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Cotton (Gossypium hirsutum L.) is the world’s most economically valuable textile crop. However, cotton plants are often subjected to numerous abiotic stresses that can dramatically limit yield. Trihelix transcription factors (TTFs) play important roles in abiotic stress responses in many plant species, and efforts to better understand their roles in cotton abiotic stress responses are ongoing. In this study, a member of the cotton TTF family (GhGT23) was functionally characterized. This protein contains a SANT domain and is a member of the SIP subfamily of TTF proteins. GhGT23 was significantly (p < 0.05) and highly expressed in cotton fiber compared to relatively low expression in other tissues. A significant (p < 0.05) increase in GhGT23 expression occurred in cotton seedlings within 12 hours of drought, salt, and ABA exposure. The GhGT23 protein localized in the nucleus but exhibited no signs of transactivation activity. GhGT23 overexpression in Arabidopsis conferred enhanced drought and salt stress tolerance. The expression of stress-related genes was higher in transgenic Arabidopsis expressing GhGT23 than in wild-type plants subjected to salt stress. The results of electrophoretic mobility shift assay revealed that GhGT23 could bind to the GT cis-elements GT-1Box (Box II), GT2-Box, GT3-Box, GT-3a (Site1-type), GT-3b, and Box as well as the MYB cis-elements MBS1 and MRE4. Our results demonstrate that GhGT23 positively regulates salt and drought stress responses, possibly by enhancing the expression of stress-related genes.
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Introduction

Plant growth and crop production are constantly challenged by dynamic abiotic and biotic stresses in the environment. Some of the most common abiotic stresses that plants are subjected to are high salt, low temperature, and drought. These abiotic stresses can limit crop productivity and reduce average crop yields by more than 50% (Lesk et al., 2016). Plant cells perceive environmental stress through sensors that trigger signaling pathways upon stress perception. These signaling pathways often include phosphorylation cascades that culminate in the activation of stress-responsive transcription factors (TFs). Upon activation, TFs translocate into the nucleus where they bind to cis-regulatory elements in the promoter regions of several stress-related genes (Zhu, 2016). In this way, TFs play a critical role in translating the initial perception of stress by the plant into physiological changes that result in tolerance to the stress (Basu et al., 2016). Of the more than 64 transcription factor families identified in plants, the NAC, C2H2 zinc finger, bZIP, and WRKY families are the most studied and most widely involved in abiotic stress responses (Olsen et al., 2005; Pérez-Rodríguez et al., 2010; Llorca et al., 2014). Because of their documented roles in plant stress tolerance, TFs have become key targets for genetic engineering efforts to improve plant stress tolerance.

Trihelix transcription factors (TTFs) are a small family of plant-specific TFs that are present in diverse plant species (Luo et al., 2012). Chrysanthemum, tomato, rice, Arabidopsis, poplar, soybean, and maize each have 20, 36, 31, 28, 56, 63, and 59 TTF genes, respectively (Fang et al., 2010; Osorio et al., 2012; Yu et al., 2015; Du et al., 2016; Erum et al., 2016; Song et al., 2016; Wang et al., 2016). Members of the TTF family are also known as GT factors, because they can bind to the GT element found in the promoter of some genes regulated by light (Zhou, 1999). The first GT element was identified in the rbcS-3A gene promoter from pea in 1987 (Green et al., 1987). Since then, GT elements have been identified in soybean, maize, spinach, Arabidopsis, and rice genes (Dehesh et al., 1990; Lawton et al., 1991; Dehesh et al., 1992; Kuhn et al., 1993; Villain et al., 1994; Eyal et al., 1995; Villain et al., 1996; Ayadi et al., 2004; Park et al., 2004).

The DNA-binding domains of TTFs are rich in proline as well as basic and acidic amino acids. They also contain three tandem helices, namely, the helix-loop-helix-loop-helix (Dehesh et al., 1992; Kuhn et al., 1993; Wang et al., 2014). The internal hydrophobic region of each helix contains regularly spaced repeats typically containing three tryptophan residues separated by a non-tryptophan residue (W-X-W-X-W). The third tryptophan residue is less conserved and is sometimes replaced with a phenylalanine or isoleucine residue (Kaplan-Levy et al., 2012). TTFs contain one or two trihelix DNA-binding domains at the N- or C-terminus that specifically bind to GT-elements (Dehesh et al., 1992; Zhou, 1999). The Arabidopsis TTF family is divided into five subfamilies, namely, GT-1, GT-2, GTγ, SH4, and SIP1 (Kaplan-Levy et al., 2012). Most subfamilies contain only one DNA-binding domain, but members of the GT-2 subfamily contain a DNA-binding domain at both the N- and C-terminus. The five subfamilies are further differentiated by the composition of the tryptophan repeats in each helix. Helixes in members of the GT-1 and SH4 subfamily, as well as the C-terminal DNA-binding domain of GT-2 subfamily members, contain a tryptophan residue at the end of the repeat (W-X-W-X-W). On the other hand, members of the GTγ subfamily, and the N-terminal DNA-binding domain of GT-2 subfamily members, contain a phenylalanine residue at the end of the repeat (W-X-W-X-F), whereas members of the SIP1 subfamily contain an isoleucine residue at the terminal position (W-X-W-X-I) (Kaplan-Levy et al., 2012).

Numerous plant TTFs, and the GT elements that they bind, have been reported to regulate responses to light, growth, and a variety of developmental processes such as morphogenesis of perianth organs, formation of trichomes and stomata, seed oil accumulation and abscission, kernel development, and late embryogenesis development (Willmann et al., 2011; Kaplan-Levy et al., 2012; Kaplan-Levy et al., 2014; Wan et al., 2015; Li et al., 2021; Yang et al., 2022). Recent studies on TTF family members in Arabidopsis, rice, soybean, wheat, tomato, chrysanthemum, and poplar have revealed that they are widely involved in plant responses to abiotic stress (Lu et al., 2019). Transgenic Arabidopsis overexpressing GT-4 (Wang et al., 2014), AST1 (Xu et al., 2018), or AtGTL1 (Yoo et al., 2010) exhibited improved salt and drought stress tolerance, whereas GmGT2A and GmGT2B expression was induced by high salinity, drought, cold, and abscisic acid (ABA) in soybean, and heterologous overexpression of these two genes in Arabidopsis improved salt, cold, and drought stress tolerance (Xie et al., 2009). Furthermore, overexpression of the rice genes OsGT-1 and OsGTgamma-2 in rice confered enhanced resistance to salt stress (Fang et al., 2010; Liu et al., 2020). Heterologous expression of wheat TaGT2L1D in Arabidopsis can suppress the expression of AtSDD1, a positive regulator of drought tolerance, by binding directly to the GT3 box in its promoter (Zheng et al., 2016). Overexpression of the sorghum TTF genes sb06g023980 and sb06g024110 significantly enhanced tolerance of low temperature, high salt, and drought (Qin et al., 2014), whereas transgenic tomatoes overexpressing ShCIGT gained tolerance of low temperature and drought (Yu et al., 2018). Expression of poplar PtaGTL1 in Arabidopsis reduced stomatal conductance and leaf transpiration, which led to enhanced drought tolerance and water use efficiency (Weng et al., 2012). Taken collectively, these studies demonstrate a conserved role for TTF family members in diverse abiotic stress responses.

Cotton (Gossypium hirsutum L.) is an economically important textile fiber crop that is cultivated worldwide. Abiotic stress has become a major environmental factor limiting cotton cultivation and production due to global climate change and environmental pollution (Naeem et al., 2021; Saleem et al., 2021). Despite the economic ramifications of abiotic stress on cotton production, little is known about the mechanisms of abiotic stress tolerance in cotton compared to other agricultural crops. The obvious importance of the TTF family in abiotic stress responses in other crop species led us to hypothesize that this family of genes plays a similar role in cotton. We previously analyzed the expression of 24 cotton TTF genes in response to diverse abiotic stimuli to identify genes that were differentially expressed and involved in abiotic stress responses in cotton (Li et al., 2013). Of the 24 TFF genes analyzed, GhGT23 was one of three that was differentially expressed in response to all of the abiotic stress treatments we tested. In this study, we further characterize the function of GhGT23, which belongs to the SIP subfamily of TFFs. The expression of GhGT23 was analyzed in response to salt stress, drought stress, cold stress, and ABA treatment in cotton. Heterologous overexpression of GhGT23 in Arabidopsis led to improved tolerance of salt and drought in seedlings, which was positively correlated with an increase in the expression of stress-related genes. Furthermore, GhGT23 could directly bind to multiple GT motifs and MYB elements. Our results further highlight the importance of TTF family members in plant abiotic stress responses and specifically provide key insights into the function of GhGT23 in salt and drought tolerance in cotton.



Materials and methods


Plant material, growth conditions, and treatments

Seeds of the cotton (G.hirsutum) cultivar ‘Xinluzao 26’ were evenly distributed in a pot containing vermiculite and raised in a greenhouse at a temperature of 25 ± 2 °C with a 16-h/8-h light/dark cycle and a relative humidity of 65%. Fifteen days after planting, seedlings were treated with drought, NaCl, cold, or ABA (100 μmol/L) according to previously published methods (Li et al., 2022). Seedlings planted at the same time were also left untreated to serve as controls. Leaves were harvested at 1, 3, 6, and 12 h post-treatment. Tissue from roots, stems, and leaves of 15-day-old seedlings were collected for RNA isolation to assess tissue-specific gene expression. RNA was also isolated from flowers and ovules at 0 days post-anthesis (DPA) and cotton fibers at 12 DPA. All harvested tissue was immediately frozen in liquid nitrogen and stored at -70 °C for subsequent experiments. Each treatment was performed at least three independent times.



Gene cloning and sequence analysis

Primers GhGT23F and GhGT23R were used to amplify the CDS of GhGT23 from cotton leaf cDNA as described previously (Li et al., 2022). The amplified GhGT23 fragment was subcloned into pEASY-T1 (TransGen Biotech, Beijing, China), thereby creating pEASY-T1::GhGT23. Flanking BamHI and SalI restriction sites were then used to cut GhGT23 from pEASY-T1::GhGT23, followed by ligation into the pBI21, pBin438, pGAL4 DBD, and pGEX6p-1 expression vectors. The primers used for PCR are listed in Table S1. The ORF of GhGT23 was translated using DNAStar, and ProtParam (http://web.expasy.org/cgi-bin/protparam/protparam) was used to estimate the protein molecular mass and isoelectric point. DNAMAN (V6.0) was used to align the GhGT23 protein sequence with homologs from Gossypium hirsutum and other species obtained from the NCBI database. Phylogenetic analyses were performed using MEGAX (http://www.megasoftware.net/) and ClustalX. SMART (http://smart.embl-heidelberg.de/) was used to predict conserved domains in GhGT23. Psort (http://www.psort.org/) was used to predict the subcellular localization of GhGT23.



Subcellular localization of GhGT23

The cauliflower mosaic virus (CaMV) 35S promoter in pBI221 (Chen et al., 2003) was used to drive the expression of GhGT23 fused in-frame with the 3’ end of GFP. The resulting construct, pBI221::GFP : GhGT23, was transfected into Arabidopsis protoplasts by the PEG4000-mediated method described previously by Yoo et al. (2007). Arabidopsis protoplasts were isolated by following the previously published method by Wu et al. (2009). A Leica model TCS SP5 laser scanning confocal microscope (leica Microsystems CMS GmbH, Mannheim, Germany) was used to observe GFP fluorescence in protoplasts to determine the subcellular localization of GhGT23.



Transformation of Arabidopsis plants

The expression plasmid pBin::GhGT23 was transformed into Agrobacterium strain GV3101 using the electroporation method (Mersereau et al., 1990) and transformed into Arabidopsis using the floral dip method (Clough and Bent, 2010). Transgenic seedlings were screened for resistance to kanamycin (50 μg/mL) and cephamycin (25 μg/mL) on 1/2 MS agar medium, and gene insertion was confirmed by PCR. Three homozygous T3 plants with the highest transgene expression were kept for subsequent experiments.



RNA extraction and quantitative real-time PCR

Total RNA was extracted from cotton plant tissues using the Biospin plant total RNA extraction kit (Bioer, Hangzhou, China). TRIzol reagent (Transgen, Beijing, China) was used to extract total RNA from transgenic Arabidopsis plants according to the manufacturer’s instructions. The quality and quantity of RNA were evaluated using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA integrity was determined by electrophoresis on 1.2% agarose gels stained with ethidium bromide. First-strand cDNA was synthesized from total RNA (4 µg) using M-MLV reverse transcriptase and an oligo (dT) primer according to the manufacturer’s instructions (Promega, Madison, WI, USA). Relative gene expression levels were calculated using the 2−ΔΔCT formula (Livak and Schmittgen, 2001). in triplicate using independent cDNA samples. All gene information and primers used in the qPCR analysis are listed in Supplementary Table S1.



Transcriptional activation assay in Arabidopsis protoplasts

GhGT23 was cloned in-frame with the DNA-binding domain of Gal4 in pGAL4 DBD to create pGAL4 DBD : GhGT23 (Hao et al., 2010). Plasmid pGAL4 DBD : GhGT23 was co-transfected with reporter GAL4::Luc into Arabidopsis protoplasts by PEG-mediated transformation. Luminescence from luciferase was detected using the Dual-Luciferase Reporter® assay system (Promega) and GloMax 20/20 microplate luminometer (Promega). The VP16 activation domain in pBD was used as a positive control, and GAL4 DBD was used as a negative control.



Electrophoretic mobility shift assay (EMSA)

GhGT23 was cloned in-frame with the glutathione S-transferase (GST) tag in pGEX6p-1. The resulting plasmid was then transformed into Escherichia coli BL21 (DE3) cells to express the GST-GhGT23 fusion protein. The GST-GhGT23 protein was purified by glutathione Sepharose 4B affinity chromatography (GE Healthcare, Chicago, IL, USA). All double-stranded DNA fragments used in the EMSA were synthesized as single-stranded oligonucleotides in complementary pairs by TakaRa (Da Lian). Single-stranded oligonucleotides were annealed to form double-stranded DNA by mixing in equal ratios (4 μM each) in 50 mM NaCl buffer, heating to 70 °C for 5 min, and slowly cooling to room temperature. The EMSA was performed using digoxigenin-labeled probes as previously described, whereas the competitor control consisted of double-stranded DNA without digoxigenin-labeling (Song et al., 2013). All oligonucleotide sequences are presented in Figure 1A.




Figure 1 | In vitro DNA-binding activity of GhGT23. (A) Sequences of the GT and MYB elements used in the electrophoretic mobility shift assay (EMSA) are shown. (B) Recombinant GhGT23 protein was incubated with the DNA probes listed in (A) in the presence or absence of a competitor. The red arrows indicate the band corresponding to the GhGT23/DNA complex.





Analysis of transgenic plants under salt and drought conditions

Seeds from the three homozygous T3 lines overexpressing GhGT23 (L24, L29, and L36) and Arabidopsis ecotype Columbia (WT) were used for phenotypic analyses. For salt stress assays using green seedlings, seeds were plated on 1/2 MS medium containing 150 mM NaCl. The plates were stratified at 4°C for 3 days before being placed in a growth chamber set to 23°C with a 16-h/8-h light/dark cycle. The effects on seedling morphogenesis were observed after 16 days of growth, and the percentage of green seedlings was determined. For salt treatment, 12-day-old seedlings were transferred into 100% vermiculite saturated with 200 mM NaCl. After 12 days, seedlings were transferred into vermiculite without NaCl to recover from the salt stress. The survival rates of WT and transgenic plants were recorded after three days of recovery. Drought treatment was conducted by transferring 5-day-old seedlings to 1/2 MS medium supplemented with 300 mM mannitol. Treated and non-treated seedlings were transferred to vermiculite after 20 days to recover before determining the plant survival rate. Drought stress was administered by withholding water from 12-day-old seedlings for 30 days. Images of the plants were taken, and the survival rate was calculated, after re-watering for 3 days.

Root growth in response to salt and drought stress was assessed by germinating seeds on 1/2 MS medium and transferring 4-day-old seedlings to 1/2 MS medium supplemented with 135 mM NaCl or 300 mM mannitol. Seedlings were placed vertically in a growth chamber set to 23°C with a 16-h/8-h light/dark cycle. Images of the plants were taken after 15 days, and the primary root length was measured. Each sample contained eight seedlings, and the experiments were repeated three times with consistent results.



Statistical analysis

Microsoft Excel 2020 and SPSS v18.0 software were used for data analysis. Differences between groups were tested using one-way analysis of variance (ANOVA), followed by Duncan’s multiple comparison test at p < 0.05.




Results


Phylogenetic and sequence analysis of GhGT23

GhGT23 (GenBank accession number: JQ013095) was PCR-amplified from a cDNA library created from RNA collected from cotton cotyledons. The coding sequence (CDS) lengths of GhGT23 were 1125 bp. The GhGT23 protein consisted of 375 amino acids, with a molecular weight of 40.90 kDa and an isoelectric point of 9.42. SMART analysis revealed the presence of one SANT (Swi3, Ada2, N-Cor, and TFIIB) domain between amino acids 47 and 113 of GhGT23 (Figure 2A). A phylogenetic tree was constructed using GhGT23 and its homologs from cotton, soybean, Arabidopsis, and rice. The phylogenetic tree revealed that GhGT23 falls into the SIP subfamily of TTFs and is most closely related to Arabidopsis AtASIL1 and AtASIL1 (Figure 2B). Multiple sequence alignment between the same proteins used in the phylogenetic analysis confirmed that the SANT domain of GhGT23 is rich in basic, acidic, and proline residues within the tandem helices (Figure 2C). The conserved residues that were part of the tryptophan repeat within the tandem helices consisted of W-L-W-E-V, which is expected for SIP subfamily members. These results suggest that GhGT23 is a member of the SIP subfamily of TTFs.




Figure 2 | Schematic representation, phylogenetic analysis, and amino acid sequence alignment of GhGT23. (A) Schematic diagram of the GhGT23 protein with the SANT domain highlighted between residues 47 and 113. (B) Phylogenetic analysis of GhGT23 with other TTFs. The analysis was performed using MEGA 6.0 with the neighbor joining method and 1000 replicates. Numbers on the figure are bootstrap values. The sequences are from rice (Oryza sativa), soybean (Glycine max), and Arabidopsis (Arabidopsis thaliana) plants. GT-1 clade: AtGT-1 (At1g13450), AtGT-4 (At3g25990), OsRML1 (AL627350); GT-2 clade: AtGT-2 (At1g76890), AtGTL1 (At1g33240), AtGT2L (At5g28300), AtPTL (At5g03680), GmGT-2A (EF221753), GmGT-2B (EF221754), PtaGTL1 (JN113092); SH4 clade: AtSH4-like1 (At2g35640), AtSH4-like2 (At1g31310); GT clade: OsGT-1 (Os02g33770), OsGT-2 (Os11g06410), OsGT-3 (Os12g06640); and SIP clade: AtASIL1 (At1g54060), AtASIL2(At3g14180), GhGT23. (C) Multiple sequence alignment of the SANT domain from the TTFs in (B). * indicates a completely conserved amino acid residue; indicates a partially conserved amino acid. The dotted line denotes helices in the trihelix DNA-binding domain.





GhGT23 is highly expressed in cotton fibers and is influenced by abiotic stress

GhGT23 expression was monitored over time using qRT-PCR in cotton plants subjected to salt stress, drought stress, cold stress, and ABA treatment. The results were shown in Figure 3A, for all treatments, GhGT23 expression decreased within the first hour after the treatment was administered. Plants subjected to salt and drought stress had peak GhGT23 expression at 3 h, followed by a gradual decline. GhGT23 expression remained relatively unchanged in plants exposed to 1 h of cold stress, which never reached the 0-h expression level. Plants treated with ABA recovered the GhGT23 expression level and even exceeded the 0-h expression level at 12 h. Although GhGT23 was expressed in all cotton plant tissues, it was substantially higher in cotton fibers at 12 DPA than in the other tissues sampled (Figure 3B).




Figure 3 | The expression of the GhGT23 gene in response to different stresses and ABA treatment as well as in different tissue types. (A) Expression of GhGT23 in cotton seedlings in response to ABA treatment and different stresses. The 0-h expression level was artificially set to 1. (B) GhGT23 expression in various cotton plant tissues. The expression of GhGT23 in the root was artificially set to 1. DPA, days post-anthesis. Different letters indicate significant differences (p < 0.05) determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 is localized to the nucleus

The subcellular localization for GhGT23 was predicted using Psort (http://www.psort.org/), which was anticipated as it is a TTF family member. The subcellular localization was confirmed by fusing GhGT23 to the 5’-end of GFP in the pBI221 vector and using confocal laser scanning microscopy to observe GFP fluorescence in Arabidopsis protoplasts (Figure 4A). Approximately 17 h post-transfection, green fluorescence was observed in the nucleus and cytoplasm of protoplasts expressing the free GFP control, whereas fluorescence in protoplasts expressing GhGT23:GFP was restricted to the nucleus (Figure 4B). These results indicate that GhGT23 is localized to the nucleus, which is consistent with the prediction from Psort and its predicted role as a TTF.




Figure 4 | The subcellular localization of GhGT23 in Arabidopsis protoplasts. (A) Diagram of the GFP-fusion vector (35S::GhGT23:GFP) and control construct (35S::GFP) used in Arabidopsis protoplast transfections. (B) Transient expression of 35S::GhGT23:GFP and free 35S::GFP in Arabidopsis protoplasts. Green fluorescence from free GFP and GhGT23:GFP protein accumulation can be seen in the nucleus and cytoplasm of protoplasts. Chlorophyll autofluorescence is shown in red, and the periphery of the protoplasts can be seen in the brightfield images. Images were taken using a laser scanning confocal microscope with the following filters: GFP (excitation 488 nm; emission 509 nm) and chlorophyll autofluorescence (excitation 448 nm; emission 647 nm). Bars = 10 μm.





GhGT23 overexpression confers enhanced salt stress tolerance in Arabidopsis

Three independent T3 transgenic Arabidopsis lines with the highest expression of GhGT23 (L24, L29, and L36) were subjected to 150 mM NaCl to determine if GhGT23 overexpression could enhance salt stress tolerance (Figures 5A, B). Seeds from WT, L24, L29, and L36 plants were sown on 1/2 MS agar plates with and without 150 mM NaCl. After 16 days of growth, plants were phenotyped and green seedlings were counted. No differences in growth were observed between WT and transgenic plants in the absence of NaCl. However, transgenic seedlings were much greener than WT seedlings in the presence of 150 mM NaCl (Figure 5C). The percentage of seedlings that were still green following salt stress were 77.78%, 95.19%, 93.46%, and 52.10% in L24, L29, L36, and WT lines, respectively (Figure 5D).




Figure 5 | The survival rate of Arabidopsis GhGT23-overexpressing lines exposed to 150 mM NaCl on 1/2 MS agar plates. (A) Diagram of the GhGT23-overexpression cassette. (B) Quantification of GhGT23 transgene expression in Arabidopsis transgenic lines. (C) Quantification of the seedling survival rate in WT and transgenic lines after 16 days of growth on 1/2 MS agar supplemented with 150 mM NaCl. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05), which were determined using ANOVA, followed by Duncan’s multiple comparison test. (D) Images of WT and transgenic lines taken after 16 days of growth on 1/2 MS agar with and without 150 mM NaCl.



To better replicate real-world salt stress, 12-day-old seedlings were transplanted into vermiculite saturated with 200 mM NaCl. Seedlings were removed after 12 days and transplanted in soil lacking NaCl to recover. The survival rate of WT and transgenic plants was assessed after a 3-day recovery period. No significant difference was observed between WT and transgenic plants under normal conditions (Figure 6A). However, the survival rates of the transgenic lines were approximately 3-4 times longer than the WT line when plants were treated with 200 mM NaCl (Figure 6B). Taken collectively, these results demonstrate that GhGT23 overexpression in Arabidopsis conferred enhanced salt stress tolerance in vitro and in vivo.




Figure 6 | The survival rate of Arabidopsis GhGT23-overexpressing lines exposed to 200 mM NaCl in vermiculite. (A) Images of WT and transgenic lines taken after 12 days of growth in vermiculite with and without 200 mM NaCl. (B) Quantification of the survival rates of WT and transgenic lines in panel (A). Each bar represents the average of three experiments with 36 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05) which were determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 overexpression confers enhanced drought tolerance in Arabidopsis

Drought tolerance in the GhGT23 transgenic lines was assessed by plating 5-day-old seedlings on 1/2 MS agar with and without 300 mM mannitol. No differences in growth were observed between WT and transgenic plants in the absence of mannitol. After 20 days of growth on media containing mannitol, WT and transgenic plants were smaller with brown and yellow leaves compared to the non-treated plants. These phenotypes were more severe in WT plants (Figure 7A). Treated and non-treated seedlings were transferred into pots containing vermiculite without mannitol to allow surviving plants to recover (Figure 7B). The survival rate of the WT and transgenic lines was assessed after a 20-day recovery period. Wild-type Arabidopsis plants had a 20.83% survival rate, whereas L24, L29, and L36 had survival rates of 45.14%, 42.36%, and 46.53%, respectively (Figure 7C). These results indicate that overexpression of GhGT23 in Arabidopsis confers enhanced drought stress tolerance.




Figure 7 | The effect of GhGT23 overexpression on Arabidopsis in response to drought-simulating mannitol treatment. (A) Images of WT and transgenic Arabidopsis plants overexpressing GhGT23 (L24, L29, and L36) 12-days after being transferred to 1/2 MS agar with and without 300 mM mannitol.  (B) Images of WT and transgenic Arabidopsis plants treated with 300 mM mannitol, followed by a 20-day recovery period in vermiculite. (C) Survival rates of WT and transgenic plants after a 20-day recovery period from mannitol treatment. Each bar represents the average of three experiments with 36 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05), which were determined using ANOVA, followed by Duncan’s multiple comparison test.



To better simulate real-world drought stress, 12-day-old seedlings were not watered for 30 days. At the end of the 30-day drought period, plants were watered, and images were taken after 3 days to assess plant survival. No difference between the WT and transgenic plants was observed in the absence of drought, but all plants were severely dwarfed and wilted at the end of the 30-day drought period (Figure 8A). However, these phenotypes were less severe in the transgenic lines, and 3 days after watering, the transgenic lines completely recovered, while only 60% of the WT plants survived (Figures 8A, B). These results show that overexpressing the cotton GhGT23 gene in transgenic Arabidopsis plants increases drought tolerance.




Figure 8 | The effect of GhGT23 overexpression on Arabidopsis in response to 30-day drought treatment. (A) Images of WT and transgenic Arabidopsis plants overexpressing GhGT23 (L24, L29, and L36) 30 days after a normal watering schedule (control) and drought. Plants were also imaged 3 days after being watered at the end of the drought period. (B) Survival rates of WT and transgenic plants after a 3-day recovery period from drought treatment. Each bar represents the average of three experiments with 64 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05), which were determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 overexpression sustains root growth in Arabidopsis upon salt and drought stress

In addition to the effects of salt and drought stress on shoot development, these stresses can also adversely affect root development. We sought to determine if the roots of transgenic GhGT23-expressing Arabidopsis seedlings were more resistant to NaCl and mannitol than WT plants. In the absence of either stress, the root lengths of WT and transgenic plants were the same, but when plants were raised on 1/2 MS agar containing 135 mM NaCl or 300 mM mannitol the root lengths of all lines decreased significantly (Figure 9). However, root length reduction in the presence of these stresses was significantly less severe in the transgenic plants (Figure 9). These results largely mirror the effects of salt and drought stress on shoots and provide additional evidence that overexpression of GhGT23 in Arabidopsis confers enhanced tolerance against these stresses.




Figure 9 | The effects of salt and mannitol stress on root length in Arabidopsis GhGT23-overexpressing lines. (A) Root images from plants growing on 1/2 MS agar, 1/2 MS agar supplemented with 135 mM NaCl, and 1/2 MS agar supplemented with 300 mM mannitol. (B) Quantification of primary root lengths from plants growing on 1/2 MS agar with and without 135 mM NaCl and 300 mM mannitol. Each bar represents the average of three experiments with 24 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05) which were determined using ANOVA, followed by Duncan’s multiple comparison test. Each data point is the average of three experiments, with each experiment consisting of 48 plants.





Stress-responsive genes are upregulated in GhGT23-transgenic plants

Plants have evolved a variety of regulatory mechanisms for drought adaptation, and the regulation of hormones, especially abscisic acid (ABA), is one of the most important strategies (Drake et al., 2013) When plants are subjected to drought stress, ABA levels increase with the severity of drought stress (Bhusal et al., 2019). We hypothesized that GhGT23 may promote salt and drought tolerance in transgenic Arabidopsis plants by regulating genes involved in plant stress responses. To test this hypothesis, we analyzed the expression levels of ABA-responsive, cold and drought stress-tolerance-related genes.The expression levels of 11 abiotic stress-responsive genes: DREB1B, COR6.6, COR47, RD22, SAP18, COR15A, DREB2A, DREB2B, STZ, AP2, and DREB2C were higher in transgenic plants overexpressing GhGT23 than in WT plants (Figure 10).




Figure 10 | The expression of stress-related genes in WT and transgenic Arabidopsis lines overexpressing GhGT23. Each bar represents the average of three experiments with 12 plants used in each experiment. The expression of stress-related genes in WT plant was set to 1 as control. Different letters indicate significant differences between the control plants and transgenic lines from the same gene which were determined using ANOVA, followed by Duncan’s multiple comparison test (p < 0.05).





GhGT23 has no transcriptional activation activity as revealed by dual-luciferase assay

Transcription factors can activate or repress the expression of the genes that they regulate. To determine if GhGT23 can activate transcription, we performed a dual-luciferase reporter assay in Arabidopsis protoplasts. Firefly luciferase expression was regulated by a promoter consisting of five tandem GAL4 binding sites and the minimal TATA region of the cauliflower mosaic virus (CaMV) 35S promoter (Figure 11A). GhGT23 was expressed downstream and in-frame with the yeast GAL4 DNA-binding domain (GAL4DBD) and expression of the GhGT23:GAL4DBD fusion gene was driven by a 35S promoter (Figure 11A). Expression of GAL4DBD alone served as a negative control, whereas VP16 served as a positive control for the activation of luciferase expression. Renilla luciferase expression driven by a 35S promoter served as an internal control. The GAL4 reporter vector and Renilla luciferase internal control vector were co-transfected with each of the three effector vectors into Arabidopsis protoplasts. Interestingly, we found that GhGT23:GAL4DBD expression did not activate luciferase expression, suggesting that GhGT23 is a TTF that may lack transcriptional activation activity (Figure 11B).




Figure 11 | Assessing the transcriptional activity of GhGT23 with a dual-luciferase reporter assay. (A) Diagram of the reporter and effector constructs used in the dual-luciferase reporter assay to assess the transcriptional activity of GhGT23. The GAL4 reporter was co-transfected with Renilla luciferase and each of the three effectors. (B) Luminescence from luciferase was quantified to assess the transcriptional activity of GhGT23. Each bar represents the average of three experiments. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05) which were determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 binds GT and MYB promoter elements in vitro

TTFs bind GT cis-elements in the promoters of target genes to activate or repress gene expression. Variations exist in the sequences of GT elements, and each TTF subfamily has a preference for the specific GT element that they bind. The GT-1 and GT-3 subfamilies have a single DNA-binding domain that specifically binds the Box II element (5’-GTGTGGTTAATATG-3’) and 5’-GTTAC-3’ motif. Members of the GT-2 subfamily have two DNA-binding domains that can bind to GT2-Box (5’-GCGGTAATTAA-3’) and GT3-Box (5’-GAGGTAAATCCGCGA-3’) elements (Xie et al., 2009; Kaplan-Levy et al., 2012). An electrophoretic mobility shift assay (EMSA) was performed to determine if GhGT23 could bind to several known GT and MYB elements (Figure 1A). We found that the GhGT23 protein could bind to the GT elements GT-1Box (Box II), GT2-Box, GT3-Box, Box, GT-3a (Site1-type), and GT-3b and the MYB elements MBS1 and MRE4 (Figure 1B). Although GhGT23 could bind to every GT element and two of the MYB elements tested, we did not observe binding to the MYB elements MRE1 and MRE3. These results are interesting because they suggest that GhGT23 is more promiscuous than most TTFs in its ability to bind diverse GT and MYB elements.




Discussion

Due to the reduction of arable land worldwide, cotton production has had to compete with grain production over shrinking sources of quality farmland. One strategy for the sustained production of cotton is to develop varieties that can grow in saline-alkali soil that is unsuitable for grain production. Current research efforts are focused on improving abiotic stress tolerance in cotton through genetic engineering of key regulators in stress response pathways. Common targets for engineering are key transcription factors that regulate the expression of downstream stress-response genes (Liu et al., 2022; Zhang et al., 2022). Recent studies of TTF family members in diverse plant species have revealed that these transcription factors are involved in plant responses to abiotic stresses such as salt and drought. A previous study by our lab identified GhGT23 as a TTF in cotton that is differentially expressed in response to multiple abiotic stresses (Li et al., 2013). In this study, we further characterize the function of GhGT23 in salt and drought stress in transgenic Arabidopsis lines overexpressing GhGT23.

GhGT23 was cloned from upland cotton, and a SMART analysis of the protein sequence identified a single SANT domain (Figure 2A). The SANT domain is multifunctional and participates in both protein-protein and protein-DNA interactions; it is closely related to enzymatic activity and substrate affinity (Boyer et al., 2002; Boyer et al., 2004; Engel et al., 2018). Phylogenetic analysis revealed that GhGT23 falls within the SIP subfamily of TTFs along with Arabidopsis AtASIL1 and AtASIL2 (Figure 2B). AtSIL1 and AtSIL2 are involved in stem cell regulation, embryo patterning, and the transition from vegetative to reproductive growth in Arabidopsis, but no role in abiotic stress tolerance has been described for these TTFs (Willmann et al., 2011; Luo et al., 2012). Members of other TTF subfamilies, such as Arabidopsis AST1 and Brassica napus BnSIP1-1, do regulate the expression of downstream genes that promote enhanced tolerance to salt, osmotic, and drought stress (Luo et al., 2017; Xu et al., 2018). We demonstrated that GhGT23 expression was affected by salt, drought, cold, and ABA treatments, and GhGT23 was highly expressed under non-stressed conditions in cotton fibers (Figures 3A, B). The nuclear localization of GhGT23 we observed in Arabidopsis protoplasts provided additional evidence that this is a novel cotton TTF in the SIP subfamily that may regulate abiotic stress responses through an ABA-dependent signaling pathway (Figure 4).

Generating stable transgenic cotton plants is challenging due to cost, time, and technical difficulties. As a cheaper, quicker, and easier alternative, TTFs from soybean and poplar have been successfully expressed in Arabidopsis to study their role in abiotic stress responses (Xie et al., 2009; Weng et al., 2012). We generated stable transgenic Arabidopsis lines overexpressing GhGT23 to gain further insight into the biological function of this TTF. These transgenic Arabidopsis lines had enhanced above-ground tolerance to salt and drought stress in both in vivo and in vitro assays (Figures 5–8). Additionally, the primary roots of Arabidopsis expressing GhGT23 were longer than those of WT plants upon salt and drought stress (Figure 9). These results demonstrate that overexpression of GhGT23 confers enhanced salt and drought stress tolerance in a heterologous system.

To gain further insight into the molecular mechanism underlying improved salt and drought tolerance in the GhGT23-overexpressing Arabidopsis lines, we selected some stress marker genes in Arabidopsis and monitored their expression in WT and transgenic lines after 7-day salt exposure. We noticed a significant increase in the expression of DREB1B, COR6.6, COR47, RD22, SAP18, COR15A, DREB2A, DREB2B, STZ, AP2, and DREB2C (Figure 10). Dehydration-responsive element-binding (DREB) proteins are transcription factors involved in cold, drought, and salt stress response pathways (Maruyama et al., 2004; Lee et al., 2005; Oh et al., 2005; Matsukura et al., 2010; Lei et al., 2016). The Arabidopsis DREB-like transcription factors have been shown to regulate the expression of downstream stress-related genes including HsfA3, rd29A/cor78, kin1, kin2, cor6.6/kin2, cor15a, cor47/rd17, and erd10 to improve the tolerance of multiple stresses in transgenic plants (Liu et al., 1998; Seki et al., 2001; Maruyama et al., 2004; Zhao et al., 2007). Part of their function is to regulate the expression of cold-responsive genes that are involved in stress tolerance. AtSTZ is a positive regulator of salt stress tolerance, whereas AtSAP18 is a negative regulator of drought and salt stress tolerance in Arabidopsis (Sakamoto et al., 2000; Sakamoto et al., 2004). These results demonstrate that overexpression of GhGT23 in Arabidopsis broadly affects the expression of many genes involved in plant abiotic stress tolerance.

The results of the dual-luciferase reporter assay indicated that GhGT23 does not have the ability to activate transcription on its own in Arabidopsis protoplasts (Figure 11). However, our EMSA results demonstrated that GhGT23 can bind all six of the GT elements tested and two out of four MYB elements tested (Figure 1). This was an unexpected discovery because TTFs are typically very selective for the cis-elements that they bind. These results also raise an interesting question regarding the function of GhGT23. If GhGT23 is not a transcriptional activator, what purpose does it have in binding GT and MYB elements? It is possible that GhGT23 is a transcriptional repressor or perhaps a transcriptional activator that requires other proteins in cotton that are not conserved in Arabidopsis.



Conclusions

In this study, we cloned and characterized GhGT23, a novel TTF in cotton and a member of the SIP subfamily. We observed that the expression of GhGT23 is influenced by drought, salt, cold, and ABA treatments. Remarkably, Arabidopsis transgenic lines overexpressing GhGT23 exhibit enhanced tolerance of salt and drought stress, which results in better above-ground and below-ground growth in the presence of these stresses. We also found that GhGT23 overexpression increases the expression of multiple downstream stress-related genes in Arabidopsis, and the GhGT23 protein binds to diverse GT and MYB cis-elements. Interestingly, GhGT23 does not exhibit transcriptional activation activity, which brings into question the biological significance of GhGT23 binding to GT and MYB cis-elements. It is possible that GhGT23 functions as a transcriptional repressor or requires post-translational modifications performed by proteins in cotton that are not conserved in Arabidopsis. Future studies addressing these questions will reveal more about the molecular mechanism through which GhGT23, and possibly other SIP subfamily members, regulate plant stress responses.



Data availability statement

The raw sequence data reported in this study have been deposited into the National Center for Biotechnology Information Sequence Read Archive (GhGT23 GenBank accession number: JQ013095).



Author contributions

YL and ZX designed the research. YL, ZH, and YD performed the research. YL and ZX analyzed the data. YL wrote the paper and ZX supervised the project. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by a grant from the Ministry of Agriculture of China (2009ZX08009-090B).



Acknowledgments

We thank A&L Scientific Editing (www.alpublish.com) for its linguistic assistance during the preparation of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1144650/full#supplementary-material



References

 Ayadi, M., Delaporte, V., Li, Y. F., and Zhou, D. X. (2004). Analysis of GT-3a identifies a distinct subgroup of trihelix DNA-binding transcription factors in Arabidopsis. FEBS Lett. 562, 147–154. doi: 10.1016/s0014-5793(04)00222-4

 Basu, S., Ramegowda, V., Kumar, A., and Pereira, A. (2016). Plant adaptation to drought stress. F1000Res 5, 1554. doi: 10.12688/f1000research.7678.1

 Bhusal, N., Han, S. G., and Yoon, T. M. (2019). Impact of drought stress on photosynthetic response, leaf water potential, and stem sap flow in two cultivars of bi-leader apple trees (Malus×domestica borkh.). Sci. Hortic. 246, 535–543. doi: 10.1016/j.scienta

 Boyer, L. A., Langer, M. R., Crowley, K. A., Tan, S., Denu, J. M., and Peterson, C. L. (2002). Essential role for the SANT domain in the functioning of multiple chromatin remodeling enzymes. Mol. Cell 10, 935–942. doi: 10.1016/S1097-2765(02)00634-2

 Boyer, L. A., Latek, R. R., and Peterson, C. L. (2004). The SANT domain: a unique histone-tail-binding module? Nat. Rev. Mol. Cell Biol. 5, 158–163. doi: 10.1038/nrm1314

 Chen, P. Y., Wang, C. K., Soong, S. C., and To, K. Y. (2003). Complete sequence of the binary vector pBI121 and its application in cloning T-DNA insertion from transgenic plants. Mol. Breed. 11, 287–293. doi: 10.1023/A:1023475710642

 Clough, S. J., and Bent, A. F. (2010). Floral dip: a simplified method for agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x.1998.00343.x

 Dehesh, K., Bruce, W. B., and Quail, P. H. (1990). A trans-acting factor that binds to a GT-motif in phytochrome gene promoter. Science 25, 1397–1399. doi: 10.1126/science.2255908

 Dehesh, K., Hung, H., Tepperman, J. M., and Quail, P. H. (1992). GT-2: A transcription factor with twin autonomous DNA-binding domains of closely related but different target sequence specificity. EMBO J. 11, 4131–4144. doi: 10.1002/j.1460-2075.1992.tb05506.x

 Drake, P. L., Froend, R. H., and Franks, P. J. (2013). Smaller, faster stomata: scaling of stomatal size, rate of response, and stomatal conductance. J. Exp. Bot. 64, 495–505. doi: 10.1093/jxb/ers347

 Du, H. W., Huang, M., and Liu, L. (2016). The genome wide analysis of GT transcription factors that respond to drought and water logging stresses in maize. Euphytica 208, 113–122. doi: 10.1007/s10681-015-1599-5

 Engel, C., Neyer, S., and Cramer, P. (2018). Distinct mechanisms of transcription initiation by RNA polymerases I and II. Annu. Rev. Biophys. 47, 425–446. doi: 10.1146/annurev-biophys-070317-033058

 Erum, Y., Muhammad, R., Shaiq, S., Furrukh, A., Amjad, A., Kashif, R., et al. (2016). Genome-wide analysis of trihelix transcription factor gene family in Arabidopsis thaliana. Pak J. Agric. Sci. 53, 439–448. doi: 10.21162/pakjas/16.3347

 Eyal, Y., Curie, C., and McCormick, S. (1995). Pollen specificity elements reside in 30 bp of the proximal promoters of two pollen-expressed genes. Plant Cell 7, 373–384. doi: 10.1105/tpc.7.3.373

 Fang, Y. J., Xie, K. B., Hou, X., Hu, H. H., and Xiong, L. Z. (2010). Systematic analysis of GT factor family of rice reveals a novel subfamily involved in stress responses. Mol. Genet. Genomics 283, 157–169. doi: 10.1007/s00438-009-0507-x

 Green, P. J., Kay, S. A., and Chua, N. H. (1987). Sequence-specific interactions of a pea nuclear factor with light-responsive elements upstream of the rbcS-3A gene. EMBO J. 6, 2543–2549. doi: 10.1002/j.1460-2075.1987.tb02542.x

 Hao, Y. J., Song, Q. X., Chen, H. W., Zou, H. F., Wei, W., Kang, X. S., et al. (2010). Plant NAC-type transcription factor proteins contain a NARD domain for repression of transcriptional activation. Planta 232, 1033–1043. doi: 10.1007/s00425-010-1238-2

 Kaplan-Levy, R. N., Brewer, P. B., Quon, T., and Smyth, D. R. (2012). The trihelix family of transcription factors-light, stress and development. Trends Plant Sci. 17, 163–171. doi: 10.1016/j.tplants.2011.12.002

 Kaplan-Levy, R. N., Quon, T. O., Brien, M., Sappl, P. G., and Smyth, D. R. (2014). Functional domains of the PETAL LOSS protein, a trihelix transcription factor that represses regional growth in Arabidopsis thaliana. Plant J. 79, 477–491. doi: 10.1111/tpj.12574

 Kuhn, R. M., Caspar, T., Dehesh, K., and Quail, P. H. (1993). DNA-Binding factor GT-2 from Arabidopsis. Plant Mol Biol. 23, 337–348. doi: 10.1007/bf00029009

 Lawton, M. A., Dean, S. M., Dron, M., Kooter, J. M., Kragh, K. M., Harrison, M. J., et al. (1991). Silencer region of a chalcone synthase promoter contains multiple binding sites for a factor, SBF-1, closely related to GT-1. Plant Mol. Biol. 16, 235–249. doi: 10.1007/bf00020555

 Lee, B. H., Henderson, D. A., and Zhu, J. K. (2005). The Arabidopsis cold-responsive transcriptome and its regulation by ICE1. Plant Cell 17, 3155–3175. doi: 10.1105/tpc.105.035568

 Lei, G., Zhang, Y. M., Zhang, M. S., Li, T., Dirk, L. M. A., Downie, B., et al. (2016). ZmGOLS2, a target of transcription factor ZmDREB2A, offers similar protection against abiotic stress as ZmDREB2A. Plant Mol. Biol. 90, 157–170. doi: 10.1007/s11103-015-0403-1

 Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme weather disasters on global crop production. Nature 529, 84–87. doi: 10.1038/nature16467

 Li, P., Li, Z. X., Xie, G. N., and Zhang, J. R. (2021). Trihelix transcription factor ZmThx20 is required for kernel development in maize. Int. J. Mol. Sci. 22, 12137. doi: 10.3390/ijms222212137

 Li, Y., Hu, Z., Dong, Y. M., and Xie, Z. M. (2022). Trihelix transcriptional factor GhGT26 of cotton enhances salinity tolerance in Arabidopsis. Plants 11, 2694. doi: 10.3390/plants11202694

 Li, Y., Sun, J., Xie, Z. M., Li, Q. S., Si, A. J., and Chen, S. Y. (2013). Expression profiling of cotton (Gossypium hirsutum l.) trihelix genes responsive to abiotic stresses. Sci. Agric. Sin. 46, 1946–1955. doi: 10.3864/j.issn.0578-1752.2013.09.023

 Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K., et al. (1998). Two transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA binding domain separate two cellular signal transduction pathways in drought- and low-temperature-responsive gene expression, respectively, in Arabidopsis. Plant Cell 10, 1391–1406. doi: 10.1105/tpc.10.8.1391

 Liu, T., Chen, T., Kan, J., Yao, Y., Guo, D., Yang, Y., et al. (2022). The GhMYB36 transcription factor confers resistance to biotic and abiotic stress by enhancing PR1 gene expression in plants. Plant Biotech. J. 20, 722–735. doi: 10.1111/pbi.13751

 Liu, X. S., Wu, D. C., Shan, T. F., Xu, S. B., Qin, R. Y., Li, H., et al. (2020). The trihelix transcription factor OsGTgamma-2 is involved adaption to salt stress in rice. Plant Mol. Biol. 103, 545–560. doi: 10.1007/s11103-020-01010-1

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCt method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Llorca, C. M., Potschin, M., and Zentgraf, U. (2014). bZIPs and WRKYs: two large transcription factor families executing two different functional strategies. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00169

 Lu, H. J., Li, Z. Y., He, Z. H., Wang, Y. C., and Ji, X. Y. (2019). Research progress on response of plant trihelix transcription factor to abiotic stress. Mol. Breeding 17, 3241–3246. doi: 10.1007/s11738-017-2518-2

 Luo, J. L., Tang, S. H., Mei, F. L., Peng, X. J., Li, J., Li, X. F., et al. (2017). BnSIP1-1, a trihelix family gene, mediates abiotic stress tolerance and ABA signaling in Brassica napus. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00044

 Luo, L. L., Zhao, N., and Lu, C. M. (2012). Plant trihelix transcription factors family. Hereditas 34, 1551–1560. doi: 10.3724/SP.J.1005.2012.01551

 Maruyama, K., Sakuma, Y., Kasuga, M., Yto, Y., Seki, M., Godi, H., et al. (2004). Identification of cold-inducible downstream genes of the Arabidopsis DREB1A/CBF3 transcriptional factor using two microarray systems. Plant J. 38, 982–993. doi: 10.1111/j.1365-313x.2004.02100.x

 Matsukura, S., Mizoi., J., Yoshida, T., Todaka, D., Ito, Y., Maruyama, K., et al. (2010). Comprehensive analysis of rice DREB2-type genes that encode transcription factors involved in the expression of abiotic stress-responsive genes. MGG 283, 185–196. doi: 10.1007/s00438-009-0506-y

 Mersereau, M., Pazour, G. J., and Das, A. (1990). Efficient transformation of Agrobacterium tumefaciens by electroporation. Gene 90, 149–151. doi: 10.1016/0378-1119(90)90452-w

 Naeem, M., Iqbal, M., Ul-Allah, S., Chaudhary, H. J., Nazeer, W., Ashraf, J., et al. (2021). Expression studies of stress responsive genes in cotton Gossypium hirsutum l. Mol. Biol. Rep. 48, 7077–7085. doi: 10.1007/s11033-021-06696-0

 Oh, S. J., Song, S. I., Kim, Y. S., Jang, H. J., Kim, S. Y., Kim, M., et al. (2005). Arabidopsis CBF3/DREB1A and ABF3 in transgenic rice increased tolerance to abiotic stress without stunting growth. Plant Physiol. 138, 341–351. doi: 10.1104/pp.104.059147

 Olsen, A. N., Ernst, H. A., Leggio, L. L., and Skriver, K. (2005). NAC transcription factors: structurally distinct, functionally diverse. Trends Plant Sci. 10, 79–87. doi: 10.1016/j.tplants.2004.12.010

 Osorio, M. B., Bücker-Neto, L., Castilhos, G., Turchetto-Zolet, A. C., Wiebke-Strohm, B., Bodanese-Zanettin, M. H., et al. (2012). Identification and in silico characterization of soybean trihelix-GT and bHLH transcription factors involved in stress responses. Genet. Mol. Biol. 35, 233–246. doi: 10.1590/s1415-47572012000200005

 Park, H. C., Kim, M. L., Kang, Y. H., Jeon, J. M., Yoo, J. H., Kim, M. C., et al. (2004). Pathogen and NaCl induced expression of the SCaM-4 promoter is mediated in part by a GT-1 box that interacts with a GT-1-like transcription factor. Plant Physiol. 135, 2150–2161. doi: 10.1104/pp.104.041442

 Pérez-Rodríguez, P., Riaño-Pachón, D. M., Corrêa, L. G. G., Rensing, S. A., Kersten, B., and Mueller-Roeber, B. (2010). PlnTFDB: updated content and new features of the plant transcription factor database. Nucleic Acids Res. 38, D822–D827. doi: 10.1093/nar/gkp805

 Qin, Y., Ma, X., Yu, G. H., Wang, Q., Wang, L., Kong, L. R., et al. (2014). Evolutionary history of trihelix family and their functional diversification. DNA Res. 21, 499–510. doi: 10.1093/dnares/dsu016

 Sakamoto, H., Araki, T., Meshi, T., and Iwabuchi, M. (2000). Expression of a subset of the Arabidopsis Cys(2)/His(2)-type zinc-finger protein gene family under water stress. Gene 248, 23–32. doi: 10.1016/s0378-1119(00)00133-5

 Sakamoto, H., Maruyama, K., Sakuma, Y., Meshi, T., Iwabuchi, M., Shinozaki, K., et al. (2004). Arabidopsis Cys2/His2-type zinc-finger proteins function as transcription repressors under drought, cold, and high-salinity stress conditions. Plant Physiol. 136, 2734–2746. doi: 10.1104/pp.104.046599

 Saleem, M. A., Malik, W., Qayyum, A., Ul-Allah, S., Ahmad, M. Q., Afzal, H., et al. (2021). Impact of heat stress responsive factors on growth and physiology of cotton (Gossypium hirsutum l.). Mol. Biol. Rep. 48, 1069–1079. doi: 10.1007/s11033-021-06217-z

 Seki, M., Narusaka, M., Abe, H., Kasuga, M., Yamaguchi-Shinozaki, K., Carninci, P., et al. (2001). Monitoring the expression pattern of 1300 Arabidopsis genes under drought and cold stresses by using a full-length cDNA microarray. Plant Cell 13, 61–72. doi: 10.1105/tpc.13.1.61

 Song, Q. X., Li, Q. T., Liu, Y. F., Zhang, F. X., Ma, B., Zhang, W. K., et al. (2013). Soybean GmbZIP123 gene enhances lipid content in the seeds of transgenic Arabidopsis plants. J. Exp. Bot. 64, 4329–4341. doi: 10.1093/jxb/ert238

 Song, A. P., Wu, D., Fan, Q. Q., Tian, C., Chen, S. M., Guan, Z. Y., et al. (2016). Transcriptome-wide identification and expression profiling analysis of chrysanthemum trihelix transcription factors. Plant Physiol. Biochem. 102, 198. doi: 10.3390/ijms17020198

 Villain, P., Clabault, G., Macke, R., and Zhou, D. X. (1994). S1F binding site is related to but different from the light-responsive GT-1 binding site and differentially represses the spinach rpsl promoter in transgenic tobacco. J. Biol. Chem. 269, 16626–16630. doi: 10.1016/0165-3806(94)90139-2

 Villain, P., Mache, R., and Zhou, D. X. (1996). The mechanism of GT element-mediated cell type-specific transcriptional control. J. Biol. Chem. 271, 32593–32598. doi: 10.1074/jbc.271.51.32593

 Wan, C. M., Li, C. M., Ma, X. Z., Wang, Y., Sun, C. H., Huang, R., et al. (2015). GRY79 encoding a putative metallo-β-lactamase-trihelix chimera is involved in chloroplast development at early seedling stage of rice. Plant Cell Rep. 34, 1353–1363. doi: 10.1007/s00299-015-1792-y

 Wang, X. H., Li, Q. T., Chen, H. W., Zhang, W. K., Ma, B., Chen, S. Y., et al. (2014). Trihelix transcription factor GT-4 mediates salt tolerance via interaction with TEM2 in Arabidopsis. BMC Plant Biol. 14, 339–367. doi: 10.1186/s12870-014-0339-7

 Wang, Z. C., Liu, Q. G., Wang, H. Z., Zhang, H. Z., Xu, X. M., Li, C. H., et al. (2016). Comprehensive analysis of trihelix genes and their expression under biotic and abiotic stresses in Populus trichocarpa. Sci. Rep. 6, 36274. doi: 10.1038/srep36274

 Weng, H., Yoo, C. Y., Gosney, M. J., Hasegawa, P. M., and Mickel-bart, M. V. (2012). Poplar GTL1 is a Ca2+/calmodulin-binding transcription factor that functions in plant water use efficiency and drought tolerance. PloS One 7, e32925. doi: 10.1371/journal.pone.0032925

 Willmann, M. R., Mehalick, A. J., Packer, R. L., and Jenik, P. D. (2011). MicroRNAs regulate the timing of embryo maturation in Arabidopsis. Plant Physiol. 155, 1871–1884. doi: 10.1104/pp.110.171355

 Wu, F. H., Shen, S. C., Lee, L. Y., Lee, S. H., Chan, M. T., and Lin, C. S. (2009). Tape-Arabidopsis sandwich-a simpler Arabidopsis protoplast isolation method. Plant Methods 5, 16. doi: 10.1186/1746-4811-5-16

 Xie, Z. M., Zou, H. F., Lei, G., Wei, W., Zhou, Q. Y., Niu, C. F., et al. (2009). Soybean trihelix transcription factors GmGT-2A and GmGT-2B improve plant tolerance to abiotic stresses in transgenic Arabidopsis. PloS One 4, e6898. doi: 10.1371/journal.pone.0006898

 Xu, H. Y., Shi, X. X., He, L., Guo, Y., Zang, D. D., Li, H. Y., et al. (2018). Arabidopsis thaliana trihelix transcription factor AST1 mediates salt and osmotic stress tolerance by binding to a novel AGAG-box and some GT motifs. Plant Cell Physiol. 59, 946–965. doi: 10.1093/pcp/pcy032

 Yang, W. Z., Hu, J. Y., Behera, J. R., Kilaru, A., Yuan, Y. P., Zhai, Y. H., et al. (2022). Corrigendum: A tree peony trihelix transcription factor PrASIL1 represses seed oil accumulation. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.847770

 Yoo, S. D., Cho, Y. H., and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: A versatile cell system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572. doi: 10.1038/nprot.2007.199

 Yoo, C. Y., Pence, H. E., Jin, J. B., Miura, K., Gosney, M. J., Hasegawa, P. M., et al. (2010). The Arabidopsis GTL1 transcription factor regulates water use efficiency and drought tolerance by modulating stomatal density via transrepression of SDD1. Plant Cell 22, 4128–4141. doi: 10.1105/tpc.110.078691

 Yu, C. Y., Cai, X. F., Ye, Z. B., and Li, H. X. (2015). Genome-wide identification and expression profiling analysis of trihelix gene family in tomato. Biochem. Biophys. Res. Commun. 468, 653–659. doi: 10.1016/j.bbrc.2015.11.010

 Yu, C. Y., Song, L. L., Song, J. W., Bo, O. Y., Guo, L. J., Shang, L. L., et al. (2018). ShCIGT, a trihelix family gene, mediates cold and drought tolerance by interacting with SnRK1 in tomato. Plant Sci. 270, 140–149. doi: 10.1016/j.plantsci.2018.02.012

 Zhang, B., Feng, C., Chen, L., Li, B., Zhang, X., and Yang, X. (2022). Identification and functional analysis of bzip genes in cotton response to drought stress. Int. J. Mol. Sci. 23, 14894. doi: 10.3390/ijms232314894

 Zhao, J., Ren, W., Zhi, D., Wang, L., and Xia, G. (2007). Arabidopsis DREB1A/CBF3 bestowed transgenic tall fescue increased tolerance to drought stress. Plant Cell Rep. 26, 1521–1528. doi: 10.1007/s00299-007-0362-3

 Zheng, X., Liu, H. P., Ji, H. T., Wang, Y. N., Dong, B. D., Qiao, Y. Z., et al. (2016). The wheat GT factor TaGT2L1D negatively regulates drought tolerance and plant development. Sci. Rep. 6, 27042. doi: 10.1038/srep27042

 Zhou, D. X. (1999). Regulatory mechanism of plant gene transcription by GT-elements and GT-factors. Trends Plant Sci. 6, 210–214. doi: 10.1016/s1360-1385(99)01418-1

 Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. doi: 10.1016/j


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Li, Hu, Dong and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1144650-g008.jpg
A wT L24 129 L36

B
Control
120
100
£ 80
|
30-day g 60
droughty E
= 40
7]

20

0

WI L24 L29 L36

3-day recovery

from drought






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Overexpression of the cotton trihelix transcription factor GhGT23 in Arabidopsis mediates salt and drought stress tolerance by binding to GT and MYB promoter elements in stress-related genes

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant material, growth conditions, and treatments

          



          		

            Gene cloning and sequence analysis

          



          		

            Subcellular localization of GhGT23

          



          		

            Transformation of Arabidopsis plants

          



          		

            RNA extraction and quantitative real-time PCR

          



          		

            Transcriptional activation assay in Arabidopsis protoplasts

          



          		

            Electrophoretic mobility shift assay (EMSA)

          



          		

            Analysis of transgenic plants under salt and drought conditions

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Phylogenetic and sequence analysis of GhGT23

          



          		

            GhGT23 is highly expressed in cotton fibers and is influenced by abiotic stress

          



          		

            GhGT23 is localized to the nucleus

          



          		

            GhGT23 overexpression confers enhanced salt stress tolerance in Arabidopsis

          



          		

            GhGT23 overexpression confers enhanced drought tolerance in Arabidopsis

          



          		

            GhGT23 overexpression sustains root growth in Arabidopsis upon salt and drought stress

          



          		

            Stress-responsive genes are upregulated in GhGT23-transgenic plants

          



          		

            GhGT23 has no transcriptional activation activity as revealed by dual-luciferase assay

          



          		

            GhGT23 binds GT and MYB promoter elements in vitro

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1144650-g005.jpg
0.6

0.4

Relative expression

0.2

0.0

12 M8

150 mM NaCl

HindIII

BamHI1 Kpnl EcoRI

— 358

RB—— D NPTII

355> Q J’ GhGT23 ‘ UTT nos >’ I LB

120%
100%
80%
60%

40%

Survival rate

-

20%

0%

L24 L2 L3 L9 Li1 L29 L1 L32 L36 L37 L38 L8 L15 WT L24 L29 L36

WT

L24 L29 L36






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1144650-g001.jpg
G 1 elements MYDb elements

GT-1Box(BoxII): TA(GGTTAA);TA MBSI1: TA(TAACGGTT);TA

GT2-Box(C): GC(GGTAAT),ATA MRE1: (CCGGCAGTTAG),GAT
GT3-Box(N): CGG(GGTAAA), TA MRE3: TC(TAACCTAC),CA
Box : GC(TTAAA),AAC MRE4: TA(TCTCACC),GT

GT-3a (Sitel—type): GC(GTTACC),AA
GT-3b: CG(GAAAAA),TC

GT-1Box GT2-Box GT3-Box Box GT-3a GT-3b

DNA probe + o+ + + +

GhGT23 + + — + +
Competitor —

Free probes

L1

DNA probe 4
GhGT23
Competitor

Free probes
1
—r
“





OEBPS/Images/fpls-14-1144650-g003.jpg
Relative expression

Relative expression

Relative expression

1 3

Time Ch)

& Ff

Cotton tissues






OEBPS/Images/fpls.2023.1144650_cover.jpg
& frontiers | Frontiers in Plant Science

Overexpression of the cotton
trihelix transcription factor
GhGT23 in Arabidopsis mediates
salt and drought stress tolerance
by binding to GT and MYB
promoter elements in stress-

related genes





OEBPS/Images/fpls-14-1144650-g007.jpg
A WT L24 129 L36

12 MS
300 mM
Mannitol
60%
12MS 40%

20%

Survival rate

20-day recovery

from Mannitol e

WT L24 L29 L36






OEBPS/Images/fpls-14-1144650-g009.jpg
@12MS @135mMNaCl @300 mM Mannitol

Root length (cm)

WT L1 L24 L36

300 mM Mannitol





OEBPS/Images/fpls-14-1144650-g010.jpg
ive expression

Relat

SAPI8

CORI154 AP2
BWT @mL24 oL29 oL36

DREB2B

ST1Z

DREBIB

CORG6.6

COR47

RD22

oWT mL24 @L29 @L36

DREB24 DREB2C





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1144650-g011.jpg
GhGT23
SXGAL4
GAL4DBD
CaMV 358
- —a—Q
CaMV 358
— GhGT23 NOS VP16

CaMV 358

T I |

S

Relative Luciferase Activity





OEBPS/Images/fpls-14-1144650-g006.jpg
Control

200 mM NaCl

Survival rate

70%
60%
50%
40%
30%
20%
10%

0%

WT

L24

L29

L36





OEBPS/Images/fpls-14-1144650-g004.jpg
358::GFP

358::GhGT23:GFP

358::GFP

358::GhGT23:GFP

Green fluorescence

Red fluorescence






OEBPS/Images/fpls-14-1144650-g002.jpg
47AA-113AA

GmGT-28
APTL
AOv2 GT-2 clade

GT-1 clade
AR SIP clade
L——— AIASIL2
g0 —— AISHA-ike1
ALSHA like2 SH4 clade
[~ 0sGTy-1
= {zgzi GTy clade
ol

)
AKR)

"_i:.





