured overnight
at 28◦C. The culture was expanded in fresh LB medium
containing 50 mg/L kanamycin, 50 mg/L rifamycin, 10 mM 2-
(N-morpholino) ethanesulfonic acid, and 20 µM acetosyringone.
Bacterial collection, pretreatment, and infiltration were carried
out as previously described (Gao et al., 2011).

The efficiency of GhSNAP33 and GhCLA1 silencing
was evaluated by RT-PCR. Two weeks after Agrobacterium
infiltration—i.e., when GhCLA1-silenced plants showed signs
of albinism—the second true leaf of each plant was harvested
for RNA isolation. The vGh33F/R and vGhCLA1 F/R primers
were used for RT-PCR; GhUBQ7 from cotton was amplified as
an internal control with primers qUBQ-F and qUBQ-R. The
experiment included three biological repeats.

Histochemical Analysis of H2O2
Production, Cell Death and Callose
Deposition
3,3′-Diaminobenzidine (DAB) was used to detect H2O2 in cotton
leaf tissue (Xiao et al., 2003; Gao X. et al., 2013). Detached leaves
were incubated in 1 mg/mL DAB-HCl (pH 3.8) (Sigma-Aldrich,
St. Louis, MO, United States) in the dark for 8 h. The leaves
were fixed and cleared by boiling in alcoholic lactophenol (95%
ethanol: lactophenol, 2:1 v/v) for 20 min. Trypan blue staining
was performed as previously described to detect cell death in
leaves (Gao X. et al., 2013; Liu et al., 2017). Briefly, detached
leaves were stained by boiling in lactophenol-Trypan Blue (10 mL
lactic acid, 10 mL glycerol, 10 g phenol, and 40 mg trypan
blue dissolved in 10 mL distilled water) and then immersed
in choral hydrate solution (250% w/v) to remove chlorophyll.
The stained leaves were observed and images of cotton leaves
were acquired with a Nikon digital camera. Callose deposition

on Arabidopsis was stained by aniline blue as previous (Meyer
et al., 2009). For Arabidopsis leaves, cell death and mycelia growth
were observed and imaged under an optical microscope (Nikon
ECLIPSE Ti, Tokyo, Japan) and callose deposition were imaged
on fluorescence microscopy (Nikon C1). At least eight leaves
from each VIGS cotton or Arabidopsis plants were evaluated, and
the experiment was repeated at least three times.

Inoculation of V. dahliae and Disease
Detection
Three weeks after Agrobacterium-mediated VIGS, true leaves of
GhCLA1-silenced cotton plants showed clear signs of albinism.
The plants were inoculated with V. dahliae as previously reported
(Gao W. et al., 2013; Zhang et al., 2017). Briefly, the seedlings
were uprooted from the soil and their roots were immersed
in the V. dahliae spore suspension (1 × 106 conidia/mL) for
3 min. The seedlings were then replanted in soil and cultured in
a moist growth chamber. The disease index was calculated based
on three repeats, each comprising at least 15 plants. Two weeks
after inoculation, slices of fresh stems approximately 1 cm below
the cotyledon were collected and examined under an optical
microscope (ECLIPSE Ti; Nikon).

The disease phenotype of transgenic Arabidopsis plants
was examined. Three-week-old transgenic and wild-type (WT)
Arabidopsis plants were inoculated with V. dahliae spores as
previously described (Gao X. et al., 2013). The disease index
and fungal biomass were calculated (Wang et al., 2017). The
primers used for the quantification of V. dahliae were qVd-
F/qVd-R. Real-time PCR was performed as previous to determine
the transcription level of the genes pathogenesis-related protein
1 (PR1) and pathogenesis-related protein 5 (PR5) in V. dahliae
infected Arabidopsis at 6 dpi. The specific primers for PR1 and
PR5 were qPR1-F/qPR1-R and qPR5-F/qPR5-R, respectively.
AtEF1-α (NM_100666.3) was used as the endogenous control
and was detected using the primer pair AtEF1α-F/AtEF1α-R
(the sequences of the primers mentioned here are listed in
Supplementary Table S1).

The fungal filtrate assay was performed as reported (Thatcher
et al., 2009; Chen et al., 2016), with minor modification. Leaves
detached from 3-week-old Arabidopsis plants were placed adaxial
side up on moist filter paper in Petri dishes and 5 µL of V. dahliae
spores suspension (107 conidia/mL) were applied to each leaf.
The dishes were sealed with Parafilm and incubated at 25◦C
in a moist chamber. Trypan Blue staining was performed to
visualize V. dahliae mycelia and assess cell death at 6 dpi. Callose
deposition was detected at 24 h post inoculation.

Transmission Electron Microscopy (TEM)
For TEM observation of thylose accumulation, the V. dahliae-
infected control and GhSNAP33-silenced cotton roots were
washed with distilled water and sliced vertically into less than
1 mm thick. These slices were fixed immediately in 2.5%
glutaraldehyde, washed with 0.1 M PBS (pH 7.4) buffer and
post-fixed with 1% osmium tetroxide. After dehydration with
a graded acetone series (30, 50, 80, 90, and 100%), the slices
were embedded in Spurr’s resin mixture. Ultrathin serial sections
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were cut from resin blocks, followed by uranyl acetate and lead
citrate staining. The samples were sectioned for TEM analysis
with JEM-1230 electron microscope (JEOL, Ltd., Japan).

Plant Drought Treatment
Arabidopsis drought treatment was carried out as previously
described (Shi et al., 2013; Li et al., 2017). Briefly, water
was withheld from 3-week-old Arabidopsis plants for 20 days,
followed by watering for 2 days; the survival rate was then

recorded. The experiment was repeated three times with 18 plants
each.

For the water loss test, detached aerial parts of 3-week-old
Arabidopsis seedlings were placed on filter paper on a bench in the
growth chamber. The decrease in fresh weight was monitored at
indicated times (Liu et al., 2013; Li et al., 2017). The DREB2A and
RD29A transcript level was testes by real-time PCR inArabidopsis
plants at 1 h after dehydration. The assay was repeated with at
least three different batches, with each line containing 10 plants
as one set.

FIGURE 1 | Alignment of conserved domains of GhSNAP33 and other SNAP25-type t-SNARE proteins. HsSNAP25a (AAH10647.1) from Homo sapiens,
OsSNAP32 (AAW82752.1) from Oryza sativa, HvSNAP34 (AAP79417.1) from Hordeum vulgare, AtSNAP33 (Q9S7P9.1) from Arabidopsis thaliana, CkSNAP33
(KR011961) from Cynanchum komarovii and GsSNAP33 from Glycine soja. Conserved and similar residues are shaded in black and gray, respectively. The well
conserved heptad repeat layers –7 to +8 are indicated. The four cysteine residues involved in palmitoylation of SNAP25 are indicated using arrow. The asterisks (∗)
and dots (.) under the sequence are indicated the completely conserved and highly conserved amino acids, respectively. Multiple amino acid sequence analyses
were performed using Clustal Omega and the multiple alignment file was shaded using the BoxShade program.
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RESULTS

Characterization of GhSNAP33
A synaptosome-associated protein was isolated from G. hirsutum
by colony in situ hybridization and named GhSNAP33
(GenBank accession number: KR011955). The DNA sequence
of GhSNAP33 was 2281 bp with five exons and four introns
(Supplementary Figure S1A) and a 915 bp open reading frame
encoding a 305 amino acid protein (Supplementary Figure S1B)
with a theoretical pI of 6.27 and molecular weight of 33.75 kDa.
GhSNAP33 had no transmembrane domain or signal peptide.
An analysis of the functional domains of GhSNAP33 with other
known SNAP25-type proteins revealed that a conserved Qb-
SNARE was located at amino acids 120–174 and Qc-SNARE
domain was located at amino acids 248–302 of the C terminus
and a relatively conserved linker region among all the SNAP25
protein from plants (Figure 1). Q145 and Q273 of GhSNAP33
contributed to the formation of the zero ionic layer and heptad
repeat layers engaged in a hydrophobic interaction with Qa- and
R-SNARE (Figure 1). Different from the HsSNAP25a, neither of
these plant SNAP25 contains palmitoylation sites (Figure 1).

A phylogenic analysis of several functional SNAP25-type
proteins showed that GhSNAP33 formed a cluster with
GsSNAP33 and had a close genetic relationship to CkSNAP33
(Figure 2) indicating that they may have similar function.
A conserved domain analysis confirmed that all the SNAP25-
type homolog contains tandem Qb- and Qc-SNARE motifs
comprising 64–65 and 59 amino acids, respectively. The linker
region is different on the account of species, plant SNAP25-type
protein linker region is comprising of 70–71 amino acids; linker
of Sosec9 and Scspo20p from yeast is 89 and 81 amino acids;
however, the linker region in HsSNAp25 is shorter with 60 amino
acids (Figure 2). The N-terminal region of HsSNAP25 is much
shorter and that of the two proteins from yeast is than those of
plant SNAP25 homologs (Figure 2).

GhSNAP33 Transcription Is Activated by
Various Stresses
GhSNAP33 was most highly expressed in cotton leaf, with higher
levels observed in the root than in the stem (Figure 3A). The
change in GhSNAP33 expression in response to various stresses
was investigated. GhSNAP33 transcription was induced with
PEG6000, ABA, SA, or H2O2 treatment and plants were infected
with V. dahliae at different time points. Treatment with 10%
(w/v) PEG6000 markedly increased gene expression at 1 and
3 h (Figure 3B). GhSNAP33 expression was upregulated at 24
and 72 h after V. dahliae infection (Figure 3C). GhSNAP33
transcription was slightly increased in the presence of 10 mM
H2O2 at 0.5 h and then declined to a normal level before
increasing at 30 h (Figure 3D). GhSNAP33 level was highly
increased at 9 and 24 h of treatment with 100 µM ABA
(Figure 3E), whereas 1 mM SA caused GhSNAP33 expression
to increase at 12 h, with a maximum level observed at 30 h
(Figure 3F).

GhSNAP33 Transformed Yeast Exhibits
Stress Tolerance
GhSNAP33 expression was confirmed in transformed yeast
cells by semi-quantitative RT-PCR; cells transformed with the
empty vector pYES2.0 served as a control (Figure 4A). Serially
diluted cultures showed no differences in colony density between
GhSNAP33-transformed and control cells (Figure 4B). Cells
expressing GhSNAP33 showed an increase in colony density
following treatment with 1 mM H2O2 as compared to the control
(Figure 4C). In the presence of 0.5 M mannitol, GhSNAP33
transformants had a higher colony density (Figure 4D).
These results demonstrate that ectopic GhSNAP33 expression
enhances yeast tolerance to H2O2 and mannitol, suggesting that
GhSNAP33 enables yeast cells to adapt to oxidative and osmotic
conditions.

FIGURE 2 | Phylogenetic analysis and domain structures of GhSNAP33 and known SNAP25-type proteins. A phylogenetic tree was constructed using the
neighbor-joining method in MEGA v.6.06 and bootstrap values from 1,000 replicates are indicated at the nodes. The conserved SNARE domain was predicted via
NCBI CDD search.
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FIGURE 3 | GhSNAP33 mediates crosstalk between various stress responses in cotton. (A) Tissue-specific expression of GhSNAP33 in cotton. (B–F) GhSNAP33
expression in the presence of 10% (w/v) PEG 6000 (B), following V. dahliae inoculation (C), and upon treatment with 10 mM H2O2 (D), 100 µM ABA (E), or 1 mM
salicylic acid (F). Results were pooled from three independent biological replicates. Data are shown as mean ± standard error of three independent experiments.
∗P < 0.05, ∗∗P < 0.01 vs. control.

FIGURE 4 | Stress tolerance in yeast cells overexpressing GhSNAP33.
(A) RT-PCR analysis of GhSNAP33 expression in yeast cells. EV, yeast cells
transformed with the pYES2.0 empty vector; #1, #2, and #3, yeast cell lines
transformed with the pYES2.0-GhSNAP33 vector. (B) Growth serially diluted
yeast cells (1/10, 1/100, 1/500, and 1/1000 dilutions). (C) Growth of yeast
cells (1/10, 1/100, 1/500, and 1/1000 dilutions) after 1 mM H2O2 treatment.
(D) Growth of yeast cells (1/10, 1/100, 1/500, and 1/1000 dilutions) after
0.5 M mannitol treatment. These assays were repeated three times with
similar results.

GhSNAP33 Is Involved in Cotton
Development
To clarify the role of GhSNAP33 in cotton development, we
generated VIGS-GhSNAP33 cotton seedlings. Expression

of CLOROPLASTOS ALTERADOS (GhCLA1), a gene
involved in chloroplast development (Gao et al., 2011), was
used as a visual marker to monitor VIGS efficiency. The
semi-quantitative RT-PCR confirmed that transcription of
GhSNAP33 and GhCLA1 was reduced at 2 weeks after VIGS
(Figure 5B).

At 2 weeks post infiltration, GhSNAP33-slienced plants
were smaller than controls (Figure 5A) and senior true
leaves became abnormally curved and had black spots at
4 weeks (Figure 5C). Trypan blue staining revealed an
increase in the number of blue dots in second true leaves
of GhSNAP33-inoculated cotton, while nearly no dots were
observed on the leaves of control plant, indicated that GhSNAP33
silencing triggered leaf cell death (Figure 5D). In addition,
the second and third true leaves of GhSNAP33-deficient
plants showed elevated reactive oxygen species (ROS) levels
compared to control leaves, as determined by DAB staining
(Figure 5E).

GhSNAP33-Deficient Cotton Plants Are
Susceptible to V. dahliae Infection
To analyze the role of GhSNAP33 in the defense response
of cotton against V. dahliae, GhSNAP33-silenced seedlings
were inoculated with V. dahliae. Loss of GhSNAP33
resulted in exacerbation of wilting relative to control plants
(Figure 6A); the leaves became wilting along the edge
of leaves at 12 day post inoculation (dpi) (Figure 6B).
The disease index was also increased in these plants
(Figure 6C). Additionally, deepened vascular browning
(Figure 6D) and increased thylose accumulation (Figure 6E)

Frontiers in Plant Science | www.frontiersin.org 7 July 2018 | Volume 9 | Article 896

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00896 June 30, 2018 Time: 16:14 # 8

Wang et al. GhSNAP33 Mediates Disease and Drought

FIGURE 5 | Cell death and ROS production induced by GhSNAP33 silencing. (A) Growth of cotton plants 2 weeks after Agrobacterium-mediated VIGS.
(B) Evaluation of GhSNAP33 knockdown efficiency by semi-quantitative RT-PCR. GhUBQ was served as a control. (C) Cotton leaves from VIGS-deficient plants
4 weeks after Agrobacterium infiltration. (D) Cell death in true leaves induced by GhSNAP33 silencing, as determined by trypan blue staining. Leaves were detached
and stained 4 weeks after VIGS. (E) GhSNAP33 silencing induces ROS production, as detected by DAB staining. Leaves were detached and stained 4 weeks after
VIGS.

in GhSNAP33-deficient plants confirmed their susceptibility to
V. dahliae infection.

GhSNAP33 Overexpression Enhances
Arabidopsis Resistance to V. dahliae
Hygromycin-resistant GhSNAP33-overexpressing Arabidopsis
lines were identified by genomic PCR analysis (Supplementary
Figure S3A). Homozygous transgenic (T3 generation) lines of
L1 and L3 were selected for subsequent experiments based on
semi-quantitative RT-PCR analysis (Supplementary Figure S3B).

To investigate the contribution of GhSNAP33 to disease
resistance in plant, GhSNAP33-transgenic plants were inoculated

with V. dahliae spores by the root dipping method. 3-week-
old GhSNAP33-expressing Arabidopsis plants infected with
V. dahliae showed apparently less wilt, yellowish and necrosis
as compared to the WT at 20 dpi (Figure 7A); this was
associated with a lower disease index (Figure 7B). An analysis
of fungal biomass confirmed that there was less fungus in the
two transgenic lines than in WT plants (Figure 7C) and the
expression of PR1 and PR5 was increased in infected transgenic
plants compared with infected WT plants (Figures 7D,E).

Detached leaves of the Arabidopsis lines were inoculated with
V. dahliae to evaluate the defense response. Chlorosis symptoms
were milder in V. dahliae-infected leaves from transgenic as
compared to WT plants at 6 dpi (Figure 8A). The fungal lesion
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FIGURE 6 | Susceptibility of GhSNAP33-deficient cotton plants to V. dahliae infection. (A) Disease symptoms of VIGS plants 12 dpi. (B) Representative leaves from
plants at 12 dpi. (C) Disease index at 14 dpi. (D) Vascular browning in stems of plants infected with fungus. (E) The thylose in root cell of infected plants at 14 dpi.
Data represent mean ± standard error of three independent repeats (n = 3) with at least 16 plants each. ∗P < 0.05 vs. control.

area was smaller in the two transgenic line (Figure 8B). Trypan
blue staining revealed that V. dahliae proliferated more quickly
in leaves of WT plant with more mycelia growth extending the
lesion area compared with transgenic plants L1 and L3 indicating
GhSNAP33 expression inArabidopsis hinderedV. dahliaemycelia
growth (Figure 8C). Aniline blue staining showed enhanced
callose deposition in GhSNAP33-transgenic plants (Figure 8D).

GhSNAP33 Overexpression Increases
Plant Tolerance to Drought
Based on our observation that ABA and PEG600 induced
GhSNAP33 expression, we investigated the drought tolerance
of GhSNAP33-transgenic Arabidopsis plants. The plants were
in relatively good condition relative to their WT counterparts
after 20 days without irrigation (Figure 9A). Most of the

GhSNAP33-expressing plants recovered from drought after
2 days of re-watering (Figure 9A), accompanied with a
higher survival rate than in WT (Figure 9B). Consistent with
these findings, the dehydration assay showed that GhSNAP33
overexpression decreased the rate of water loss in Arabidopsis
(Figure 9C) and the expression of DERB2A and RD29A was
increased in the both overexpression lines (Figures 9D,E).

DISCUSSION

SNAREs are essential for membrane fusion during vesicular
transport in eukaryotic cells. SNAP25-type proteins regulate
fusion between vesicles and plasma membrane during exo-
and endocytosis in yeast and mammals. Of the 54 SNARE
genes in the Arabidopsis genome, three encode SNAP25-type
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FIGURE 7 | Resistance to V. dahliae infection in Arabidopsis conferred by GhSNAP33 overexpression. (A) Arabidopsis plants were inoculated with V. dahliae by root
dipping. Images were taken at 20 dpi. The assay was repeated three times. (B) Disease index of WT and transgenic plants at 12 and 18 dpi. (C) Biomass of
V. dahliae in infected plants at 20 dpi. (D) The expression of PR1 in infected plants. (E) The expression of PR5 in infected plants. Data represent mean ± standard
error of three independent repeats (n = 3). ∗P < 0.05, ∗∗P < 0.01 vs. WT.

proteins. One of these, AtSNAP33, localizes to the plasma
membrane and functions in exocytosis during cell division
and in the plant defense response (Sanderfoot et al., 2000;
Uemura et al., 2004). Although several SNAP25-type genes
have been cloned in plants, there have been no reports on
cotton SNARE family proteins. In the present study, we
characterized GhSNAP33, a SNAP25-type t-SNARE gene, from
cotton. GhSNAP33 contains C- and N-terminal Qb- and Qc-
SNARE motifs, respectively, which are evolutionarily conserved
stretches of 60–70 amino acids arranged as heptad repeats (Jahn
and Scheller, 2006). These motifs are connected by an anti-
parallel linker that anchors the protein to the cell membrane
and contributes to exocytosis in mammals (Gonzalo et al.,
1999; Nagy et al., 2008). The GhSNAP33-GFP protein in
transgenic Arabidopsis was expressed at the plasma membrane
(Supplementary Figure S2), consistent with the subcellular
localization of AtSNAP33 (Heese et al., 2001), OsSNAP32 (Bao

et al., 2008b), and CkSNAP33 (Wang et al., 2017). The amino acid
sequence of GhSNAP33 shared high sequence identity with other
SNAP25-type proteins, including CkSNAP33 from C. komarovii
(69.51%), GsSNAP33 (67.54%) A. thaliana AtSNAP33 (63.61%),
Oryza sativa L. OsSNAP32 (53.44%), and Hordeum vulgare L.
HvSNAP34 (52.38%), indicating they may have similar functions
in plant development and defense response to abiotic and biotic
stress.

SNAP25-type proteins are essential for growth and
development in all organisms. In mammals, loss of function
of a key SNAP25-type protein leads to physical defects and
disease (Rapaport et al., 2010; Browning and Karim, 2013).
AtSNAP33 is ubiquitously expressed in roots, stems, leaves, and
flowers of Arabidopsis and the atsnap33 mutant developed large
necrotic lesions on cotyledons and rosette leaves, and died before
flowering (Heese et al., 2001). StSNAP33-deficient potato showed
high levels of free SA at 3 weeks and exhibited spontaneous
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FIGURE 8 | Elevated callose deposition and reduced mycelia growth in GhSNAP33 transgenic Arabidopsis. (A) V. dahliae spores suspension was applied to
detached WT and GhSNAP33 transgenic plants; representative leaves are shown at 6 dpi. (B) Lesion area of infected plants at 6 dpi. (C) The mycelia growth and
cell death on infected leaves at 6 dpi stained with trypan blue. Top panel: Trypan blue staining of leaves. Lower panel: Closeups from corresponding top panel. The
fungal mycelia are indicated by red arrows. (D) Callose deposition on the infected leaves stained with aniline blue at 24 h after inoculation. Similar results were
obtained in independent experiments. Data represent mean ± standard error of three independent repeats (n = 3). ∗∗P < 0.01 vs. WT.

necrosis and chlorosis at later stages (Eschen-Lippold et al.,
2012). A tissue-specific analysis of GhSNAP33 revealed higher
expression in roots and leaves than in the stem of cotton plants.
GhSNAP33 knockdown yielded smaller plants and spontaneous
lesion on the senior true leaf, which was associated with increased
cell death and ROS accumulation. These results suggest that
GhSNAP33 is critical for cotton development, although further
study is needed to determine whether the phenotypic defect is
related to compromised cytokinesis resulting from the absence
of GhSNAP33.

The SNARE-mediated secretory pathway delivers cellular
defense factors to infection sites during exocytosis-associated
immune responses in plants (Kwon et al., 2008a). SNAP25-type
proteins have been shown to contribute to disease resistance
in plants: for example, HvSNAP34 against powdery mildew
(Blumeria graminis f. sp. Hordei) in barley (Collins et al., 2003),
OsSNAP32 against blast fungus (Luo et al., 2016), and CkSNAP33
against V. dahliae infection (Wang et al., 2017). GhSNAP33
transcription was upregulated in response to ABA, SA and H2O2
treatment and V. dahliae infection, and GhSNAP33-deficient
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FIGURE 9 | Enhanced plant drought tolerance in Arabidopsis by ectopic expression of GhSNAP33. (A) GhSNAP33 overexpression reduced plant susceptibility to
drought. Top panel: Arabidopsis plants under normal conditions. Middle panel: 3-week-old plants were subjected to water withholding for 20 days. Lower panel:
plants after drought treatment were re-watered for 2 days. Experiments were repeated three times. (B) Survival rate of WT and GhSNAP33-overexpressing plants
after a 2-day recovery from drought stress. (C) Reduced water loss in GhSNAP33-overexpressing plants. The weight of detached leaves was measured at indicated
time points. (D) The expression of DREB2A in Arabidopsis plants after dehydration. (E) The expression of RD29A in Arabidopsis plants after dehydration. Data
represent mean ± standard error of three independent repeats (n = 3). ∗P < 0.05, ∗∗P < 0.01 vs. WT.

plants were more susceptible to V. dahliae, as evidenced by
the greater severity of disease symptoms, elevated disease index,
deepened vascular browning and increased thylose accumulation.
On the other hand, GhSNAP33 overexpression in Arabidopsis
enhanced disease resistance relative to WT plants, accompanied
with elevated expression of PR1 and PR5; the results of the fungal
filtrate assay revealed that leaves from transgenic plants had
less chlorosis and fungal mycelia, and more callose deposition
providing further evidence for the involvement of GhSNAP33 in
disease resistance against V. dahliae.

With the changing of global climate, drought stress is
becoming a major environmental problem affecting crop growth,
development, and production (Ahuja et al., 2010). GsSNAP33,
the G. soja homolog of GhSNAP33, is involved in plant tolerance
to drought and salt stress in Arabidopsis (Nisa et al., 2017). We
found that GhSNAP33 overexpression was enhanced by ABA
and PEG6000 treatments and ectopic expression of GhSNAP33
increased yeast tolerance to mannitol. Importantly, transgenic
Arabidopsis plants expressing GhSNAP33 showed heightened
tolerance to drought as compared to the WT with high survival

rate after drought treatment. These results were supported by
the observation that transgenic plants exhibited reduced rates of
water loss and elevated expression of drought-responsive genes,
DREB2A and RD29A, under conditions of dehydration.

The upregulation of GhSNAP33 expression upon ABA and
SA treatments indicates that GhSNAP33 may be involved
in the cotton hormone-mediated signaling pathways. It has
been reported that the systemic induction of AtSNAP33 is SA
dependent (Wick et al., 2003) indicating the implication of
SNAP25-type protein in SA signaling pathway. SNAREs have
been implicated in ABA-mediated responses to abiotic stress
(Carter et al., 2004) and to pathogen resistance (Collins et al.,
2003). Therefore, GhSNAP33 may implicate in ABA-mediated
drought responses and ABA-dependent callose deposition after
V. dahliae infection. In view of the antagonism of SA-dependent
resistance by ABA in plant–pathogen interaction (Ton et al.,
2009), further work is needed to make sense of the effect of
GhSNAP33 on SA and ABA signaling pathway and interplay
between ABA- and SA-dependent defense pathway in cotton
stress response.
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In pathogen–plant interactions, the SNARE complex mediates
immune responses through focal secretion (Bednarek et al.,
2010; Yun and Kwon, 2012). In addition to pathogenesis-related
(PR) proteins, secondary cell wall components and/or enzymes
may be transported to achieve plant immunity (Collins et al.,
2003; Assaad et al., 2004; Kalde et al., 2007; Yun and Kwon,
2017). SNAP25-type proteins catalyze vesicle exocytosis by
forming a ternary SNARE complex with other two other SNARE
family members containing Qa- and R-SNARE motifs. The
PEN1/SYNTAXIN OF PLANTS (SYP) 122/SYP132–SNAP33–
VAMP721/722 pathway is a default secretory pathway essential
for growth and development and the defense response in plants
(Bednarek et al., 2010). SNAP33, as the only SNAP25-type
protein in these processes, is essential for the focal secretion.
GhSNAP33 may play similar roles in the defense response. The
enhanced callose deposition in GhSNAP33 transgenic plants
suggested that GhSNAP33 may also be involved in the directional
delivery of callose precursors and/or the callose synthase-like
protein to infection sites, since the secretory PEN1–SNAP33–
VAMP721/722 complex is essential for the penetration resistance
of cell wall at early time points in Arabidopsis (Kwon et al.,
2008a; Bednarek et al., 2010). NbSYP132 has been reported was
implicated in the exocytosis of vesicles containing antimicrobial
PR1 (Kalde et al., 2007). The elevated expression of PR1 and PR5
in GhSNAP33 transgenic plants may be related to the exocytosis
mediated by cognate SNARE complex. SNARE proteins also
participate in tip-focused membrane trafficking for root hair tip
growth in Arabidopsis (Ichikawa et al., 2014) and in trafficking
of plasma membrane Aquaporin for the modulation of cell
membrane water permeability (Besserer et al., 2012; Hachez et al.,
2014). It is possible that GhSNAP33 is involved in a SNARE
complex that transports similar factors and affects the drought-
related maker genes including DREB2A and RD29A to mediate
drought tolerance in cotton.

In summary, our functional analysis of GhSNAP33, a
synaptosome-associated t-SNARE protein, revealed a potential
role in vesicle trafficking in cotton development and defense
responses. Loss of GhSNAP33 expression resulted in cell
death and increased ROS production in cotton leaves, and
compromised plant resistance against V. dahliae infection.
Conversely, resistance to V. dahliae was enhanced by GhSNAP33
overexpression. Ectopic expression of GhSNAP33 increased

tolerance to osmotic stress in yeast and drought tolerance in
Arabidopsis. Thus, GhSNAP33 is not only essential for the
development of cotton plants but is critical for plant drought
tolerance and resistance to V. dahliae. These findings provide
a basis for developing strategies to improve drought tolerance
and disease resistance in cotton plants to meet emerging
environmental challenges. However, additional research is
needed to clarify the role of GhSNAP33 in the specific secret
pathway via membrane fusion in cotton.
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