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The homeodomain-leucine zipper protein HAT belongs to the homeodomain leucine zipper subfamily (HD-Zip) and is important for regulating plant growth and development and stress tolerance. To investigate the role of HAT5 in tolerance to drought, salt, and low temperature stress, we selected a HAT gene from Pyrus sinkiangensis Yü (Pyrus sinkiangensis T.T. Yu). The sequences were analyzed using ioinformatics, and the overexpressed tomato lines were obtained using molecular biology techniques. The phenotypes, physiological, and biochemical indexes of the wild-type and transgenic tomato lines were observed under different stress conditions. We found that the gene had the highest homology with PbrHAT5. Under drought and NaCl stress, osmotic regulatory substances (especially proline) were significantly accumulated, and antioxidant enzyme activities were enhanced. The malondialdehyde level and relative electrical conductivity of transgenic tomatoes under low temperature (freezing) stress were significantly higher than those of wild-type tomatoes. The reactive oxygen species scavenging system was unbalanced. This study found that PsHAT5 improved the tolerance of tomatoes to drought and salt stress by regulating proline metabolism and oxidative stress ability, reducing the production of reactive oxygen species, and maintaining normal cell metabolism. In conclusion, the PsHAT5 transcription factor has great potential in crop resistance breeding, which lays a theoretical foundation for future excavation of effective resistance genes of the HD-Zip family and experimental field studies.
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Introduction

Global warming is a well-known phenomenon; extreme weather changes cause irreversible damage to plant growth. When plants are subjected to abiotic stresses, such as drought, salinity, and low temperature, the germination cycle of seeds will be changed (Huang et al., 2018), reactive oxygen species will be accumulated in large quantities, and the normal metabolic balance will be upset (Girousse et al., 2018; Lodeyro et al., 2021). These will affect normal crop growth and development, and the resulting reduced crop yields and changed crop quality (DaMatta et al., 2018; Rotundo et al., 2019) pose a serious threat to food security and wood supply (Shao et al., 2022). Therefore, over a long evolution, plants have developed complex regulatory mechanisms to defend against habitat changes, with transcription factors being important regulatory factors. Transcription factors play a crucial role in the transcriptional regulation of genes (Wani et al., 2021). They participate in defense responses by interacting with Cis-regulatory elements (CREs) in the promoter regions of various biotic and abiotic stress-responsive genes (Liu et al., 1999), regulating the expression of downstream adversity stress-responsive target genes at the transcriptional level, and prompting plants to regulate at molecular, physiological, and biochemical levels to adapt with various stresses (Toledo-Ortiz et al., 2003; Ma et al., 2022).

Homeodomain leucine zipper (HD-Zip) is a plant-specific transcription factor encoding an HD-Zip protein, which contains a highly conserved HD and a leucine zipper domain (LZ) (Elhiti and Stasolla, 2009). HD motifs can bind DNA specifically, and Zip acts as a dimerization conserved sequence element (Yang et al., 2022). HD-Zip proteins are divided into four subfamilies (I–IV) (Agalou et al., 2008). An increasing number of studies have shown that HD-Zip transcription factors are involved in a wide range of plant life processes, including cell differentiation, growth and development, morphogenesis, and biotic and abiotic stress response (Belamkar et al., 2014; Gong et al., 2019; Sharif et al., 2021).

Vollbrecht et al. (1991) identified the first HB genes in plants and isolated them from maize. Subsequently, many HB genes were identified and isolated from monocots and dicots. AtHB12 and AtHB7 are a pair of paralogous homologs of the HD-Zip I subfamily, both of which can respond to ABA and drought stress (Olsson et al., 2004; Ré et al., 2014). Ectopic expression of AtHB12 revealed that the transgenic yeast cells showed enhanced tolerance to NaCl, which led to the speculation that AtHB12 might be involved in NaCl stress response in plants (Shin et al., 2004). The expression level of the Zmhdz10 gene, a member of the HD-Zip I family, was strongly induced by exogenous ABA and salt stress, and maize lines exhibited stronger drought and salt stress tolerance than wild types (Zhao et al., 2014). The MtHB1 gene is a member of the HD-Zip I family in alfalfa and is strongly induced by salt stress. The MtHB1 gene could indirectly inhibit the formation of lateral roots and reduce the degree of damage to the plant by the external environment (Ariel et al., 2010).

The GmHAT5 gene, a member of the HD-Zip I family in soybean, was greatly elevated by salt stress, and the overexpression of GmHAT5 significantly enhanced the salt tolerance of Centella asiatica (Belamkar et al., 2014; Cao et al., 2016). HD-Zip I transcription factor MdHB7-like improves salt tolerance in Malus domestica (Zhao et al., 2021). PsHDZ63 enhances salt stress tolerance in Populus tremuloides by combining effective stress elements with transgenic lines to improve reactive oxygen species scavenging capacity (Guo et al., 2021). AtHB6 may act downstream of the signal transduction pathway in ABI1 and ABI2, mediating drought stress responses (Söderman et al., 1999; Himmelbach et al., 2002). Chickpea (Cicer arietinum Linn.) WRKY70 regulates the expression of transcription factor CaHDZ12, which confers abiotic stress tolerance to transgenic tobacco to enhance drought and salt tolerance (Sen et al., 2017). GhHB12, a cotton stress-responsive HD-Zip transcription factor, negatively regulates cotton resistance by repressing jasmonic acid-response genes (He et al., 2018). The homologous structural domain LZ ranscription factors HaHB1 and AtHB13 enhance tolerance to drought and salinity stresses by inducing proteins that stabilize the cell membrane (Cabello et al., 2012; Cabello and Chan, 2012).

Overexpression of the CaHB12 transcription factor in cotton (Gossypium hirsutum) improves drought tolerance (Basso et al., 2021). Sunflower Hahb-4 is a novel component of the ethylene signaling pathway and induces a significant delay in senescence (Dezar et al., 2005; Manavella et al., 2006). In summary, HD-Zip family genes are widely involved in regulating various growth and developmental processes and abiotic stress responses in plants. HD-Zip genes play an important regulatory role in drought and salt resistance, indicating that this family of genes has great potential to be used in developing new varieties of stress-resistant crops. Strangely, there is almost no information about this HD-Zip family gene in P. sinkiangensis, and functional studies are even less available.

Processed tomato (Solanum Lycopersicum L.) is an annual or perennial herb in the Solanaceae family and is a warm-loving vegetable. Originally from South America, tomatoes are grown in many parts of the world (Hanssen and Lapidot, 2012); they were rapidly developed in China in the early 1950s, becoming one of the major fruit vegetables. However, global warming has become an unavoidably hot issue and challenge for the international community (Sultan et al., 2019; Sun et al., 2019). Extreme environmental changes have seriously affected crop yield and quality and hindered the potential of agricultural production (Fatima et al., 2020; Epule et al., 2021; Laudien et al., 2022). Therefore, practical guidance is important for improving the resilience of processed tomatoes to adapt with extreme weather changes, which is an urgent issue for agricultural development.

Recent experimental results have shown that HD-Zip genes play important regulatory functions in processes such as drought and salt resistance in crops, which predicts that this family of genes has great potential for application in breeding new varieties of stress-resistant crops (Ariel et al., 2010; Cabello et al., 2017; Zhao et al., 2017). Most HD-Zip-related gene studies have focused on the model plant Arabidopsis thaliana. However, PsHAT5, a transcription factor of the HD-Zip family, has been little studied. Therefore, in this study, the PsHAT5 transcription factor encoding the HAT5 protein was cloned from P. sinkiangensis. The gene sequence was analyzed using bioinformatics to construct a plant overexpression vector and expression pattern. The transgenic tomato lines were obtained through the Agrobacterium-mediated infestation method, and the role of transgenic tomatoes in abiotic stress response (drought, low temperature, and salt) was investigated. This study generated a new series of drought-and salt-tolerant tomato plants. It provided some insights into the molecular regulatory mechanisms of drought and salt tolerance in tomatoes.



Materials and methods


Experimental materials and growth conditions

The P. sinkiangensis used in this study were nursed by the pear variety resource preservation garden of the Institute of Agricultural Science, Second Agricultural Division, Kulle, Xinjiang Uygur Autonomous Region (41°49’34.621’’ N and 86°12’2.317’’E). “Yaxin 87-5” wild-type tomato seeds Provided by Yaxin Seed Co. Ltd, (Shihezi, China). Wild-type tomato seeds were Sterilized with 10% NaClO for 10 min and then sown on 1/2 MS medium. After 3 days of dark culture and 4 days of light culture, they were grown to obtain sterile seedlings. The hypocotyls of the seedlings were cut, about 1.0 cm long, and cultured in the dark for 2 days in the pre-culture medium. Agrobacterium tumefaciens (OD 0.6–0.8) was suspended in MS liquid medium to prepare a recombinant bacterial solution. The pre-cultured tomato stem segments were infested with bacterial fluid for 15 min. Then the bacterial solution on the surface of the explants was sucked dry with filter paper and transferred to a co-culture medium. After 2 days of co-culture, the transformed tomato stem segment callus was transferred sequentially to the screening medium containing 100 mg/mL kanamycin (kan) for about 60 days. After differentiation, the seedlings were transferred to the rooting medium, and the roots were formed after 30 days of induction. Then, they were transplanted into pots after domestication for normal cultivation management. The volume ratio of cultivated soil, peat, vermiculite, and perlite used was 3:1:2. The culture conditions were: 25–28 °C, relative humidity 65–70%, light intensity 8000 lx, light/dark period 16/8 h. MS medium, Sucrose, and Agar strips were purchased from Shenggong Bioengineering Co. Ltd. (Shanghai, China). The medium used in the plant tissue culture process and the regeneration process of the intact plant are both found in the supplementary material (Supplementary Figures S1-5).



Bioinformatics analysis of PsHAT5 transcription factor

Sequence analysis was done at NCBI (http://www.ncbi.nlm.nih.gov/) and DNAMAN. Multiple comparisons were performed with ClustalW, a phylogenetic tree of PsHAT5 gene was constructed using MEGA 7.0 with NJ (Neighbor-Joining) method.



Cloning of PsHAT5 transcription factor and construction of plant overexpression vector

Total RNA was extracted from the bast P. sinkiangensis using RNAisoPlus kit (TaKaRa) containing on-column DNase I according to the manufacturer’s instructions. First-strand cDNA was synthesized from the total RNA using oligo (dT) primers and PrimeScript®RTase (TaKaRa). The sequence of white pear (Pyrus×bretschneideri) PbHAT5 protein (GenBank accession number: XP_009369353.1) published on the NCBI website was used to finally obtain the PsHAT5 sequence of P. sinkiangensis after comparing with the genome database of P. sinkiangensis (unpublished) in our laboratory. Based on the sequence information of PsHAT5, specific primers were designed using Premier 5.0 software (Supplementary Table S1), and PCR amplification of PsHAT5 transcription factor was performed using cDNA as template. The PCR amplification procedure was: 95°C for 5 min; 95°C for the 30 s, 60°C for 30 s, 72°C for 1 min for 30 s, 35 cycles; And finally, 72°C for 10 min. The purified PCR product was ligated to the pMD®19-T Vector and the ligated product was transformed into E. coli DH5-Alpha competent cells. The correctly sequenced T-PsHAT5 recombinant plasmid was inserted into the plant expression vector pCAMBIA2300 by double digestion to construct the pCAMBIA2300-PsHAT5 overexpression vector. After verified by digestion and sequencing, the recombinant plasmid was transferred into Agrobacterium tumefaciens GV3101 using the electroshock method for genetic transformation of tomato, Finally, the plant overexpression vector carrying PsHAT5 transcription factor was constructed.



Acquisition and identification of transgenic tomatoes

To obtain transgenic tomato plants, wild-type tomato plants were transformed with a plasmid containing PsHAT5 by an Agrobacterium-mediated method. The specific methods are described in the “2.1 Experimental materials and growth conditions” section. First, we extracted DNA from the leaves of wild-type tomatoes and transformed tomato plants using the CTAB method, and used the leaf DNA of wild-type tomato plants as a negative control and the recombinant plasmid as a positive control for their PCR identification. Secondly, we used EasyPure Plant RNA Extraction Kit (Transgen Biotech, China) to extract total tomato RNA by referring to the operating instructions of the kit. First-strand cDNA was generated from RNA by using a reverse transcription system (Takara Biotechnology, Kusamatsu, Japan). The expression levels of PsHAT5 transcription factors were determined by qPCR in 10 μL reactions using the Roche LightCycle® 480 System (Salt Lake City, UT, USA) and SYBR Green Real-Time PCR Master Mix (KAPA Biosystems, Wilmington, DE, USA). Contain 5 μL 2× SYBR Green Real MasterMix (SYBR Green, Applied Biosystems), 0.5 μL cDNA, 0.5 μL each of upstream and downstream primers for PsHAT5 transcription factor (Table S1), and the rest was made up to 10 μL with ddH2O. The amplification procedures were as follows: 95°C for 5 min, 95°C for the 30 s, 60°C for 30 s, 72°C for 30 s, 25 cycles; Finally, 72°C for 10 min, Using GAPDH as an internal reference. We selected T0 generation tomatoes for PCR identification and T1 tomatoes for qPCR identification (146bp), and through analysis, we selected two independent T2 generation homozygous strains (OE-2, and OE-4) for subsequent experiments.



Evaluation of stress tolerance

We selected 4-week-old wild-type and transgenic tomatoes of uniform size and good growth status from the same period and subjected them to drought and low temperature as well as salt stress treatments. Drought stress was performed as follows: Wild-type and transgenic tomatoes were watered fully and no longer watered during the period of continuous drought. Samples were taken on the 14th day and normal-watered tomatoes were used as control. Then, the tomatoes were watered for 7 d after drought stress. The specific methods of salt stress were as follows: wild-type and transgenic tomato plants of the same growth period were taken and watered with 200 mL of 200 mM NaCl and 250 mM NaCl solution every 3 d for 14 d. The control group was replaced with an equal amount of water; after the salt stress was over, the recovery test was conducted with normal watering for 7 d. The low temperature stress treatments were as follows: wild-type and transgenic tomatoes were subjected to low temperature stress treatments at 4°C for 8 h and -2°C for 6 h, respectively, in an artificial low temperature climatic chamber, using the 25°C treatment as a control. After the stress, 25°C was recovered. The growth status of wild-type and transgenic tomatoes at each treatment stage was observed and recorded by taking photographs with a camera. For each of the above stress treatments, three plants per treatment and three replications were performed.



Determination of relevant physiological and biochemical indexes

After each stress treatment, we tried to select tomato leaves from the same parts for subsequent physiological and biochemical indexes. Relative water content (RWC) was determined according to the method of Jun Cui et al. (Cui et al., 2018). Relative electrolyte leakage (REL) was determined according to the method of Wang et al. (Wang et al., 2014). MDA content was assessed according to the method of Jun Ma et al. (Ma et al., 2015). We used the method of Liu et al. (Liu et al., 2020) to determine the soluble sugar, soluble protein, and proline contents. For determining antioxidant enzyme activity: 0.5 g of fresh tomato leaves were accurately weighed on an analytical balance and ground in 50 mM/L cold PBS buffer (pH 7.8) with 1.0 mM/L EDTA-Na2 and 2% (w/v) polyvinyl pyrrolidone (PVP) in an ice bath to make a homogenate, followed by centrifugation at 4000 r at 4°C. After centrifuging the samples for 15 min, the supernatant was retained as the crude extract for the enzyme activity assay. Specific activity assays of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) were carried out according to the description of Muhammad Ali Khan et al. (Khan et al., 2022). Three biological replicates were performed for each indicator.



Statistical analysis

All measured data were subjected to three biological replicates, and statistical analysis was completed using SPSS and GraphPad Prism 8.3 software. * P < 0.05 (weak significant difference), ** P < 0.01 (significant difference), *** P < 0.001 (strong significant difference), and **** P < 0.0001 (very strong significant difference) are used to indicate significance. In addition, NS indicates that there is no significant difference between the two.




Results


Bioinformatics analysis of PsHAT5 transcription factor

PsHAT5 had the highest homology with white pear PbrHAT5 (GenBank: XM_009371078.3) using BlastP analysis on the NCBI website, indicating that the PsHAT5 transcription factor has the closest genetic relationship with white pear PbrHAT5. The next highest homology was with Pyrus betulifolia bunge (Chr6.g51268), Pyrus ussuriensis x Pyrus communis (KAB2633474.1), Malus domestica (NM_001328891.1), Prunus avium (XP_ 021808346.1), Prunus mume (XM_008241624.1), Prunus persica (XP_007209345.1), Prunus dulcis (XM_034359186.1), Rosa chinensis (XM_024315270.2), and Gossypium hirsutum (XP_040939127.1). These species have high homology of HAT5 protein, and all have two highly conserved functional structural domains (Figure 1A). The above results strongly suggest that the PsHAT5 transcription factor is a member of the HD-Zip transcription factor family. The final cloned cDNA sequence of 1089 bp in length was analyzed using DNAMAN software, and the fragment was found to contain a 975 bp open reading frame (ORF) encoding 324 amino acids. A phylogenetic tree of different HAT5 proteins was constructed using MEGA 7.0 software (Figure 1B).




Figure 1 | Homologous sequence alignment and phylogenetic analysis of PsHAT5 transcription factor. (A) Sequence comparison results of PsHAT5 with homologous proteins in other species (The purple circles represent the HD domain, and the red circles represent the LZ domain.). (B) Phylogenetic tree of PsHAT5 (The phylogenetic tree was built using MEGA 7.0 by the Neighbor-Joining method with 1000 bootstrap replicates).





Construction of plant overexpression vectors and acquisition of transgenic tomatoes

To generate the pCAMBIA2300-PsHAT5 recombinant plasmid, the PsHAT5 ORF was cloned into the pCAMBIA2300 vector under the control of the CaMV35S promoter. The insert was released from pMD19-T- PsHAT5 through BamH I and Xbal I digestion and then ligated into pCAMBIA2300-35S-PsHAT5-Nos. The construct was introduced into Agrobacterium GV3101 by electroporation to complete the construction of the overexpression vector (Figures 2A–D). PsHAT5 transgenic tomato plant lines were generated and selected to assess the significance and effect of the PsHAT5 transcription factor on the physiology of transgenic tomato plants under low temperature, drought, and salt stress. Agrobacterium-mediated infection of wild-type tomatoes and screening of T0 transgenic seeds on MS medium containing 200 mg/L kanamycin was used to obtain PsHAT5-transformed tomato plants. The genomic DNA of tomato leaves was extracted using the CTAB method, and PCR was performed on the transformed tomato plants using DNA as a template. The agarose gel electrophoresis results showed that eight transgenic tomato plants had been obtained (Figure 2E) after a preliminary determination of the specific band at 1089 bp. Finally, we selected OE-2 and OE-4 overexpressing transgenic tomato plants for qPCR analysis, which showed that the relative expression levels of PsHAT5 in OE-2 and OE-4 were significantly higher than those in wild-type tomatoes (Figure 2F). Based on these results, we determined that the PsHAT5 transcription factor had been successfully transformed into tomato plants, and we selected OE-2 and OE-4 strains for subsequent experiments.




Figure 2 | (A-D): The plant Overexpression vector construct of PsHAT5. (A) Cloning of PsHAT5 gene. (B) The recombinant plasmid pCAMBIA2300-35S-PsHAT5-Nos was identified by restriction enzyme digestion. (C) Identification of PsHAT5 gene by Agrobacterium tumefaciens GV3101. (D) pCAMBIA2300-35S-PsHAT5-Nos Expression Frame. (E, F) PCR identification of transgenic tomatoes with PsHAT5 gene. (E) PCR identification of transgenic plants. Numbers 1-10 indicate individual transgenic plant lines, the “+” plasmid was used as a positive control, and WT were used as negative controls. (F) Relative expression levels of transgenic tomatoes. (****P < 0.0001 for comparisons between the transgenic lines and wildtypeplants by Student’s t-tests).





Overexpression of PsHAT5 transcription factor enhances drought tolerance in transgenic tomato

In our indoor cultivation experiments, we found that transgenic tomatoes sown in seedling trays showed better drought tolerance than the wild-type (Figure 3A). To further investigate the role of the PsHAT5 transcription factor in drought, we subjected the obtained transgenic and wild-type tomatoes to drought stress treatment (Figures 3B1, B2). It was found that the growth of wild-type and transgenic tomatoes was almost identical when watered normally, and there were almost no significant differences between wild-type and transgenic tomato plants when analyzed for physiological and biochemical indicators. When the drought treatment was applied at 16 days, wild-type tomato leaves showed non-extreme wilting and water loss in phenotype, with severe wilting of the apical part and subsequent loss of some lateral branches. Still, the transgenic tomatoes remained upright with bright green leaves (Figures 3C1, C2). The results of the physiological and biochemical data showed that the malondialdehyde content, water saturation deficit, and relative conductivity of wild-type tomatoes were significantly higher, and the content of osmoregulatory substances (soluble sugars, soluble proteins, and proline) was significantly lower than those of transgenic tomatoes (Figures 3E–J). Malondialdehyde, the final breakdown product of membrane lipid peroxidation, and relative conductivity reflecting the permeability of cell membranes are important indicators of damage to the membrane system, and the levels of malondialdehyde and conductivity can directly reflect the extent of plant damage from adversity. The short-term changes in water saturation deficit reflect the regulation mechanism between various water saturations and affect the photosynthesis of plants. The larger the value, the stronger the resistance of plants to dehydration. The increase in the content of osmoregulatory substances such as soluble sugars, soluble proteins, and proline maintains the dynamic balance of the internal and external cellular environment.




Figure 3 | Phenotypic and physiological data of wild-type and transgenic tomatoes under drought stress. (A) The overall growth of wild type and transgenic tomatoes seedling trays under drought stress for 7 days. (B1) (Main view) and (B2) (top view) Growth status of wild-type and transgenic tomatoes at 4 weeks of age after normal watering. (C1) (Main view) and (C2) (top view): Morphological differences of 4 weeks tomatoes under drought stress for 16 days. (D1) (Main view) and (D2) (top view): The growth status of C1or C2 after 7 days of rehydration. (E) MDA content. (F) Relative conductivity content. (G) Water saturation deficit. (H) Soluble sugar content. (I) soluble protein content. (J) Proline content. (K) CAT activity. (L) SOD activity. (M) POD activity. Data are means ± SD of three replicates. (7.2 cm inner diameter, 11.5 cm high). (Ns > 0.05, *P < 0.05, ***P < 0.001, and ****P < 0.0001 for comparisons between the transgenic lines and wild-type plants by Student’s t-tests).



CAT, SOD, and POD are the main enzymes in the antioxidant system, and they act synergistically to maintain the free radical content in plants at homeostatic levels. Notably, the enzyme activities of CAT and SOD were significantly higher in transgenic tomatoes than in the wild-type, indicating that the transgenic strains were less damaged by membrane lipid peroxidation (Figures 3K–M). The level of POD activity can reflect plant growth and development and intrinsic metabolism and serve as a physiological indicator of tissue aging. We found that POD enzyme activity was significantly lower than in the wild-type under normal watering treatment and drought treatment, probably due to POD’s ability to convert certain carbohydrates contained in tissues into lignin, increasing lignification and delaying aging. Thus, the antioxidant enzyme system played an important role throughout the drought. Subsequently, we conducted re-watering tests on wild-type and transgenic tomatoes after drought stress. After 7 days of re-watering, wild-type plants did not recover and gradually wilted and died, while transgenic tomato strains had bright green leaves, upright stalks, and vigorous growth, with an increase in plant height and stem thickness of 2.2 cm and 41 mm (average), respectively (Figures 3D1, D2). These findings indicate that the overexpression of the PsHAT5 transcription factor significantly improved drought tolerance in transgenic tomatoes.



Overexpression of PsHAT5 transcription factor enhances salt tolerance in transgenic tomato

To investigate whether the PsHAT5 transcription factor can regulate the tolerance of tomato plants to salt stress, we conducted a salt tolerance assay. The results showed that phenotypically, both wild-type and transgenic tomatoes grew vigorously and branched well under normal watering conditions (Figures 4A1, A2; D1, D2). When treated with 200 mM and 250 mM NaCl stress, the leaves of wild-type and transgenic plants yellowed, but wild-type tomato leaves showed a large number of yellow dead spots, and after rehydration, wild-type and transgenic tomatoes showed very different growth states (Figures 4B1, B2; E1, E2). After rehydration of tomatoes after 250 mM NaCl stress, the vast majority of leaves and petioles of both wild-type and transgenic tomatoes fell off, but the main stems of transgenic tomatoes still survived (Figures 4C1, C2; F1, F2). After 7 days of rehydration, the transgenic tomato could maintain a good growth state after 200 mM NaCl stress, while the control plants were wilted and greened until death.




Figure 4 | Phenotypic and physiological data of wild-type and transgenic tomatoes under NaCl stress (200mM NaCl and 250mM NaCl). (A1) (Main view) and (A2) (Top view): The growth status of wild-type and transgenic tomato at 4 weeks of age under normal watering. (B1) (Main view) and (B2) (Top view): Wild-type and transgenic tomato growth status after 14 days of 200 mM NaCl treatment. (C1) (Main view) and (C2) (Top view): The growth status of B1 or B2 after 7 days of normal watering. (D1) (Main view) and (D2) (Top view): The growth status of wild-type and transgenic tomato at 4 weeks of age under normal watering. (E1) (Main view) and (E2) (Top view): Wild-type and transgenic tomato growth status after 14 days of 200 mM NaCl treatment. (F1) (Main view) and (F2) (Top view): The growth status of E1 or E2 after 7 days of normal watering. (G) MDA content. (H) Relative conductivity content. (I) Water saturation deficit. (J) Soluble sugar content. (K) soluble protein content. (L) Proline content. (M) CAT activity. (N) SOD activity. (O) POD activity. Data are means ± SD of three replicates. (7.2 cm inner diameter, 11.5 cm high). (Ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for comparisons between the transgenic lines and wild-type plants by Student’s t-tests).



In terms of physiological indicators, malondialdehyde content can directly reflect the level of cell membrane damage in plants under stress conditions. We found that the malondialdehyde content of wild-type tomatoes was higher than that of transgenic tomatoes under 200 mM NaCl treatment, indicating that wild-type and transgenic tomato plants were damaged to different degrees after NaCl stress treatment. With the increase in salt treatment concentration, cell membrane damage remained significantly higher in wild-type tomatoes than in transgenic tomatoes under 250 mM treatment. Analysis of the relative conductivity data revealed that the relative conductivity content of wild-type tomatoes was significantly higher than that of transgenic tomatoes under 200 mM and 250 mM NaCl stress. However, at 250 mM treatment, the relative conductivity content of both wild-type and transgenic tomatoes exceeded 90% (Figures 4G, H). This indicated that the cell membrane was severely damaged, membrane permeability was almost lost, and intracellular electrolytes leaked out, thus contributing significantly to the eventual death of wild-type and transgenic tomatoes in subsequent recovery experiments.

The water saturation deficit did not differ between wild-type and transgenic tomatoes under NaCl stress but was increased compared to tomatoes treated with normal watering; soluble sugars and proline were important physiological osmoregulatory substances (Figures 4I–L). Under NaCl stress, the content of soluble sugars increased significantly in the transgenic tomatoes compared to the wild-type, which improved the water retention capacity of plant cells; the accumulation of proline was also significantly higher in the transgenic plants compared to the wild-type, which effectively improved the ability of cells to absorb and retain water in salt stress; soluble protein is not only a nutrient but also an important osmoregulator. The increase and accumulation of soluble protein in plants can also improve the water retention capacity of cells. Under normal watering treatment, wild-type and transgenic tomato plants maintained a high soluble protein content, which decreased with increasing salt stress concentration in both wild-type and transgenic plants but remained significantly higher in transgenic plants than in wild-type. This indicated that the osmoregulatory substances, soluble sugars, proline, and soluble protein, play an important role in conferring salt tolerance in tomatoes.

POD, CAT, and SOD are all important members of the plant antioxidant enzyme system. POD enzyme activity increased with increasing NaCl stress concentration but overall was significantly higher in transgenic tomatoes than in the wild-type. CAT and SOD enzyme activities decreased in wild-type and transgenic tomatoes under NaCl stress compared to normally watered tomatoes. However, CAT and SOD enzyme activities were significantly higher in transgenic tomatoes than in the wild-type (Figures 4M–O). Under NaCl stress, the accumulation of oxygen radicals was excessive, the degree of membrane lipid peroxidation was severe, more lipid membrane peroxidation products were also produced, and the structure and integrity of membranes were disrupted, causing physiological and biochemical disorders and leading to plant death. This may also be one of the reasons for the poor growth status and eventual death of tomatoes after rehydration. The above findings suggest that the overexpression of the PsHAT5 transcription factor enhances salt tolerance in transgenic tomatoes.



Overexpression of the PsHAT5 transcription factor increases the low temperature sensitivity of transgenic tomatoes (mainly freeze sensitive)

As a cold-sensitive crop, a short period of low temperature stress can induce significant phenotypic damage changes in tomatoes. We subjected the transgenic tomatoes to low temperature stress to investigate whether the PsHAT5 transcription factor plays a regulatory role at low temperatures. At room temperature, wild-type and transgenic tomatoes grew almost identically with bright green leaves (Figures 5A1, A2, D1, D2). After 8 h of cold treatment at 4°C, phenotypically, transgenic tomato leaves were dehydrated with curled edges and drooping tips. In contrast, wild-type tomatoes were almost identical to their pre-treatment state without wilting. Thus, wild-type tomatoes showed stronger cold tolerance (Figures 5B1, B2). After 24 h of recovery at room temperature, both wild-type and transgenic tomatoes returned to their pre-treatment growth status (Figures 5C1, C2).




Figure 5 | Phenotype and physiology of wild-type and transgenic tomatoes under low temperature (cold and freezing) stress. (A1) (Main view) and (A2) (Top view): Growth status of wild-type and transgenic tomatoes 4-week-old at room temperature. (B1) (Main view) and (B2) (Top view): The growth status of wild-type and transgenic tomatoes treated at 4°C for 8h. (C1) (Main view) and (C2) (Top view): The growth status of B1or B2 after 24 h of room temperature recovery. (D1) (Main view) and (D2) (Top view): Growth status of wild-type and transgenic tomatoes 4-week-old at room temperature. (E1) (Main view) and (E2) (Top view): The growth status of wild-type and transgenic tomatoes treated at -2°C for 6h. (F1) (Main view) and (F2) (Top view): The growth status of E1or E2 after 24 h of room temperature recovery. (G) MDA content. (H) Relative conductivity content. (I) Water saturation deficit. (J) Soluble sugar content. (K) soluble protein content. (L) Proline content. (M) CAT activity. (N) SOD activity. (O) POD activity. Data are means ± SD of three replicates. (7.2cm inner diameter, 11.5cm high.). (Ns > 0.05, *P < 0.05, ***P < 0.001, and ****P < 0.0001 for comparisons between the transgenic lines and wild-type plants by Student’s t-tests).



When the -2°C freezing treatment was applied for 6 h, the transgenic tomato leaves lost water severely and had a touch of freezing. The top leaves of the plants were completely frozen and showed many obvious dead spots, while the wild-type tomato leaves also showed partial water loss with wilting and yellow dead spots (Figures 5E1, E2). After a 24-h room temperature recovery experiment, the transgenic tomato plants were severely dehydrated and died eventually. However, the main stems of the wild-type tomato plants remained upright with some green leaves (Figures 5F1, F2). This indicates that the freezing sensitivity of transgenic tomato is increased. From the physiological and biochemical indices, malondialdehyde content, relative conductivity, and water saturation deficit all increased to decreasing treatment temperature. However, wild-type tomatoes were significantly lower than transgenic tomatoes, and when the temperature dropped to -2°C, the relative conductivity of transgenic tomatoes reached more than 90% (Figures 5G–I).

Soluble sugar, soluble protein, and proline contents all showed increasing trends with decreasing treatment temperatures. The contents were significantly higher in wild-type tomatoes than in transgenic tomatoes (Figures 5J–L). When the temperature decreased to -2°C, it showed a decreasing trend, but wild-type tomatoes were significantly higher than transgenic tomatoes. Soluble sugars, soluble proteins, and proline all play an important role in the osmoregulation of plants as osmoregulatory substances, thus alleviating the damage to plant biofilms caused by low temperature environments; they show a certain trend of complementarity with each other. There was no significant difference in the enzyme activities of CAT, SOD, and POD among the plants at room temperature (Figures 5M–O). As the treatment temperature decreased, the CAT, SOD, and POD activities of wild-type and transgenic tomato plants first increased and then decreased. However, the overall trend was that the enzyme activity of wild-type tomatoes was significantly higher than that of transgenic tomatoes. The above results indicated that introducing the PsHAT5 transcription factor increased the sensitivity of tomatoes under low temperature treatment.




Discussion

HD-Zip transcription factors are a class of transcription factors encoding homologous heterotypic domain LZ proteins unique to plants that recognize and bind to specific regulatory elements in the promoter regions of target genes to regulate plant growth and development processes involved in plant responses to adverse environmental conditions. Adverse conditions can affect plant growth and development and directly determine plant survival in severe cases. In this study, we increased the drought and salt tolerance of transgenic tomatoes by overexpressing the PsHAT5 transcription factor into tomatoes to enhance the activity of antioxidant enzymes (CAT, SOD, POD) system and increase the water retention capacity of osmoregulatory substances (soluble sugars, soluble proteins, proline content). Conversely, CAT, SOD, and POD enzyme activities were significantly reduced in low temperature stress, especially freezing stress. The decrease in enzyme activities was greater in transgenic tomatoes, increasing the freezing sensitivity of overexpressed tomatoes.

Relative conductivity is an important physiological and biochemical index reflecting the condition of the plant membrane system. When plants are subjected to adversity or other damage, the cell membrane tends to rupture, and the intracellular material exudates, increasing relative conductivity (Du et al., 2019). Therefore, relative conductivity can reflect the osmoregulatory ability of the plasma membrane under abiotic stress (Hasanuzzaman et al., 2020). Therefore, conductivity studies have become an accurate and practical method to identify the strength of plant stress resistance in crop resistance cultivation and breeding (Ma et al., 2017). In our study, after drought, salt, and low temperature stress treatments, the relative conductivity content of wild-type and transgenic tomatoes increased significantly after each stress treatment compared with those treated normally. Also, 250 mM NaCl and -2°C treatments directly exceeded 90% of the relative conductivity content. The plants did not recover even after 7 days of rehydration at a later stage but gradually dried out and died. The higher the relative conductivity, the greater the permeability of the cell membrane (Li et al., 2014), and the greater the damage to the plant, which exceeds the recovery capacity of the plant. Even if irrigation is carried out, recovery is difficult, and the plant will eventually dry up and die. The research of Menachem Moshelion, Tom Eeckhaut, and Leon V Kochian et al. (Eeckhaut et al., 2013; Kochian et al., 2015; Moshelion et al., 2015) also confirms this point. Their studies pointed out that, in general, abiotic stress in the short term would make the plant leaves lose their green color and wilt, and with timely rehydration, the plant would quickly return to its original growth condition. Different plants have significantly different stress tolerance and behave differently to external drought (Dietz, 2014; Seo, 2014).

In this experiment, the MDA accumulation of transgenic tomatoes after drought and NaCl treatment was relatively less, and the relative conductivity was significantly lower than that of the wild-type, which significantly alleviated the degree of oxidative damage and increased the responsiveness of transgenic tomatoes to drought and salt. MDA is a final product of unsaturated fatty acid peroxidation in phospholipids (Bokhorst et al., 2010; Bresson et al., 2018). Its content can reflect lipid peroxidation or cell membrane damage in plant tissues, affecting protein synthesis (Khan et al., 2021b). The results of Zhao H, Liu Z, and Zhang T et al. also demonstrated that malondialdehyde content accumulates substantially after abiotic stress in plants, aggravating the degree of membrane lipid peroxidation (Zhang et al., 2020; Liu et al., 2022; Zhao et al., 2022). When plants are subjected to osmotic stress, many plants accumulate proline in response to these stresses (Chen et al., 2013).

Proline, a water-soluble amino acid (Naliwajski and Skłodowska, 2021), is a typical osmoprotectant that prevents dehydration and denaturation of proteins under osmotic stress conditions, maintains the osmotic balance inside and outside the cell, and prevents water dissipation. For plants, proline accumulates over time and effectively has the ability of osmotic protection (Aganchich et al., 2009; Ben Ahmed et al., 2009). Our study also found that plants can reduce the osmotic potential of cells under stress by accumulating proline, soluble sugar, and soluble protein, enhancing the water retention and water absorption capacity of plant cells and alleviating the damage of abiotic stress to plants. The accumulation of these substances in transgenic tomatoes is significantly higher than that of wild-type tomatoes, giving them more drought and salt tolerance. Munsif et al. (2021) also revealed that abiotic stress significantly reduced the accumulation of substances such as soluble sugars and proteins.

When plants suffer from stress, the plant antioxidant enzyme system can activate self-defense function, balance reactive oxygen species metabolism, protect the membrane system, and enhance the resilience of plants (Miller et al., 2010; Raza et al., 2021; Sun et al., 2021). Our results showed that the changes in CAT, SOD, and POD enzyme activities did not show obvious synchronization under drought stress. The activities of CAT and SOD were significantly higher than those of the wild type, while the activity of POD was significantly lower than that of the wild type. The possible reason is that these three enzymes may have a coordinated relationship in plant adaptation to stress, which was also proved by Liu et al. (Khare et al., 2015; Liu et al., 2016). Under most environmental stresses, the change in antioxidant enzyme activity appears “first rising then falling” with the increase of stress intensity (Farhangi-Abriz and Torabian, 2017; Khan et al., 2021a; Wang et al., 2021). This is different from our results.

Our results showed that the levels of antioxidant enzymes in wild-type and transgenic lines showed a downward trend under NaCl and freezing stress. In this regard, we have made a possible conjecture and speculation. As a whole, the physiological functions of plants are interrelated, and the antioxidant enzyme system is only one aspect of plant adaptation and resistance to adversity. After exceeding the endurance capacity of cells, prolonged and excessive environmental stress will lead to a deeper degree of membrane lipid peroxidation and enhanced damage to cells, so the activity of antioxidant enzymes will decrease (Sihag et al., 2019; Li et al., 2020). The experiment of Fatma Bejaoui et al. also showed that the change in antioxidant enzyme activity was related to membrane damage index, plant growth cycle, photosynthesis, and secondary metabolite synthesis (Bejaoui et al., 2016; Tian et al., 2018; Liu et al., 2019). It also confirmed the reliability of our research results. These results indicated that the PsHAT5 transcription factor increased drought tolerance, salt tolerance, and low temperature sensitivity in transgenic tomatoes.



Conclusion

In this study, we cloned the HD-Zip family transcription factor PsHAT5 from P. sinkiangensis and functionally validated it in overexpressing tomatoes. Phenotypic observations and related stress resistance physiological and biochemical indices revealed that overexpression of transgenic tomatoes increased resistance to drought and salt stress by increasing osmoregulatory substances and enhancing antioxidant enzyme activities while freezing sensitivity was increased in transgenic tomatoes (Figure 6). Our results suggest that the PsHAT5 transcription factor has potential applications in drought and salt tolerance breeding.




Figure 6 | A pictorial representation of the role of PsHAT5 transcription factors in the regulation of drought and salt stress in tomatoes. Dotted lines indicate events that have not yet clearly occurred and are subject to further study, and the solid lines represent events that occur.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author contributions

XL and AL were co-first authors of the present paper and co-wrote paper. CL and YW completed the preparation of the trial materials and acquisition of data, SW completed the analysis of the trial data. JL and JZ are the co-corresponding authors of this paper and directed the experimental design. All authors reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

National Natural Science Foundation of China (32160061) [Entry name: Study on improving water use efficiency of Saussurea involucrata (SIPIP2;7) through chloride ion signal pathway].



Acknowledgments

We are grateful for the support of the research group during this research work.



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.2022.1036254/full#supplementary-material



References

 Agalou, A., Purwantomo, S., Overnäs, E., Johannesson, H., Zhu, X., Estiati, A., et al. (2008). A genome-wide survey of HD-zip genes in rice and analysis of drought-responsive family members. Plant Mol. Biol. 66, 87–103. doi: 10.1007/s11103-007-9255-7

 Aganchich, B., Wahbi, S., Loreto, F., and Centritto, M. (2009). Partial root zone drying: Regulation of photosynthetic limitations and antioxidant enzymatic activities in young olive (Olea europaea) saplings. Tree Physiol. 29, 685–696. doi: 10.1093/treephys/tpp012

 Ariel, F., Diet, A., Verdenaud, M., Gruber, V., Frugier, F., Chan, R., et al. (2010). Environmental regulation of lateral root emergence in Medicago truncatula requires the HD-zip I transcription factor HB1. Plant Cell 22, 2171–2183. doi: 10.1105/tpc.110.074823

 Basso, M. F., Costa, J. A., Ribeiro, T. P., Arraes, F. B. M., Lourenço-Tessutti, I. T., Macedo, A. F., et al. (2021). Overexpression of the CaHB12 transcription factor in cotton (Gossypium hirsutum) improves drought tolerance. Plant Physiol. Biochem. 165, 80–93. doi: 10.1016/j.plaphy.2021.05.009

 Bejaoui, F., Salas, J. J., Nouairi, I., Smaoui, A., Abdelly, C., Martínez-Force, E., et al. (2016). Changes in chloroplast lipid contents and chloroplast ultrastructure in Sulla carnosa and Sulla coronaria leaves under salt stress. J. Plant Physiol. 198, 32–38. doi: 10.1016/j.jplph.2016.03.018

 Belamkar, V., Weeks, N. T., Bharti, A. K., Farmer, A. D., Graham, M. A., and Cannon, S. B. (2014). Comprehensive characterization and RNA-seq profiling of the HD-zip transcription factor family in soybean (Glycine max) during dehydration and salt stress. BMC Genomics 15, 950. doi: 10.1186/1471-2164-15-950

 Ben Ahmed, C., Ben Rouina, B., Sensoy, S., Boukhriss, M., and Ben Abdullah, F. (2009). Saline water irrigation effects on antioxidant defense system and proline accumulation in leaves and roots of field-grown olive. J. Agric. Food Chem. 57, 11484–11490. doi: 10.1021/jf901490f

 Bokhorst, S., Bjerke, J. W., Davey, M. P., Taulavuori, K., Taulavuori, E., Laine, K., et al. (2010). Impacts of extreme winter warming events on plant physiology in a sub-Arctic heath community. Physiol. Plant 140, 128–140. doi: 10.1111/j.1399-3054.2010.01386.x

 Bresson, J., Bieker, S., Riester, L., Doll, J., and Zentgraf, U. (2018). A guideline for leaf senescence analyses: From quantification to physiological and molecular investigations. J. Exp. Bot. 69, 769–786. doi: 10.1093/jxb/erx246

 Cabello, J. V., Arce, A. L., and Chan, R. L. (2012). The homologous HD-zip I transcription factors HaHB1 and AtHB13 confer cold tolerance via the induction of pathogenesis-related and glucanase proteins. Plant J. 69, 141–153. doi: 10.1111/j.1365-313X.2011.04778.x

 Cabello, J. V., and Chan, R. L. (2012). The homologous homeodomain-leucine zipper transcription factors HaHB1 and AtHB13 confer tolerance to drought and salinity stresses via the induction of proteins that stabilize membranes. Plant Biotechnol. J. 10, 815–825. doi: 10.1111/j.1467-7652.2012.00701.x

 Cabello, J. V., Giacomelli, J. I., Gómez, M. C., and Chan, R. L. (2017). The sunflower transcription factor HaHB11 confers tolerance to water deficit and salinity to transgenic Arabidopsis and alfalfa plants. J. Biotechnol. 257, 35–46. doi: 10.1016/j.jbiotec.2016.11.017

 Cao, L., Yu, Y., DuanMu, H., Chen, C., Duan, X., Zhu, P., et al. (2016). A novel Glycine soja homeodomain-leucine zipper (HD-zip) I gene, Gshdz4, positively regulates bicarbonate tolerance and responds to osmotic stress in arabidopsis. BMC Plant Biol. 16, 184. doi: 10.1186/s12870-016-0872-7

 Chen, J. B., Yang, J. W., Zhang, Z. Y., Feng, X. F., and Wang, S. M. (2013). Two P5CS genes from common bean exhibiting different tolerance to salt stress in transgenic Arabidopsis. J. Genet. 92, 461–469. doi: 10.1007/s12041-013-0292-5

 Cui, J., Jiang, N., Zhou, X., Hou, X., Yang, G., Meng, J., et al. (2018). Tomato MYB49 enhances resistance to phytophthora infestans and tolerance to water deficit and salt stress. Planta 248, 1487–1503. doi: 10.1007/s00425-018-2987-6

 DaMatta, F. M., Avila, R. T., Cardoso, A. A., Martins, S. C. V., and Ramalho, J. C. (2018). Physiological and agronomic performance of the coffee crop in the context of climate change and global warming: A review. J. Agric. Food Chem. 66, 5264–5274. doi: 10.1021/acs.jafc.7b04537

 Dezar, C. A., Gago, G. M., Gonzalez, D. H., and Chan, R. L. (2005). Hahb-4, a sunflower homeobox-leucine zipper gene, is a developmental regulator and confers drought tolerance to Arabidopsis thaliana plants. Transgenic Res. 14, 429–440. doi: 10.1007/s11248-005-5076-0

 Dietz, K. J. (2014). Redox regulation of transcription factors in plant stress acclimation and development. Antioxid. Redox Signal 21, 1356–1372. doi: 10.1089/ars.2013.5672

 Du, B., Zhao, W., An, Y., Li, Y., Zhang, X., Song, L., et al. (2019). Overexpression of an alfalfa glutathione s-transferase gene improved the saline-alkali tolerance of transgenic tobacco. Biol. Open 8. doi: 10.1242/bio.043505

 Eeckhaut, T., Lakshmanan, P. S., Deryckere, D., Van Bockstaele, E., and Van Huylenbroeck, J. (2013). Progress in plant protoplast research. Planta 238, 991–1003. doi: 10.1007/s00425-013-1936-7

 Elhiti, M., and Stasolla, C. (2009). Structure and function of homodomain-leucine zipper (HD-zip) proteins. Plant Signal Behav. 4, 86–88. doi: 10.4161/psb.4.2.7692

 Epule, T. E., Chehbouni, A., Dhiba, D., Etongo, D., Driouech, F., Brouziyne, Y., et al. (2021). Vulnerability of maize, millet, and rice yields to growing season precipitation and socio-economic proxies in Cameroon. PloS One 16, e0252335. doi: 10.1371/journal.pone.0252335

 Farhangi-Abriz, S., and Torabian, S. (2017). Antioxidant enzyme and osmotic adjustment changes in bean seedlings as affected by biochar under salt stress. Ecotoxicol. Environ. Saf. 137, 64–70. doi: 10.1016/j.ecoenv.2016.11.029

 Fatima, Z., Ahmed, M., Hussain, M., Abbas, G., Ul-Allah, S., Ahmad, S., et al. (2020). The fingerprints of climate warming on cereal crops phenology and adaptation options. Sci. Rep. 10, 18013. doi: 10.1038/s41598-020-74740-3

 Girousse, C., Roche, J., Guerin, C., Le Gouis, J., Balzegue, S., Mouzeyar, S., et al. (2018). Coexpression network and phenotypic analysis identify metabolic pathways associated with the effect of warming on grain yield components in wheat. PloS One 13, e0199434. doi: 10.1371/journal.pone.0199434

 Gong, S., Ding, Y., Hu, S., Ding, L., Chen, Z., and Zhu, C. (2019). The role of HD-zip class I transcription factors in plant response to abiotic stresses. Physiol. Plant 167, 516–525. doi: 10.1111/ppl.12965

 Guo, Q., Jiang, J., Yao, W., Li, L., Zhao, K., Cheng, Z., et al. (2021). Genome-wide analysis of poplar HD-zip family and over-expression of PsnHDZ63 confers salt tolerance in transgenic Populus simonii × p.nigra. Plant Sci. 311, 111021. doi: 10.1016/j.plantsci.2021.111021

 Hanssen, I. M., and Lapidot, M. (2012). Major tomato viruses in the Mediterranean basin. Adv. Virus Res. 84, 31–66. doi: 10.1016/b978-0-12-394314-9.00002-6

 Hasanuzzaman, M., Bhuyan, M., Parvin, K., Bhuiyan, T. F., Anee, T. I., Nahar, K., et al. (2020). Regulation of ROS metabolism in plants under environmental stress: A review of recent experimental evidence. Int. J. Mol. Sci. 21(22):8659. doi: 10.3390/ijms21228695

 He, X., Wang, T., Zhu, W., Wang, Y., and Zhu, L. (2018). GhHB12, a HD-ZIP I transcription factor, negatively regulates the cotton resistance to verticillium dahliae. Int. J. Mol. Sci. 19(12):3997. doi: 10.3390/ijms19123997

 Himmelbach, A., Hoffmann, T., Leube, M., Höhener, B., and Grill, E. (2002). Homeodomain protein ATHB6 is a target of the protein phosphatase ABI1 and regulates hormone responses in Arabidopsis. EMBO J. 21, 3029–3038. doi: 10.1093/emboj/cdf316

 Huang, Z., Footitt, S., Tang, A., and Finch-Savage, W. E. (2018). Predicted global warming scenarios impact on the mother plant to alter seed dormancy and germination behaviour in Arabidopsis. Plant Cell Environ. 41, 187–197. doi: 10.1111/pce.13082

 Khan, I., Awan, S. A., Ikram, R., Rizwan, M., Akhtar, N., Yasmin, H., et al. (2021a). Effects of 24-epibrassinolide on plant growth, antioxidants defense system, and endogenous hormones in two wheat varieties under drought stress. Physiol. Plant 172, 696–706. doi: 10.1111/ppl.13237

 Khan, R., Ma, X., Zhang, J., Wu, X., Iqbal, A., Wu, Y., et al. (2021b). Circular drought-hardening confers drought tolerance via modulation of the antioxidant defense system, osmoregulation, and gene expression in tobacco. Physiol. Plant 172, 1073–1088. doi: 10.1111/ppl.13402

 Khan, M. A., Yasmin, H., Shah, Z. A., Rinklebe, J., Alyemeni, M. N., and Ahmad, P. (2022). Co Application of biofertilizer and zinc oxide nanoparticles upregulate protective mechanism culminating improved arsenic resistance in maize. Chemosphere 294, 133796. doi: 10.1016/j.chemosphere.2022.133796

 Khare, T., Kumar, V., and Kishor, P. B. (2015). Na+ and cl- ions show additive effects under NaCl stress on induction of oxidative stress and the responsive antioxidative defense in rice. Protoplasma 252, 1149–1165. doi: 10.1007/s00709-014-0749-2

 Kochian, L. V., Piñeros, M. A., Liu, J., and Magalhaes, J. V. (2015). Plant adaptation to acid soils: The molecular basis for crop aluminum resistance. Annu. Rev. Plant Biol. 66, 571–598. doi: 10.1146/annurev-arplant-043014-114822

 Laudien, R., Schauberger, B., Waid, J., and Gornott, C. (2022). A forecast of staple crop production in Burkina Faso to enable early warnings of shortages in domestic food availability. Sci. Rep. 12, 1638. doi: 10.1038/s41598-022-05561-9

 Li, C., Han, Y., Hao, J., Qin, X., Liu, C., and Fan, S. (2020). Effects of exogenous spermidine on antioxidants and glyoxalase system of lettuce seedlings under high temperature. Plant Signal Behav. 15, 1824697. doi: 10.1080/15592324.2020.1824697

 Liu, T., Du, Q., Li, S., Yang, J., Li, X., Xu, J., et al. (2019). GSTU43 gene involved in ALA-regulated redox homeostasis, to maintain coordinated chlorophyll synthesis of tomato at low temperature. BMC Plant Biol. 19, 323. doi: 10.1186/s12870-019-1929-1

 Liu, Z., Ma, C., Hou, L., Wu, X., Wang, D., Zhang, L., et al. (2022). Exogenous SA affects rice seed germination under salt stress by regulating Na(+)/K(+) balance and endogenous GAs and ABA homeostasis. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23063293

 Liu, Z. H., Wang, D. M., Fan, S. F., Li, D. W., and Luo, Z. W. (2016). Synergistic effects and related bioactive mechanism of Potentilla fruticosa l. leaves combined with Ginkgo biloba extracts studied with microbial test system (MTS). BMC Complement Altern. Med. 16, 495. doi: 10.1186/s12906-016-1485-2

 Liu, L., White, M. J., and MacRae, T. H. (1999). Transcription factors and their genes in higher plants functional domains, evolution and regulation. Eur. J. Biochem. 262, 247–257. doi: 10.1046/j.1432-1327.1999.00349.x

 Liu, C., Zhao, Y., Zhao, X., Dong, J., and Yuan, Z. (2020). Genome-wide identification and expression analysis of the CLC gene family in pomegranate (Punica granatum) reveals its roles in salt resistance. BMC Plant Biol. 20, 560. doi: 10.1186/s12870-020-02771-z

 Li, L., Zhang, H., Zhang, L., Zhou, Y., Yang, R., Ding, C., et al. (2014). The physiological response of Artemisia annua l. @ to salt stress and salicylic acid treatment. Physiol. Mol. Biol. Plants 20, 161–169. doi: 10.1007/s12298-014-0228-

 Lodeyro, A. F., Krapp, A. R., and Carrillo, N. (2021). Photosynthesis and chloroplast redox signaling in the age of global warming: Stress tolerance, acclimation, and developmental plasticity. J. Exp. Bot. 72, 5919–5937. doi: 10.1093/jxb/erab270

 Ma, J., Du, G., Li, X., Zhang, C., and Guo, J. (2015). A major locus controlling malondialdehyde content under water stress is associated with Fusarium crown rot resistance in wheat. Mol. Genet. Genomics 290, 1955–1962. doi: 10.1007/s00438-015-1053-3

 Manavella, P. A., Arce, A. L., Dezar, C. A., Bitton, F., Renou, J. P., Crespi, M., et al. (2006). Cross-talk between ethylene and drought signalling pathways is mediated by the sunflower hahb-4 transcription factor. Plant J. 48, 125–137. doi: 10.1111/j.1365-313X.2006.02865.x

 Ma, Y., Yang, C., He, Y., Tian, Z., and Li, J. (2017). Rice OVATE family protein 6 regulates plant development and confers resistance to drought and cold stresses. J. Exp. Bot. 68, 4885–4898. doi: 10.1093/jxb/erx309

 Ma, G., Zelman, A. K., Apicella, P. V., and Berkowitz, G. (2022). Genome-wide identification and expression analysis of homeodomain leucine zipper subfamily IV (HD-ZIP IV) gene family in Cannabis sativa l. Plants (Basel) 11, 1037. doi: 10.3390/plants11101307

 Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. (2010). Reactive oxygen species homeostasis and signalling during drought and salinity stresses. Plant Cell Environ. 33, 453–467. doi: 10.1111/j.1365-3040.2009.02041.x

 Moshelion, M., Halperin, O., Wallach, R., Oren, R., and Way, D. A. (2015). Role of aquaporins in determining transpiration and photosynthesis in water-stressed plants: crop water-use efficiency, growth and yield. Plant Cell Environ. 38, 1785–1793. doi: 10.1111/pce.12410

 Munsif, F., Kong, X., Khan, A., Shah, T., Arif, M., Jahangir, M., et al. (2021). Identification of differentially expressed genes and pathways in isonuclear kenaf genotypes under salt stress. Physiol. Plant 173, 1295–1308. doi: 10.1111/ppl.13253

 Naliwajski, M., and Skłodowska, M. (2021). The relationship between the antioxidant system and proline metabolism in the leaves of Cucumber plants acclimated to salt stress. Cells 10, 609. doi: 10.3390/cells10030609

 Olsson, A. S., Engström, P., and Söderman, E. (2004). The homeobox genes ATHB12 and ATHB7 encode potential regulators of growth in response to water deficit in Arabidopsis. Plant Mol. Biol. 55, 663–677. doi: 10.1007/s11103-004-1581-4

 Raza, A., Su, W., Gao, A., Mehmood, S. S., Hussain, M. A., Nie, W., et al. (2021). Catalase (CAT) gene family in rapeseed (Brassica napus l.): Genome-wide analysis, identification, and expression pattern in response to multiple hormones and abiotic stress conditions. Int. J. Mol. Sci. 22, 4281. doi: 10.3390/ijms22084281

 Ré, D. A., Capella, M., Bonaventure, G., and Chan, R. L. (2014). Arabidopsis AtHB7 and AtHB12 evolved divergently to fine tune processes associated with growth and responses to water stress. BMC Plant Biol. 14, 150. doi: 10.1186/1471-2229-14-150

 Rotundo, J. L., Tang, T., and Messina, C. D. (2019). Response of maize photosynthesis to high temperature: Implications for modeling the impact of global warming. Plant Physiol. Biochem. 141, 202–205. doi: 10.1016/j.plaphy.2019.05.03

 Sen, S., Chakraborty, J., Ghosh, P., Basu, D., and Das, S. (2017). Chickpea WRKY70 regulates the expression of a homeodomain-leucine zipper (HD-zip) I transcription factor CaHDZ12, which confers abiotic stress tolerance in transgenic tobacco and chickpea. Plant Cell Physiol. 58, 1934–1952. doi: 10.1093/pcp/pcx126

 Seo, P. J. (2014). Recent advances in plant membrane-bound transcription factor research: emphasis on intracellular movement. J. Integr. Plant Biol. 56, 334–342. doi: 10.1111/jipb.12139

 Shao, J., Li, G., Li, Y., and Zhou, X. (2022). Intraspecific responses of plant productivity and crop yield to experimental warming: A global synthesis. Sci. Total Environ. 840, 156685. doi: 10.1016/j.scitotenv.2022.156685

 Sharif, R., Raza, A., Chen, P., Li, Y., El-Ballat, E. M., Rauf, A., et al. (2021). HD-ZIP gene family: Potential roles in improving plant growth and regulating stress-responsive mechanisms in plants. Genes (Basel) 12(8):1256. doi: 10.3390/genes12081256

 Shin, D., Koo, Y. D., Lee, J., Lee, H. J., Baek, D., Lee, S., et al. (2004). Athb-12, a homeobox-leucine zipper domain protein from Arabidopsis thaliana, increases salt tolerance in yeast by regulating sodium exclusion. Biochem. Biophys. Res. Commun. 323, 534–540. doi: 10.1016/j.bbrc.2004.08.127

 Sihag, S., Brar, B., and Joshi, U. N. (2019). Salicylic acid induces amelioration of chromium toxicity and affects antioxidant enzyme activity in Sorghum bicolor l. Int. J. Phytoremed. 21, 293–304. doi: 10.1080/15226514.2018.1524827

 Söderman, E., Hjellström, M., Fahleson, J., and Engström, P. (1999). The HD-zip gene ATHB6 in Arabidopsis is expressed in developing leaves, roots and carpels and up-regulated by water deficit conditions. Plant Mol. Biol. 40, 1073–1083. doi: 10.1023/a:1006267013170

 Sultan, B., Defrance, D., and Iizumi, T. (2019). Evidence of crop production losses in West Africa due to historical global warming in two crop models. Sci. Rep. 9, 12834. doi: 10.1038/s41598-019-49167-0

 Sun, Q., Miao, C., Hanel, M., Borthwick, A. G. L., Duan, Q., Ji, D., et al. (2019). Global heat stress on health, wildfires, and agricultural crops under different levels of climate warming. Environ. Int. 128, 125–136.10 doi: 10.1016/j.envint.2019.04.025

 Sun, Y., Zhou, J., and Guo, J. (2021). Advances in the knowledge of adaptive mechanisms mediating abiotic stress responses in Camellia sinensis. Front. Biosci. (Landmark Ed) 26, 1714–1722. doi: 10.52586/5063

 Tian, N., Liu, F., Wang, P., Yan, X., Gao, H., and Zeng, X. (2018). Overexpression of BraLTP2, a lipid transfer protein of Brassica napus, results in increased trichome density and altered concentration of secondary metabolites. Int. J. Mol. Sci. 19, 1733. doi: 10.3390/ijms19061733

 Toledo-Ortiz, G., Huq, E., and Quail, P. H. (2003). The Arabidopsis basic/helix-loop-helix transcription factor family. Plant Cell 15, 1749–1770. doi: 10.1105/tpc.013839

 Vollbrecht, E., Veit, B., Sinha, N., and Hake, S. (1991). The developmental gene knotted-1 is a member of a maize homeobox gene family. Nature 350, 241–243. doi: 10.1038/350241a0

 Wang, G., Cai, G., Kong, F., Deng, Y., Ma, N., and Meng, Q. (2014). Overexpression of tomato chloroplast-targeted DnaJ protein enhances tolerance to drought stress and resistance to Pseudomonas solanacearum in transgenic tobacco. Plant Physiol. Biochem. 82, 95–104. doi: 10.1016/j.plaphy.2014.05.011

 Wang, X., Wu, Z., Zhou, Q., Wang, X., Song, S., and Dong, S. (2021). Physiological response of soybean plants to water deficit. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.809692

 Wani, S. H., Anand, S., Singh, B., Bohra, A., and Joshi, R. (2021). WRKY transcription factors and plant defense responses: Latest discoveries and future prospects. Plant Cell Rep. 40, 1071–1085. doi: 10.1007/s00299-021-02691-8

 Yang, S., de Haan, M., Mayer, J., Janacek, D. P., Hammes, U. Z., and Poppenberger, B. (2022). A novel chemical inhibitor of polar auxin transport promotes shoot regeneration by local enhancement of HD-ZIP III transcription. New Phytol. 235, 1111–1128. doi: 10.1111/nph.1819

 Zhang, T., Li, Z., Li, D., Li, C., Wei, D., Li, S., et al. (2020). Comparative effects of glycinebetaine on the thermotolerance in codA- and BADH-transgenic tomato plants under high temperature stress. Plant Cell Rep. 39, 1525–1538. doi: 10.1007/s00299-020-02581-5

 Zhao, P., Cui, R., Xu, P., Wu, J., Mao, J. L., Chen, Y., et al. (2017). ATHB17 enhances stress tolerance by coordinating photosynthesis associated nuclear gene and ATSIG5 expression in response to abiotic stress. Sci. Rep. 7, 45492. doi: 10.1038/srep45492

 Zhao, S., Gao, H., Jia, X., Wei, J., Mao, K., and Ma, F. (2021). MdHB-7 regulates water use efficiency in transgenic apple (Malus domestica) under long-term moderate water deficit. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.740492

 Zhao, H., Liu, H., Jin, J., Ma, X., and Li, K. (2022). Physiological and transcriptome analysis on diploid and polyploid Populus ussuriensis kom. under salt stress. Int. J. Mol. Sci. 23, 7529. doi: 10.3390/ijms23147529

 Zhao, Y., Ma, Q., Jin, X., Peng, X., Liu, J., Deng, L., et al. (2014). A novel maize homeodomain-leucine zipper (HD-zip) I gene, Zmhdz10, positively regulates drought and salt tolerance in both rice and Arabidopsis. Plant Cell Physiol. 55, 1142–1156. doi: 10.1093/pcp/pcu054



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 © 2022 Liu, Li, Wang, Lan, Wang, Li and Zhu. 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-13-1036254-g004.jpg
MDA content (pmol/g-Fw)

40

30

20

Soluble sugar (mg/g-Fw)

800

CAT activity (U/g/FW)
4
2
H

Control
200mM NaCl
250mM NaCl

=== Control
== 200mM NaCl
== 250mM NaCl

== Control
== 200mM NaCl
== 250mM NaCl

ns

Ak

Ak

Kk

* 200 mM NaCl

Relative conductivity (%)

Fel

ns

Soluble protein (mg/g-Fw)

SOD activity ( U/g/FW)

= Control == 200mM NaCl

S
S§

o

&

,,’

== Control

=5 200mM NaCl
== 250mM NaCl

NN

== 250mMNaCl

>

=== Control == 250mM NaCl == 200mM NaCl

Water saturation deficit(%)

Proline content (mg/g-Fw)

(e]

POD activity( U/g/FW)

* 250 mM NaCl

w
8

=== Control i
== 200mM NaCl
== 250mM NaCl

-,

2
B

=

3000-] === Control
=3 200mM NaCl
2000 == 250mM Nac1

*rrk

B2

S V> & VP> &
¥ ¥ <«

>
N

3000
00 e Control = 250mM NaCl == 200mM NaCl

Ak

2000 *xkk

1000
1000






OEBPS/Images/fpls.2022.1036254_cover.jpg
& frontiers | Frontiers in Plant Science

Overexpression of Pyrus
sinkiangensis HAT5 enhances
drought and salt tolerance, and

low-temperature sensitivity in
transgenic tomato





OEBPS/Images/fpls-13-1036254-g006.jpg
PsHATS

Osmotic regulatory
substances (Mainly POD, SOD, and CAT
proline metabolism)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Overexpression of Pyrus sinkiangensis HAT5 enhances drought and salt tolerance, and low-temperature sensitivity in transgenic tomato

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Experimental materials and growth conditions

          



          		

            Bioinformatics analysis of PsHAT5 transcription factor

          



          		

            Cloning of PsHAT5 transcription factor and construction of plant overexpression vector

          



          		

            Acquisition and identification of transgenic tomatoes

          



          		

            Evaluation of stress tolerance

          



          		

            Determination of relevant physiological and biochemical indexes

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Bioinformatics analysis of PsHAT5 transcription factor

          



          		

            Construction of plant overexpression vectors and acquisition of transgenic tomatoes

          



          		

            Overexpression of PsHAT5 transcription factor enhances drought tolerance in transgenic tomato

          



          		

            Overexpression of PsHAT5 transcription factor enhances salt tolerance in transgenic tomato

          



          		

            Overexpression of the PsHAT5 transcription factor increases the low temperature sensitivity of transgenic tomatoes (mainly freeze sensitive)

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1036254-g001.jpg
A

— ] ‘a 7 gl ecare:
51873 GGG S LSt

Foiats

posmrs B s23
mawts B 52
ey s s
e B 2
rotaTs B s
praaTs [ § et
e i 3
rasaTs § 526
paiais B 204

cansensus e nsr T G say fep s clsadsedn X 0.050






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1036254-g003.jpg
MDA content (umol/g-Fw)

Water saturation defi

—Control
S Drought

3 8 3

H

Soluble protein (mg/g-Fw)
Proline content (mg/gFw)

ty (Uig/FW)

CAT act






OEBPS/Images/fpls-13-1036254-g005.jpg
WT OE-2

WT JOE-2

N "%
i he

OE-4
N

WT

ey

OE-2

VI

OE-4 —

WT

OE-2

(0)22%

OE-4

4 80
2 s H "7 == contra 1z mm Control == 4°C mm -2°C
o 36 < — g
g & 75 == 2 2 60

= -]
E. 27 b1 =
~ = =]
b < 50 = 40
s £ s
218 e £
= = ]
g 4 g
< 9 £ 2 20
a = g
= i & W z
S PP SN LD S PP S & NP S V> OV P SV
Lyt Sy S Loy Sy S L'y Sy S

40
- == Control K — 37 e control L _ 440 mm Control
MR EISE™ e e
g 30 g 60 == 2°c % 330
E E E
5 = s
] ‘S 40 g 220
= = -

H £ g
= a 51
E =2 2 1o
(=3 = =
@ = £
0 2 =
S D> S D> S N>
RS R QLYY QY S V> A% NPV
¥ o NN NN FF AN Q¥
M 1000 == control N 2000 O 900 —contrl

800-== 4%C i — == === Control ontrol
? 600-== -2 T & 1600 Rk = 4C § = 4C 5
= ns “ & 1200 ns = 2 E == 2C
=0 400 o FI*’_X_‘ ™ ——
= S 800 5
2 o I = . = i 5 E
z z 3 6000
E 6 £ 160 £ 4000
Z z =
AT} g 120 - g 300
g % 8 30 g 20 .
= @ 4 £ 1000

0 0
& V. > & V. > S D> PP NP & v L
< Rl <Q RN Y <[ Rl < Rl <& ¥ 4{‘0@5\'0&? qﬁo@ﬁ‘oe? 4§0§;\’0®>





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





OEBPS/Images/fpls-13-1036254-g002.jpg
BamH1 Xbal

35 |[ 35 »| psmats M[ocs]

u
E

1 e
-

30 HHkk

1089bp

Relative expression level

WT OE-2 OF-4





