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ABSTRACT 

NAC genes, specific to plants, play important roles in plant development as well as in response to 

biotic and abiotic stresses. Here, a novel gene encoding a NAC domain, named as GhSNAC3, was 

isolated from upland cotton (Gossypium hirsutum L.). Sequence analyses showed that GhSNAC3 

encodes a protein of 346 amino acids with an estimated molecular mass of 38.4 kDa and pI of 8.87. 

Transient localization assays in onion epidermal cells confirmed GhSNAC3 is a nuclear protein. 

Transactivation studies using a yeast system revealed that GhSNAC3 functions as a transcription 

activator. Quantitative RT-PCR analysis indicated that GhSNAC3 was induced by high salinity, 

drought, and abscisic acid treatments. We overexpressed GhSNAC3 in tobacco by using 

Agrobacterium-mediated transformation. Transgenic lines produced longer primary roots and 

more fresh weight under salt and drought stresses, as compared with wild-type plants. Collectively, 

our results indicated that overexpression of GhSNAC3 in tobacco can enhance drought and salt 

tolerance. 
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INTRODUCTION 

NAC genes are plant-specific transcription factors that constitute one of the largest gene families 

in plants (Olsen et al. 2005). NAC proteins are characterized by a conserved NAC domain for 

DNA binding in their N-terminus, and a highly diverged C-terminus for regulation of transcription 

activity (Ooka et al. 2003). In 1996, the first NAC gene, NAM, which functions in boundary 

specification and shoot apical meristem (SAM) formation, was isolated and characterized in 

Petunia (Souer et al. 1996). Since then, thousands of NAC genes have been identified or predicted 

from a number of plant species (Shen et al. 2009). For example, there are at least 117, 151, 205, 

and 145 NAC genes in Arabidopsis, rice, and diploid cotton species Gossypium raimondii, 

respectively (Nuruzzaman et al. 2010; Mochida et al. 2010; Shang et al. 2013). 

NAC transcription factors function in a wide range of developmental processes in plants, such as 

lateral root development (He et al. 2005), leaf senescence (Takasaki et al. 2015), secondary cell 

formation (Nakano et al. 2015) and even plant nutrition (Uauy et al. 2006). Some NAC genes 

have been reported as important regulators in response to biotic and abiotic stresses. In rice, 

OsNAC111 was induced by rice blast fungus inoculation. Overexpression of OsNAC111 in rice 

resulted in enhanced resistance to the rice blast fungus via regulating the expression of several 

defense-related genes (Yokotani et al. 2014). SNAC3 (rice ONAC003) was induced by drought, 

high temperature, salinity stresses, and ABA treatment. Overexpression of SNAC3 in transgenic 

rice conferred increased tolerance to various environmental stresses (Fang et al. 2015). In 

Arabidopsis, the first identified NAC gene, ATAF1, was induced by drought stress and ABA 

treatment. Overexpression of ATAF1 in transgenic Arabidopsis plants resulted in enhanced 

drought tolerance and altered expression of several genes responsive to drought stress (Wu et al. 

2009). Interestingly, ATAF1 was also found to be involved in biotic stress responses. Wang et al. 

(2009) reported ATAF1 was down-regulated after infection with fungal pathogen Botrytis cinerea, 

bacterial pathogen Pseudomonas syringae pv. Tomato, or after treatment with several 

pathogen-associated hormones. Overexpression of ATAF1 in Arabidopsis resulted in increased 

susceptibility to P. syringae pv. Tomato DC3000, B. cineea, and Alternaria brassicicola, 

suggesting that ATAF1 acted as a negative regulator of defense response against necrotrophic 

fungal and bacterial pathogens (Wang et al. 2009). 
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Cotton is the leading source of natural fibers being used in the textile industry and is cultivated 

worldwide. However, cotton plants suffer from periodic drought and salt stresses, which severely 

constrain cotton growth and yield, due to their semi-arid to subtropical growing environments 

(Huang et al. 2013). In 2009, six novel NAC genes were first isolated (GhNAC1-GhNAC6) from 

G. hirsutum cv Jinmian 19 using data mining and RT-PCR methods. In addition, these six cotton 

NAC genes were identified to be involved in abiotic stress responses (Meng et al. 2009). 

Subsequently, 73 NAC genes were predicted from the G. hirstutum EST database and seven NAC 

genes (GhNAC7-GhNAC13) were isolated using the RT-PCR method. GhNAC7-GhNAC13 were 

preferentially expressed in roots and responsive to abiotic stresses (Huang et al. 2013). So far, 

hundreds of NAC genes have been isolated or predicted from the diploid cotton species G. 

raimondii and tetraploid cotton species G. hirsutum (Shang et al. 2013; Kong et al. 2013; Shah et 

al. 2013; 2014). However, most of these NAC genes have not been functionally characterized to 

date. In the present study, we report the identification of a putative NAC family transcription 

factor, denoted as GhSNAC3, from upland cotton (Gossypium hirsutum L.). We show that 

GhSNAC3 is significantly induced by drought, high salinity, and ABA treatments. Ectopic 

expression of this gene in tobacco confers drought and salt tolerance. 

MATERIALS AND METHODS 

Plant materials and treatments 

Cotton (Gossypium hirsutum L.) seeds (cultivar Lumian 418) were planted into clean sands and 

grown in a growth chamber with a photoperiod of 16 h light at 28°C and 8 h of darkness at 25°C. 

One week after germination, the seedlings were transferred to full-strength Hoagland’s solution for 

three days to adapt to hydroponic system, and then transferred to Hoagland’s solutions 

supplemented with 20% polyethylene glycol (PEG molecular weight 6000), 200 mM NaCl, and 

100 μM ABA for 2h, respectively. We also subjected the seedlings to cold treatment at 4°C for 2h. 

The cotyledon leaves of all treatments were collected and immediately frozen in liquid nitrogen 

and stored at - 80°C until use. Each stress treatment was replicated in three independent 

experiments. 

Cloning of GhSNAC3 
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Total RNA was extracted from leaves of seedling with Trizol (Invitrogen), treated with RNase-free 

DNase I (Promega). The RNA samples were quantified by a spectrophotometer (NanoDrop 2000) 

and qualitatively examined by agarose gel electrophoresis. cDNA synthesis was performed using 

3μg of total RNA, oligo-dT (18) and M-MLV reverse transcriptase (TaKaRa, Dalian, China) 

according to the manufacturer’s protocol. The primers GhSNAC3-FP and GhSNAC3-RP (Table 1) 

were designed based on the Gorai.002G073700.1 of Gossypium raimondii. RT-PCR was 

performed under the following conditions: 4 min at 95°C, 30 cycles of 94°C for 30 s, 58°C for 30 

s, and 72°C for 80 s, and 72°C for 10 min. The PCR product was purified, inserted into the 

pMD18-T vector (TaKaRa), and then transformed into Escherichia coli DH5α cells. At least three 

clones were sequenced. Genomic DNA was extracted from young leaves of cotton cv. Lumian 418 

by using a modified CTAB method (Permingeat et al. 1998). 

Sequence analysis of GhSNAC3 

The NAC domain within the protein sequence was annotated according to Pfam 

(http://pfam.xfam.org/, Finn et al. 2015). Theoretical isoelectric point (pI) and molecular weight 

(Mw) were predicted by the Compute pI/Mw software (http://web.expasy.org/compute_pi/, 

Bjellqvist et al. 1993). The gene structure of GhSNAC3 was determined by comparing the cDNA 

sequence to its genomic sequence and visualized by GSDS2.0 (http://gsds.cbi.pku.edu.cn/, Hu et 

al. 2015). Motifs were identified by MotifScan (http://myhits.isb-sib.ch/cgi-bin/motif_scan, Sigrist 

et al. 2013) and NetPhos 2.0 (http://www.cbs.dtu.dk/services/NetPhos/, Blom et al. 1999). The 

protein sequences of GhSNAC3 and ANACs from Arabidopsis were aligned by ClustalX program 

(ver 2.0) using default parameters (Larkin et al. 2007). A phylogenetic tree was constructed using 

MEGA version 7.0 software (Kumar et al. 2016) by following the Maximum Likelihood (ML) 

method tuned to the parameters: 1000 bootstraps, Poisson model, Uniform rates, and Complete 

deletion. Sequence identity between GhSNAC3 and other NACs was determined by BLASTP 

software (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Orthologous genes of GhSNAC3 were 

determined by searching the genome of G. raimondii and G. hirsutum (Paterson et al. 2012; Li et 

al. 2015; Zhang et al. 2015) using BLASTP software. 

Sub-cellular localization of GhSNAC3 in onion epidermal cells 

http://pfam.xfam.org/
http://web.expasy.org/compute_pi/
http://gsds.cbi.pku.edu.cn/,
http://myhits.isb-sib.ch/cgi-bin/motif_scan
http://www.cbs.dtu.dk/services/NetPhos/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Sub-cellular localization analysis was performed in onion epidermal cells (Wang et al. 2016). The 

CDS (coding sequence) of GhSNAC3 without a terminator codon was amplified by PCR using 

primers GhSNAC3-SF and GhSNAC3-SR (Table 1). The confirmed GhSNAC3 fragment was 

inserted between the BamHI and HindIII sites of the pBI221-GFP (green fluorescent protein) 

vector to create an intact in-frame fusion between GhSNAC3 and GFP. The recombinant 

(pBI221-GhSNAC3-GFP) and control (pBI221-GFP) constructs were introduced into onion 

epidermal cells. Transformations were performed by biolistic gene delivery method using the 

PDS-1000/He particle bombardment system (Bio-Rad, Hercules, USA). Transformed onion cells 

were incubated on Murashige and Skoog (MS) medium in darkness at 25°C for 18 h. Confocal 

imaging was performed using a LSM510 confocal laser microscope (Zeiss, Germany). 

Fluorescence of GFP was measured under the conditions: emission at 488 nm, beam splitter at 545 

nm, and excitation at 505-530 nm. 

Transactivation analysis of GhSNAC3 in yeast 

The full-length cDNA fragment of GhSNAC3 was amplified by PCR using primers GhSNAC3-TF 

and GhSNAC3-TR (Table 1). The resulting PCR product was inserted between the NdeI and 

BamHI sites of the pGBKT7 vector (which contains the GAL4 DNA binding domain, Clontech, 

USA) to create a pGBKT7-GhSNAC3 construct. The recombinant and negative control (pGBKT7 

empty vector) construct were introduced into the yeast strain AH109. Transformed strains were 

cultured on SD/-Trp or SD/-Trp-His-Ade plates and cell growth was examined. For β-gal activity, 

plates were incubated at 30°C for 3 days and then assayed using 5-bromo-4-chloro-3-indolyl 

β-galactopyranoside (X-GAL) as substrate. 

Expression analysis of GhSNAC3 

Real-time quantification PCR was used to analyze GhSNAC3 expression under various stresses. 

The gene-specific primers, GhSNAC3-qF and GhSNAC3-qR and the internal reference gene 

Ubiquitin (AY189972, Ji et al. 2003) primers Ubi-qF and Ubi-qR were used (Table 1). The 

relative 2-ΔΔCt method was used to calculate relative expression of GhSNAC3 (Livak et al. 2001). 

Relative expression of GhSNAC3 was calculated from real-time PCR of four biological replicates. 

Functional analysis of GhSNAC3 
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The full coding sequence of GhSNAC3 was amplified from total RNA of the cotton cultivar, 

Lumian 418, by RT-PCR and inserted into binary vector pCAMBIA3301 between the XbaI and 

BamHI sites, under the control of the constitutive CaMV 35S promoter. The recombination 

constructs were introduced into Agrobacterium tumefaciens strain LBA4404 and then transformed 

into tobacco plants using the Agrobacterium-mediated leaf disc infiltration method (Horsch et al. 

1985). Transgenic plant seeds were screened on MS medium containing 10 mg L-1 BASTA. Seeds 

from the T3 homozygous lines and wild type tobacco were grown on 1/2 MS plates. One week 

later, the seedlings were transferred vertically to 1/2 MS plates supplemented with 100 mM NaCl 

or 200 mM mannitol. Root lengths and weights of each seedling were measured 30 days after 

transplantation. All experiments were repeated at least 3 times.  

RESULTS 

Cloning of GhSNAC3 gene 

RT-PCR was performed using cDNA from cotton leaves. The product was about 1,000 bp in size, 

determined by agarose gel electrophoresis. PCR products were purified and then sequenced. The 

sequencing results indicated GhSNAC3 consists of 1,089 bp nucleotides, including 1,041bp of an 

intact open reading frame (ORF), encoding for 346 amino acids (Fig. S1). To identify the 

intron-exon structure of GhSNAC3, the genomic sequence of GhSNAC3, 1,273 bp, was amplified 

from genomic DNA using primers GhSNAC3-FP and GhSNAC-RP. A comparison between cDNA 

and genomic DNA sequences indicated GhSNAC3 consists of three exons and two introns (Fig. 1 

and Fig. S2). The first two exons encode the highly conserved NAC domain at the N-terminal 

region, whereas the third exon encodes the highly variable transcriptional domain at the 

C-terminus. 

Sequence analysis of GhSNAC3 protein 

GhSNAC3 was predicted to encode a putative protein of 346 amino acids with an estimated 

molecular mass of 38.4 kDa and pI of 8.87. The deduced GhSNAC3 protein contains a conserved 

NAC domain from the 10th to 168th amino acid determined by using Pfam software (Finn et al. 

2015). The NAC domain can be divided into five subdomains (I to V) based on Arabidopsis and 

rice NAC proteins (Ooka et al. 2003) (Fig. S3). Motif analysis indicated GhSNAC3 contains 28 
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phosphorylation sites, seven myristoylation sites, four glycosylation sites, and one amidation site. 

The protein sequence of GhSNAC3 was used to search against the genome of G. hirsutum and 307 

GhNACs were identified (E≤ e-10). Sequence analysis showed GhSNAC3 is the same as 

Gorai.002G073700.1 and Gh_D01G0514, and has a high similarity with NAC proteins from other 

plant species. GhSNAC3 has the highest sequence identity to GhNAC72 (97%), TcNAC1 (87%), 

GaNAC72 (84%), and GrNAC72 (83%) (Table 2). 

Phylogenetic analysis of GhSNAC3 protein 

Firstly, we constructed a phylogenetic tree from the protein sequences of GhSNAC3, 105 

Arabidopsis ANACs and 307 GhNACs. Phylogenetic analysis revealed that GhSNAC3 is 

clustered together with ANACs, belonging to the ATAF subfamily, namely ANAC002 (ATAF1), 

ANAC019, ANAC032, ANAC055, ANAC072, ANAC081 (ATAF2), and ANAC102. We then 

reconstructed a simplified phylogenetic tree from the protein sequences of GhSNAC3 and 12 

known ANACs including the above seven ANACs from the ATAF subfamily (Fig. 2). GhSNAC3 

has close relationship to ANAC019, ANC055, and ANAC072 with an overall sequence identity of 

68.97%, 66.44% and 60.96%, respectively. ANAC019, ANAC055, and ANAC072 have been 

reported to be stress-responsive transcription factors (Takasaki et al. 2015) and belong to the 

ATAF subfamily (Ooka et al. 2003). Therefore, GhSNAC3 is a member of the ATAF subfamily of 

NAC proteins and may be involved in response to stresses.  

GhSNAC3 is a nuclear protein 

We used the Plant-mPLoc software (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/; Chou and 

Shen 2010) to predict the sub-cellular localization of GhSNAC3 and found that GhSNAC3 might 

be a nuclear protein. Then a GhSNAC3-GFP fusion construct was created using a pBI221-GFP 

vector driven by a CaMV 35S promoter. Both the GhSNAC3-GFP construct and a control 

construct containing only GFP were transformed into onion epidermal cells by particle 

bombardment. Confocal imaging indicated the control protein was observed in the cytoplasm and 

nucleus (Fig. 3i-iii), while the GhSNAC3-GFP was detected only in the nucleus (Fig. 3iv-vi). 

These results indicated that GhSNAC3 is a nuclear protein. 

GhSNAC3 has transcriptional activation function 

http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
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We used a yeast system to examine the transcriptional activation activity of GhSNAC3. The 

full-length GhSNAC3, fused to the GAL4 binding domain in pGBKT7, was expressed in yeast 

cells and examined for their ability to activate transcription fused to the GAL4 activation domain. 

Cells containing either pGBKT7 or pGBKT7-GhSNAC3 could grow well on the SD medium 

without tryptophan (Fig. 4i). GhSNAC3 boosted yeast growth on the triple dropout medium 

(SD/-Trp-His-Ade) (Fig. 4ii) and showed β-galactosidase activity in the presence of 

5-bromo-4-chloro-3-indolyl β-galactopyranoside (Fig. 4iii), while the control pGBKT7 did not 

(Fig. 4ii and iii). These results indicated that GhSNAC3 is a transcription activator. 

GhSNAC3 is induced by drought and salt stresses 

To investigate the responses of GhSNAC3 to various stresses and treatments, we isolated total 

RNA from leaves of the cotton cv. Lumian 418 and examined the expression patterns of GhSNAC3 

under diverse stress conditions including drought, high salinity, cold (4°C), and ABA treatment. As 

shown in Fig. 3, GhSNAC3 was significantly induced by drought (37.27-fold, P < 0.01), high 

salinity (30.91-fold, P < 0.01) and ABA (35.62-fold, P < 0.01) treatments as compared with the 

control. However, the expression of GhSNAC3 was not significantly affected by cold (0.95-fold, 

P > 0.05) stress (Fig. 5). These results indicated GhSNAC3, like other NACs from the ATAF 

subfamily, is a stress-responsive gene. 

GhSNAC3 transgenic plants exhibit enhanced drought and salt tolerance 

To characterize the functions of the GhSNAC3 gene under salt and drought stresses, GhSNAC3 

was ectopically expressed in tobacco under the control of the CaMV 35S promoter. As a result, 

eleven independent transgenic lines were generated and confirmed by PCR analysis (Fig. S4). 

Transgenic lines G3-1, G3-4, and G3-7 exhibited higher GhSNAC3 transcript accumulation were 

then selected for salt and drought assays (Fig S5). Under normal condition, no obvious differences 

were observed between the WT and transgenic tobacco lines according to various phenotypic 

parameters (Fig S6 and Table S1). However, when one-week-old tobacco seedlings were 

transferred to 1/2 MS media supplemented with 100 mM NaCl and grown for 30 days, the growth 

of WT plants was severely affected and much slower than transgenic lines (Fig. 6i). Compared 

with WT plants, root length significantly increased by 2.82- (P < 0.01), 3.32- (P < 0.01), and 2.92- 
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(P < 0.01) fold for transgenic lines G3-1, G3-4, and G3-7, respectively (Fig. 6iii). In addition, the 

fresh weight of transgenic lines G3-1, G3-4, and G3-7 were 2.01- (P < 0.01), 2.24- (P < 0.01), and 

2.12- (P < 0.01) fold, respectively, more than WT plants (Fig. 6iv). Under drought stress (200 mM 

mannitol), the WT plants showed more chlorosis and stunted phenotypes than transgenic lines (Fig. 

6ii). Root length and fresh weight analysis indicated that significant differences were observed 

between WT and transgenic lines. The root length of transgenic lines G3-1, G3-4, and G3-7 were 

2.16- (P < 0.01), 2.65- (P < 0.01), and 2.83- (P < 0.01) fold, respectively, longer than WT plants 

(Fig. 6iii). On the basis of fresh weight, the transgenic lines G3-1, G3-4, and G3-7 were 2.32- (P < 

0.01), 2.54- (P < 0.01), and 2.98- (P < 0.01) fold, respectively, more than WT plants (Fig. 6iv). 

These results provided evidence that overexpression of GhSNAC3 improves salt and drought 

tolerance of transgenic tobacco plants. 

DISCUSSION 

Environmental stresses, such as drought and high salinity, severely constrain plant growth and 

development. However, plants have evolutionally developed complex mechanisms, such as 

changes in gene expression or growth, to survive drought and salinity stresses (Nuruzzaman et al. 

2013). Interestingly, some NAC genes have been demonstrated to play important roles in 

responses to drought and salinity stresses (Fang et al. 2015; Tran et al. 2004). Rice NAC 

transcription factor SNAC1 was determined to be involved in drought, salt and cold tolerance. 

Overexpression SNAC1 significantly increased drought tolerance in transgenic rice plants and 

yielded 22-34% higher seed setting than the control under severe drought conditions during 

flowering (Hu et al. 2006). In this study, we isolated a drought- and salt-inducible NAC gene, 

GhSNAC3, from young leaves of upland cotton and overexpressed GhSNAC3 in transgenic 

tobacco to further reveal its functional roles in response to drought and salt stresses. Our results 

show that transgenic tobacco plants have increased tolerance to drought and salt stress (Fig. 6). 

Gene structure analysis shows GhSNAC3 contains three exons and two introns (Fig. 1). Meng et al. 

(2009) pioneered to identify six NAC genes (GhNAC1-GhNAC6) from upland cotton and found all 

of them shared the same gene structure, namely three exons and two introns (Meng et al. 2009). 

Shang et al. predicted 145 NAC genes from the genome of diploid cotton species G. raimondii 

and revealed the majority of them were composed of two introns and three exons (Shang et al. 



 

10 
 

2013). The same genomic organization is also shared by most NAC genes in Arabidopsis and rice 

(Ooka et al. 2003; Nuruzzaman et al. 2010), indicating the three-exons/two-introns structure is 

common to NAC genes. 

Extensive efforts revealed NAC genes from the ATAF subfamily play important roles in responses 

to abiotic and biotic stresses (Nuruzzaman et al. 2013; Tran et al. 2004). In Arabidopsis, the 

ANAC002/ATAF1, ANAC019, ANAC032, ANAC055, ANAC072/RD26, ANAC081/ATAF2, and 

ANAC102 genes constitute the ATAF subfamily. The ANAC019, ANAC055 and ANAC072 genes 

were induced by drought, high salinity, and ABA. Overexpressing either ANAC019, ANAC055 or 

ANAC072 conferred transgenic Arabidopsis plants enhanced drought tolerance and altered the 

expression of several genes responsive to drought and high salinity stresses (Tran et al. 2004). 

ATAF1 has been reported to be involved in both abiotic and biotic stress responses. Transgenic 

Arabidopsis plants overexpressing ATAF1 exhibited enhanced drought tolerance and attenuated 

resistance to the necrotrophic pathogen Botrytis cinerea and hemi-biotrophic pathogen 

Pseudomonas syringae (Wu et al. 2009). ATAF2 was involved in wound, salicylic acid, methyl 

jasmonate and salinity responses. Overexpression of ATAF2 in transgenic Arabidopsis plants 

resulted in increased susceptibility to the fungal pathogen Fusarium oxysporum and decreased the 

expression of some pathogenesis-related genes (Delessert et al. 2005). ANAC102 was induced by 

low-oxygen stress; though overexpression of ANAC102 in transgenic Arabidopsis plants did not 

affect seed germination under low-oxygen conditions. However, down-regulation of ANAC102 

altered the expression patterns of a number of genes involved in low-oxygen response and 

significantly reduced seed germination under low-oxygen stress (Christianson et al. 2009). In this 

study, GhSNAC3 has high sequence similarity with ANAC019, ANAC055, and ANAC072 and 

falls into the ATAF subgroup of NAC protein family (Fig. 2). Expression analysis indicated 

GhSNAC3, like ATAF1, ANAC019, ANAC055 and ANAC072, was also induced by drought, high 

salinity, and ABA treatments (Fig. 5). Overexpression of GhSNAC3 in transgenic tobacco plants 

resulted in enhanced drought and salt tolerance (Fig. 6). These results suggest NAC genes from 

the ATAF subfamily share conserved roles in stress responses. Recently, the ANAC002/ATAF1, 

ANAC019, ANAC032, ANAC055, ANAC072/RD26, ANAC081/ATAF2, and ANAC102 genes have 

been reported to be involved in ABA-inducible leaf senescence (Takasaki et al. 2015). In addition, 
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ATAF1 and ATAF2 are involved in biotic stress responses. Therefore, further experiments will be 

required to determine the other biological functions of GhSNAC3. 

GhSNAC3 is a nuclear protein and has transcriptional activation activity. However, we could not 

find the nuclear location signal (NLS) in the protein sequence of GhSNAC3 using SignalP 4.1 

Sever (http://www.cbs.dtu.dk/services/SignalP/, Petersen et al. 2011) and PredictionProtein 

software (https://www.predictprotein.org/home, Yachdav et al. 2014). Recently, MfNACsa from 

Medicago falcata was reported to be involved in drought response. MfNACsa belongs to the 

ATAF subfamily and harbors the NLS, IKKALVFYAGKAPKGVKTN, in the D subdomain (Duan 

et al. 2017). In soybean, a stress-induced NAC transcription factor GmNAC30 also contains the 

same NLS in the D subdomain (Mendes et al. 2013). According to Arabidopsis and rice NAC 

proteins, Subdomain D was tightly conserved (Ooka et al. 2003). We then made an alignment 

between GhSNAC3 and MfNACsa and found the NLS of GhSNAC3, 

IKKALVFYVGKAPKGVKTN, locates in the IV subdomain (Fig. S3).  

Previous studies showed that ANAC019, ANAC055, and ANAC072 could recognize conserved 

consensus cis-acting elements, CATGT and CACG. Overexpression of either ANAC019, 

ANAC055, or ANAC072 in Arabidopsis resulted in enhanced tolerance to drought stress. Various 

stress-inducible genes were upregulated in transgenic plants by microarray analysis. Moreover, 

most upregulated genes contain the CACG core motif in their promoter region (Tran et al. 2004). 

Therefore, in order to understand the mechanism via which GhSNAC3 enhances drought and salt 

tolerance in plants, it is necessary to identify the target genes regulated by GhSNAC3 in future 

studies. 
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Table 1. Primer sequences for GhSNAC3 amplification 

Primer Sequence (5’-3’) Description 

GhSNAC3-FP CGGCAAGAAAACTTTAGAATC 

Full-length cDNA of GhSNAC3  

GhSNAC3-RP CCTGGTCCTTCTACCTATACTT 

GhSNAC3-qF GATGACATGCTTGAGTCATTGCC 

Expression analysis of GhSNAC3 

GhSNAC3-qR ACTCTGTACTTCCTCTTCCACCG 

Ubi-qF AAGACCTACACCAAGCCCAAGA 

Reference gene 

Ubi-qR CTCTTTCCTCAGCCTCTGAACCT 

GhSNAC3-VF GATCTAGACGGCAAGAAAACTTTAGAATC Plasmid construction  
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GhSNAC3-VR GAGGATCCCCTGGTCCTTCTACCTATACTT 

GhSNAC3-SF ACGGATCCATGGGAGTGCCGGAAACTG 

Subcellular localization 

GhSNAC3-SR ACAAGCTTTTGTCTAAACCCAAATCCACCC 

GhSNAC3-TF AACATATGCGGCAAGAAAACTTTAGAATC 

Transcription activation 

GhSNAC3-TR AACCTAGGCCTGGTCCTTCTACCTATACTT 

 

Table 2. Sequence comparison of GhSNAC3to NACs from other plant species. 

species Gene name GenBank accession No. Identity (%) E-value 

Gossypium hirsutum GhNAC72 XP_016701680.1 97 0.0 

Gossypium arboreum GaNAC72 KHG15675.1 84 0.0 

Gossypium raimondii GrNAC72 XP_012443701.1 83 0.0 

Theobroma cacao TcNAC1 XP_007021328.1 87 0.0 

Morus notabilis MnNAC72 XP_010089503.1 78 0.0 

Manihot esculenta MeNAC22 ALC78999.1 77 0.0 

Manihot esculenta MeNAC23 ALC79000.1 73 2e-174 

Prunus persica PpNAC5 ALK27824.1 72 5e-170 

Rosa chinensis RcNAC1 AKC88481.1 69 2e-169 

Jatropha curcas JcNAC72 NP_001298118.1 72 5e-166 

Glycine soja GsNAC55 KHN36794.1 65 1e-149 

 

Figures 

Fig. 1. Schematic diagram of the structure of GhSNAC3 

The schematic diagram was visualized in Gene Structure Display Server 

(http://gsds.cbi.pku.edu.cn/). 

 

 

http://gsds.cbi.pku.edu.cn/
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Fig. 2. Phylogenetic tree of GhSNAC3 and 12 known ANAC from Arabidopsis 

The ClustalX (version 6.0) software was used for multiple alignment. The phylogentic tree was 

developed by using the MEGA6.0 software with a bootstrap analysis of 1000 replicates. The 

GhSNAC3 was highlighted with solid circle. 

 

Fig. 3. Sub-cellular localization of the GhSNAC3 protein in onion epidermal cells 

Both GhSNAC3-GFP fusion protein and control GFP protein were transiently expressed in onion 

epidermal cells and visualized by fluorescent microscopy (Zeiss LSM510, wavelength 488 nm). 

i-iii: The control GFP protein. iv-vi: The GhSNAC3-GFP fusion protein. 
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Fig. 4. Transactivation analysis of the GhSNAC3 in yeast 

The pGBKT7-GhSNAC3 fusion protein and control pGBKT7 vector were expressed in yeast 

strain AH109. The transformed yeast cells were cultured on SD medium without tryptophan (i), 

tryptophan, histidine and adenine (ii) and subjected to β-galactosidase assay (iii). GN3: GhSNAC3. 

CK: pGBKT7. 

 

Fig. 5. The relative expression of GhSNAC3 under different stresses and treatments 

The leaves of one-week-old cotton seedlings under different stresses and treatments were used for 

expression analysis. Values are mean and SE of four independent assays (Tukey’s HSD, p < 0.01). 
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Fig. 6. GhSNAC3 transgenic lines enhanced drought and salt tolerance 

i: Growth status of GhSNAC3 transgenic lines on medium with 100 mM NaCl; ii: Growth status of 

GhSNAC3 transgenic lines on medium with 200 mM mannitol; iii: Root length statistics of 

different transgenic; iv: Weight per plant statistics of different transgenic lines. Values are mean 

and SE of three independent assays. For a given line and stress, different letters indicate 

significant differences between lines of tobacco; upper case for salt stress and lower case for 

drought stress (Tukey’s HSD, p < 0.01). 
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Additional files 

Table S1 Phenotypic observation of the transgenic lines and WT under non-stressed 

condition 

 Germination rate (%) Plant heighta (cm) Flowering time (day) Plant weightb (g)  

WT 96.51 50.40 73 98.88 

G3-1 95.26 50.17 73 100.20 

G3-4 97.65 49.47 73 98.14 

G3-7 96.86 51.43 73 101.15 

a: Plant height was measured at flowering time; b: the fresh weight of whole plant without roots 

was used as Plant weight. Data were collected at flowering time. 

Fig. S1. The nucleotide sequence and deduced amino acid sequence of GhSNAC3 

The specific primers were underlined. 

 

 

Fig. S2. Alignment between cDNA and genomic sequence of GhSNAC3 
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The upper and lower sequence was GhSNAC3 genomic and cDNA sequence, respectively. The 

locations of the five conserved subdomains (I-V) of NAC domain were underlined. Sequences 

were aligned by using DNAMAN software. The start and stop codon were labeled by the letter M 

and star, respectively. 

 

Fig. S3. Amino acids sequence alignment among GhSNAC3, ANAC019, ANAC055 and 

ANAC072 

The identical amino acids are shaded in black, and similar amino acids are shaded in grey. The 

location of the five conserved subdomains (I-V) is shown by lines upon the sequences. Sequences 

were aligned by using Clustal X and visualized by GeneDoc.  
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Fig. S4. PCR analysis of the GhSNAC3 transgenic tobacco lines 

The Primers GhSNAC3-FP and GhSNAC3-RP were used to detect the GhSNAC3 transgenic 

tobacco lines. M: DNA marker (from top to bottom: 2000bp, 1000bp, 750bp, 500bp, 250bp and 

100bp); PC: positive control (pCAMBIA330-GhSNAC3 plasmid); NC: negative control (wild 

type); 1-11: the G3-1 to G3-11GhSNAC3 transgenic tobacco lines. 

 

 

Fig. S5. The relative expression of GhSNAC3 in different GhSNAC3 transgenic tobacco lines 

The leaves of 3-week-old tobacco seedlings in different GhSNAC3 transgenic tobacco lines were 

used for expression analysis. 
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Fig. S6. Phenotypes of GhSNAC3 transgenic tobacco lines under normal condition 

Seeds of transgenic lines and wild type tobacco were grown on 1/2 MS plates. One week later, the 

seedlings were transferred vertically to 1/2 MS plates. Photo was taken at 10 days after 

transplantation. 

 


