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Abstract


High temperatures seriously threaten the global yield of maize. The objectives of the present study were to explore the key candidate gene involved in heat shock responses in maize and its potential biological function to heat stress. Here, we identified a Class C heat shock factor, ZmHSF21, from maize leaves and used molecular biological and plant physiological assays to investigate its roles in transgenic Arabidopsis. ZmHSF21 encodes a putative protein of 388 amino acids. We showed that ZmHSF21 was expressed in most tissues of maize with relatively high expression in leaves and silks but rather low in roots and stalks, and its expression level in leaves was significantly up-regulated by heat treatment. We also showed that overexpression of ZmHSF21 in Arabidopsis significantly improved the seed germination frequency and plant survival rate when exposed to heat stress. We demonstrated that, compared with wild-type plants, the activities of peroxidase, superoxide dismutase, and catalase increased while the reactive oxygen species accumulation decreased in ZmHSF21 overexpressors under heat stress conditions. We further demonstrated that ZmHSF21 promoted the transcriptional level of AtAPX2, AtGolS1, and several AtHSPs. Collectively, the first-class C HSF in maize (ZmHSF21) is cloned in this study, and the combined results suggest that ZmHSF21 is a positive regulator of heat shock response and can be applied to develop maize high-temperature-tolerant varieties for more yield.
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1. Introduction


According to the World Food Security Summit Declaration, it is estimated that to meet the food demand of 9 billion people in 2050, food production must increase by 70%, which means that annual crop production growth in the coming decades will need to be 38% higher than historical levels. As one of the most important environmental factors, temperature plays a decisive role in the growth and development of crops and the ultimate yield. Climate warming has become an increasingly significant global problem, especially the frequent occurrence of high (or extremely high) temperatures in recent years. Projections from the Fourth Assessment of the Intergovernmental Panel on Climate Change (IPCC) state that the average global temperature rise ranges from 1.8 °C to 4.0 °C by 2100, which may cause plants to suffer from heat stress and hinder their growth and development, as well as the process of flowering and setting, and eventually seriously reduce the yield [1,2].



Heat sensing is the first step for plants to respond to increased temperature. It translates extracellular temperature signals into intracellular physiological responses or directly senses warming inside the cell and changes its ribonucleic acid (RNA) and protein levels. There are at least four kinds of sensing in objects to initiate heat shock response (HSR), including plasma membrane sensing, light receptor sensing, unfolded protein sensing in endoplasmic reticulum and cytoplasm sensing, and reactive oxygen species (ROS) sensing [3]. Plants have evolved a variety of strategies to adapt to high temperature or heat stress. Four major mechanisms have been found to cope with high temperature stress in plants; these mechanisms combine several typical pathways, including the heat shock factor–heat shock protein (HSF-HSP) pathway, the calcium ion–calmodulin (Ca2+-CaM) pathway, the reactive oxygen species pathway, and the hormone pathway [4]. Among them, the HSF-HSP pathway is the main pathway for plants. HSF is firstly discovered in yeast that regulates the expression of heat response genes [5] and is found to be prevalent in most species, such as 1 HSF in drosophila, 4 HSFs in humans, 21 HSFs in Arabidopsis, 24 HSFs in tomato, 52 HSFs in soybean, and 61 HSFs in wheat [6]. HSP is a type of protein specifically induced to express under heat shock conditions, which mainly protects against heat damage by maintaining the stability of plant proteins. HSF is the central regulator of HSP expression and the main regulator of heat shock response [7].



Plant HSFs harbor conserved functional domains, including the N-terminal deoxyribonucleic acid-binding structure for locating and binding to the heat shock element and the oligomerization domain for the formation of homologous trimers. According to the number of amino acids inserted into the two hydrophobic seven-peptide HR-A-HR-B of the oligomerization domain, HSF family members are divided into three classes: A, B, and C [8]. HSF members in Class A have the C-terminal AHA domain, which is essential for transcriptional activation, while members in Class B and C lack this AHA domain and do not have the ability to activate autonomously. HSF members in Class A are the primary regulators of heat shock response, and Class A HSF1 is the master regulator of this response and alters the transcription of a large number of genes encoding the chaperones and proteases [9,10,11,12]. Class B HSF members mainly act as repressors to negatively regulate the expression of many heat-induced HSF and HSP and negatively regulate plant heat tolerance. In Arabidopsis, the survival frequency of hsfb1/hsfb2b double mutants was significantly higher than that of the wild-type (WT) plants when exposed to heat stress conditions [13]. SlHSFB4a overexpressors showed a larger scorched area and significantly lower survival rate than control plants, and the ROS accumulation and cell death of plants silencing SlHSFB4a were significantly reduced [14,15]. However, the function of Class C HSF remains largely unknown.



Maize (Zeal mays L.) is one of the world’s most important crops, which originates in Mexico, Guatemala, and Honduras in Central America. Maize has different optimum temperatures at different growth stages, such as 24–31 °C for seed germination, 22–28 °C for growth, 25–26 °C for flowering, and 20–24 °C for grain filling. High temperatures play a detrimental effect on seed germination, grain yield, and grain quality [16,17,18]. The maize yields are projected to decline by about 10.3% for every 1 °C increase in temperature [6]. Accordingly, high temperature stress has become the major abiotic stress in maize, and it is urgent to develop new maize varieties with heat resistance [19]. However, the key candidate genes involved in the maize heat shock response and their molecular regulatory mechanisms are still largely unknown. Thus, it is urgent to explore the key genes and dissect their regulation to provide strategies for developing new varieties and offer genetic resources for directed manipulations to improve the heat-tolerance maize. Here, we report the identification of the first-class C HSF and its expression profiles, including tissue-specificity and responses to heat stress, germination frequency, survival rate, and regulation of potential target genes.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Arabidopsis seeds were sown on half-strength Murashige and Skoog (MS) (Sigma-Aldrich, St. Louis, MO, USA) solid media containing 0.8% agar and 1% sucrose after surface sterilization. After vernalizing at 4 °C in the dark for 3 days, seedlings were transferred to a growth chamber under 22 °C, 50% humidity, and a 16-h light/8-h dark photoperiod with 100 µmol m−2 s−1 light intensity for 5 days before further heat treatment or transferring into soil (Pindstrup Substrate No. 2, Pindstrup Mosebrug A/S, Ryomgaard, Denmark) in a culture room (Beijing, China) under the same conditions.



To clone ZmHSF21 and detect its expression pattern in different tissues, the seeds of the maize B73 inbred line were sown in the field (Langfang, Heibei province, China; 39.53°_N, 116.72°_E) in May 2023.



To investigate the expression change of ZmHSF21 when exposed to heat stress, the maize seeds were sown in 7 cm × 7 cm pots filled with soil as above and grown in a growth chamber (28 °C 12-h light/22 °C 12-h dark photoperiod, 50% humidity). For heat treatment, the v3-stage seedlings were transferred into a pre-heated growth chamber (45 °C 12-h light/45 °C 12-h dark photoperiod, 50% humidity) and harvested leaves at the given time. The seedlings without heat treatment were used as a parallel control.




2.2. RNA Extraction and Quantitative Real-Time PCR Assay


To detect the expression levels in Arabidopsis transgenic plants, 10-day-old seedlings were harvested, and the RNA was extracted with RNeay Plant Mini Kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions. The first strand of cDNA was synthesized starting with 1 µg of total RNA with the PrimeScript II 1st Strand cDNA Synthesis Kit (TaKaRa, Tokyo, Japan). Then, the cDNA was used as a template, and qRT-PCR was carried out with Fast SYBR® Green master mix (Applied Biosystems, Ottawa, ON, Canada) on an ABI 7500 Fast Real-Time PCR System with the following program: 10 min at 95 °C, 40 cycles of 15 s at 95 °C, and 1 min at 60 °C. The Arabidopsis AtACTIN2 was adopted as an internal control. For tissue-specific expression detection in maize, different tissues from seedlings or adult plants were harvested, and ZmTubulin5 was used as an internal control. The relative abundance of the target gene was calculated using the 2ΔCt method [18], in which ΔCt = Ct(ZmTUBULIN5/AtACTIN2) − Ct(target) [20]. All the primers used for qRT-PCR above are enlisted in Supplementary Table S1.




2.3. Plasmid Construction and Transformation


To generate ZmHSF21 overexpressors, the coding sequence of ZmHSF21 (GRMZM2G086880, Zm00001d011406, and Zm00001eb358700 for versions V3, V4, and V5, respectively) available in the maize genome database (https://maizegdb.org/) was amplified with high-fidelity KOD-FX neo DNA polymerase (TOYOBO, Osaka, Japan) and ligated into the pCPB vector to generate the 35S::ZmHSF21 construct (ZmHSF21-OE). After confirmation by sequencing, the construct was transformed into Agrobacterium tumefaciens strain LBA4404 and further introduced into WT Arabidopsis plants using the floral-dip method [21]. The primer pair used for the construct above was given in Supplementary Table S1.




2.4. Screening of Transgenic Plants


The seeds (in T0 generation) were directly sown into soil as above and grown at 22 °C (light 16 h/darkness 8 h) for 10 days, then 10% Basta solution (1:2000 dilution) was sprayed onto the seedlings once every two days. The genomic DNA from the Basta-resistant plants was extracted for genotyping with the primer pair ZmHSF21-F/R. The T3 homozygous transgenic lines of the positive plants were used for further study.




2.5. Heat Tolerance Analysis


The seeds from WT plants and ZmHSF21 overexpressors were sterilized and sown onto half-strength MS solid media and then grown at 22 °C (light 16 h/dark 8 h) for 5 days. The seedlings were treated at 45 °C for the given time and then returned to 22 °C to resume growth for 7 days. The seedlings that could re-grow and become green during recovery were considered to have survived. The survival rate was determined by the percentage of the number of survived seedlings to the number of total seedlings before heat treatment.




2.6. Nitro Blue Tetrazolium Staining


Four-week-old WT plants and ZmHSF21 overexpressors were treated in a chamber at 45 °C (50% humidity). The leaves were then quickly immersed in 1 mg mL−1 nitro blue tetrazolium solution for 12 h; subsequently, the color was decolorized with 75% ethanol for three times.




2.7. Measurements of Reactive Oxygen Species Content and Enzyme Activities


The sixth leaves of WT and ZmHSF21 transgenic plants with or without heat treatment for 1 h were taken for physiologic investigation. The content of reactive oxygen species (ROS) and the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) were measured with a commercial kit (Jiancheng, Nanjing, China) following the manufacturer’s instructions. The kit numbers for ROS, SOD, POD, and CAT measurements are J38834, A001-1-1, A084-3-1, and A007-1-1, respectively.




2.8. Statistical Analysis


All the measurements or investigations were performed for at least three biological replicates. The least significance difference test and Student’s t test were conducted to analyze the significant differences among multiple groups and between two groups, respectively. And the Bonferroni calibration of SPSS software (version IBM SPSS Statistics 22.0) further carried out the determination of the significant differences. The graphs with dots and bars were produced using GraphPad Prism software (version 7.04).





3. Results


3.1. ZmHSF21 Belongs to the Class C HSF Group


To clone ZmHSF21, specific primers were designed according to its sequence published in the maize genome database (https://maizegdb.org/), and v3-stage leaf cDNA from maize seedlings grown in the field was used as a template. The sequencing results confirmed the cloned sequence was consistent with the sequence in the maize genome database, indicating that ZmHSF21 had been successfully cloned. Sequence analysis showed that the open reading frame of ZmHSF21 was 1164 bp in length and was predicted to encode 388 amino acids. In Arabidopsis, there are 21 HSFs, and they are divided into three classes, including 15 Class A HSFs, 5 Class B HSFs, and 1 Class C HSF. Further comparison of the amino acid sequence of ZmHSF21 with Arabidopsis 21 HSFs and several Class C HSFs from rice, wheat, and Festuca arundinacea revealed that ZmHSF21 clusters with all Class C HSFs in the same group, and the homology of ZmHSF21 with AtHSFC1 of Class C was higher than that of any Class A or B HSF (Figure 1), indicating that ZmHSF21 is a typical Class C HSF.




3.2. ZmHSF21 Is Expressed in Diverse Tissues and Is Up-Regulated by Heat Stress


To detect the tissue expression specificity of ZmHSF21 in maize, total RNA was extracted from different tissues of seedlings or mature plants grown in the field, including roots, leaves, sheaths, and stalks from v3-stage seedlings (~20 days old), silks, husks, and pollens from R1-stage plants (3 days after silking and tasseling), and kernels from R2-stage ears (15 days after pollination). Quantitative PCR analysis showed that ZmHSF21 was detectible in all the tissues tested, with a high expression level in leaves and silks and rather low expression in roots and stalks (Figure 2a).



To detect the role of ZmHSF21 in maize heat stress, the expression pattern of ZmHSF21 in response to heat stress was investigated. The results showed that, compared with control, the ZmHSF21 expression was rapidly induced by high temperature treatment (45 °C) and reached the peak within 1 h after treatment. The expression level declined with the extension of treatment time but was still significantly higher than that of control (0 h) (Figure 2b). These results suggest that the expression of ZmHSF21 is up-regulated by high temperature stress and may play an important role in response to heat stress.




3.3. Screening and Identification of Plants Overexpressing ZmHSF21


To study the biological function of ZmHSF21, the coding sequence of ZmHSF21 was ligated to the pCPB vector to produce a 35S::ZmHSF21 construct and further transformed into WT Arabidopsis. The T0 transgenic seeds were sown into soil, and the 5-day-old seedlings were sprayed with Basta solution for screening the positive (Basta-resistant) seedlings. A total of 14 T1-positive plants were obtained in this study. The genomic DNA of these T1-positive plants was further extracted and used as a template for PCR detection with a special primer pair. The results showed that the fragments with the same size as the coding region of ZmHSF21 could be amplified from the genomic DNA of all positive plants but not from WT plants (Figure 3b). Further sequencing of these fragments verified the consistency with the sequence of ZmHSF21, indicating that the ZmHSF21 had been integrated into the Arabidopsis genome. The further detection of ZmHSF21 expression showed that the T3 homozygous transgenic Line 1 (OE#1), OE#4, and OE#11 had high expression levels (Figure 3c).




3.4. Response of Wild-Type Plants to High Temperature Stress


To study the response of ZmHSF21 to high temperature stress, the wild-type Arabidopsis seedlings that germinated and grown at normal temperature (22 °C) for 5 days were moved into a chamber at 45 °C and treated for 0.5, 1.0, 1.5, or 2.0 h, respectively, and then returned to 22 °C for 7-day resumed growth. Comparison of their survival rate between the treatments showed that there was no significant difference in survival rate between the 0.5 h high temperature treatment and the control (0 h), indicating that Arabidopsis seedlings could tolerate high temperature stress for a short time. However, the survival rate of Arabidopsis seedlings significantly declined with the continuation of high temperatures. The seedling survival rates were only 64.76%, 25.24%, and 0% of that of control (0 h) for 1.0, 1.5, and 2.0 h high temperature treatment, respectively (Figure 4).



The accumulation of ROS in plants reflects the severity of stress. In this study, NBT staining demonstrated that the SOD accumulation in leaves increased significantly with the increase in heat stress duration (Figure 5a,b). The physiological measurement further showed that, with the extension of high temperature stress, the activities of superoxide dismutase SOD, POD, and CAT in leaves increased significantly (Figure 5b), indicating that high temperature stress causes the ROS outbreak and the enzyme activities increase within a short time.




3.5. Overexpression of ZmHSF21 Improved Seed Germination and Heat Resistance of Plants under High Temperature Stress


To test the role of ZmHSF21 in seed germination, the seeds of WT or T3 homozygous ZmHSF21 overexpressors were directly heat-stressed at 50 °C for 60 min and then were plated onto 1/2MS and returned to 22 °C for germination. The results showed that the germination frequency of WT and ZmHSF21 overexpressors all decreased significantly compared with their counterparts under normal conditions without heat treatment (Figure 6). However, after heat treatment, the germination frequency of ZmHSF21 overexpressors was significantly higher than that of WT (65.8%, 82.3%, 85.7%, and 88.3% for WT ZmHSF21 overexpressors OE#1, OE#4, and OE#11, respectively), indicating that ZmHSF21 overexpression could significantly improve the seed germination frequency under high temperature stress (Figure 6).



To further test the effect of ZmHSF21 overexpression on plant growth under high temperature stress, the 5-day-old seedlings were treated at 45 °C for 90 min and then resumed growth at 22 °C for 7 days. The results found that the survival rate of ZmHSF21 overexpressors and WT seedlings was significantly decreased after high temperature treatment (Figure 7). However, the survival rate of ZmHSF21 overexpressors was significantly improved compared with WT when exposed to high temperature treatment (1.25%, 19.75%, 25.75%, and 28.75% for WT, ZmHSF21 overexpressor #OE1, #OE4, #OE11, respectively) (Figure 7), indicating that ZmHSF21 overexpress also improves the plant’s high temperature tolerance.




3.6. ZmHSF21 Significantly Promoted the Expression Levels of HSPs


HSF is reported to be a class of transcription factors that regulate the expression of heat-response genes, mainly through regulating the expression of target genes HSPs, which is specifically induced to express proteins under heat shock conditions and resists heat damage by maintaining the stability of plant proteins. In this study, the results showed that the overexpression of ZmHSF21 significantly promoted the expression of a series of HSP in Arabidopsis, including AtHSP17.7, AtHSP18.5, AtHSP22.0, AtHSP60.2, AtHSP26.5, AtHSP70.13, and AtHSP90.5 (Figure 8). In addition, ZmHSF21 also promoted the expression levels of oxidative stress-related genes AtAPX2 and AtGOLS1 (5–30 folders higher than that of the WT).




3.7. Overexpression of ZmHSF21 Significantly Decreased ROS Content When Plants Exposed to Heat Stress


To reveal the physiological basis for the high temperature tolerance of ZmHSF21 overexpressors, the ROS content was further investigated in this study. The nitro blue tetrazolium staining showed that, under normal conditions, the SOD content in the leaves from both WT plants and ZmHSF21 overexpressors was rather low and there was no significant difference between them (Figure 9a,b). However, when plants are exposed to heat stress for 2 h, the SOD content in the leaves from WT plants and ZmHSF21 overexpressors is obviously higher than their counterparts before heat stress. Comparison of the ROS content between WT plants and ZmHSF21 overexpressors after heat stress showed that the ROS content in ZmHSF21 overexpressors was significantly lower than that in WT plants, only around 54.07%, 53.10%, and 68.22% of WT plants for ZmHSF21OE#1, ZmHSF21OE#4, and ZmHSF21OE #11, respectively (Figure 9a,b).



SOD, POD, and CAT are the main components of the ROS clearance system. They play an extremely important role in preventing membrane lipid peroxidation, delaying plant senescence, and mitigating membrane damage caused by adversity. Thus, we further compared the activities of CAT, SOD, and POD between WT and ZmHSF21 overexpressors before and after heat stress. The results showed that the activities of CAT, SOD, and POD of WT plants and ZmHSF21 overexpressors after heat stress are significantly higher than their counterparts before heat stress (Figure 9b). The results also showed that, after heat stress, the activities of CAT, SOD, and POD of ZmHSF21 overexpressors are significantly higher than the counterparts of WT plants, around 170%, 149%, and 195% of WT plants for the activities of CAT, SOD, and POD, respectively (Figure 9b).





4. Discussion


Heat stress is one of the most common abiotic stresses for crops. Maize is one of the most important crops that originated in the tropical region and is currently widely cultured in temperate regions. However, frequent occurrences of high and extremely high temperatures worldwide have led to a serious decline in its yield and threaten global food security. Thus, it is urgent to explore key candidate genes and elucidate the molecular mechanisms of heat stress in order to understand how maize responds and adapts to heat stress and to cultivate maize with improved heat tolerance to cope with a warming environment. HSFs are the most important regulatory factors involved in heat shock response. HSF, together with the target gene HSPs (HSF-HSP module), control most physiological and biochemical processes of heat shock response. Previous studies have shown that there are 31 HSFs in the maize genome, including 16 Class A HSFs, 10 Class B HSFs, and 5 Class C HSFs [22]. Overexpression of maize Class A ZmHSF1 or ZmHSF05 in Arabidopsis or rice can significantly enhance the heat resistance of plants [23,24]. A very recent study reported that Class A ZmHSF20 could reduce the heat tolerance of seedlings by inhibiting another maize, Class A ZmHSF4 and ZmCesA2, and thus balancing growth and defense of seedlings [25]. ZmHSF4 directly activates ZmCesA2 transcription and thus increases maize heat tolerance [25]. In maize Class B HSFs, overexpression of ZmHSF11 in Arabidopsis and rice significantly increased cell death and decreased plant survival rate under heat shock treatment [26]. ZmHSF11 transgenic rice accumulated more H2O2 and less proline content, and the expression levels of oxidative stress-related genes APX2 and DREB2A were significantly decreased [26]. However, no maize Class C HSF has been reported, and their function is still largely unknown.



This research mainly focused on the identification of maize Class C HSF and its biological function under heat stress. In this study, we identified a Class C HSF ZmHSF21 from maize leaves, which encodes a putative protein of 388 amino acids. We showed that ZmHSF21 was expressed in most tissues with relatively high expression in leaves and silks, which indicates the biological function of ZmHSF21 in leaves and silks. The phylogenetic tree constructed with ZmHSF21 and other HSFs, including 21 AtHSF (15 Class A HSFs, 5 Class B HSFs, 1 Class C HSF) from Arabidopsis, 2 Class C OsHSFs from rice, 3 Class C TaHSFs from wheat, and 1 FaHSFC from Festuca arundinacea, shows ZmHSF21, AtHSFC1, 2 OsHSFCs, 3 TaHSFCs, and FaHSFC all cluster in the same group, suggesting that there are similar structures and motif composition between ZmHSF21 and Class C HSFs from other species tested and ZmHSF21 is a typical Class C HSF. ZmHSF21 expression was significantly up-regulated during 6-h heat treatment. Further study showed that overexpression of ZmHSF21 in Arabidopsis significantly improved the seed germination frequency and seedling survival rate under heat stress conditions, which is similar with maize other class HSFs, such as ZmHSF1, ZmHSF4, and ZmHSF5 of Class A, but not ZmHSF20, which reduced the heat tolerance of seedlings. The improving heat tolerance of Class C HSFs has also previously been reported in other species. For instance, overexpression of TaHSFC2 in wheat improved heat tolerance of transgenic plants, and the expression of HSP70s was up-regulated [27]. Overexpression of Festuca arundinacea FaHSFC1b in Arabidopsis also significantly up-regulated the expression of several HSPs, chlorophyll content, and photochemical efficiency, which resulted in an increase in plant survival rate under heat stress [28]. Compared with FaHSFC1b and TaHSFC2, our results demonstrated that overexpression of ZmHSF21 in Arabidopsis not only up-regulated the expression level of HSP60, HSP70, and HSP90 but also up-regulated the expression level of small HSPs, including AtHSP17.7, AtHSP18.5, AtHSP22.0, and AtHSP26.5. Especially, our results showed that ZmHSF21 overexpression obviously promoted the expression of oxidative stress-related genes such as AtAPX2 and AtGolS1, which directly respond to oxidative damage and increase tolerance to stress. Considering the up-regulation of ZmHSF21 when exposed to heat stress, it is reasonable to suppose that the expression of HSPs above and AtAPX2 and AtGolS1 up-regulated, resulting in the decline of ROS content and the increase in the activities of ROS, POD, and CAT, and subsequently improving the heat tolerance and survival rate. Additionally, the up-regulation of both chaperone HSPs and oxidative stress-related genes by ZmHSF21 overexpression indicates that ZmHSF21 may regulate heat shock response through two independent pathways: one is to promote HSPs and the other is to up-regulate oxidative stress-related genes. Collectively, our combined results suggested that ZmHSF21 is a positive regulator of heat shock response and can be applied as genetic resources to develop high-temperature-tolerant varieties of maize and other crops, especially in tropical regions, which would provide a potential way to dramatically improve food security in the 21st century.



Although our results demonstrated that overexpression of ZmHSF21 in Arabidopsis obviously improved the germination frequency and survival rate of transgenic materials under heat stress, the detailed molecular mechanism underlying it is still largely unknown and is worth further analysis. In addition, it remains to be verified and tested whether overexpression of ZmHSF21 in maize can achieve similar effects and improve the germination frequency and survival rate in practice. Considering the complex genome of maize and the diversity of inbred lines, it is necessary to systematically analyze the haplotypes of ZmHSF21 in different inbred lines from different regions, such as tropical regions and temperate regions, and to investigate its transcriptional level differences between inbred lines under heat stress, so as to explore its excellent haplotypes and then directly apply to breeding in practice for novel heat-resistant maize germplasm and varieties, as well as provide effective genetic resources for maize and other crops to cope with global warming.




5. Conclusions


In conclusion, ZmHSF21, the first-class C HSF, was cloned and identified in this study. The expression of ZmHSF21 is up-regulated by heat stress. Overexpression of maize ZmHSF21 in Arabidopsis significantly down-regulates the expression level of several HSPs and the oxidative stress-related genes. We demonstrated that overexpression of ZmHSF21 promotes the activities of SOD, POD, and CAT, reduces the content of ROS, and results in the improvement of seed germination frequency and survival rate of transgenic plants under heat stress. Taken together, our data demonstrated that ZmHSF21 is a positive regulator of heat shock response and may serve as a potential useful genetic resource for maize.
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Figure 1. Phylogenetic relationship between maize ZmHSF21 and Class C HSFs from other species. The software Clustal X (version 3.0 46) was used to align the protein sequence of all HSFs. The software Treeview (version 1.16r4 47) was adopted to produce the phylogenetic tree by the neighbor jointing method. The ZmHSF21 cloned in this study is in red. The red open box indicated the Class C HSFs from Arabidopsis, maize, rice, wheat, and Festuca arundinacea. The amino acid sequences of all proteins aligned are given in the supplementary datasheet. 
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Figure 2. Expression patterns of ZmHSF21 in different tissues and under heat stress. (a) Comparison of expression levels of ZmHSF21 between different tissues. Bar represents standard deviation (SD). Values are means ± SD (n = 3 biological replicates). The different letters indicate significant differences at p < 0.05. (b) The up-regulation of ZmHSF21 expression after high temperature treatment. V3-stage maize seedlings were treated with high temperature (45 °C) for a time course (0, 15, 30, 60, 120, and 240 min), and the second leaves were harvested for RNA extraction. All data represent the mean ± SD of three biological replicates. The different lowercase letters indicate significant differences at p < 0.05. 
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Figure 3. Identification of ZmHSF21 transgenic plants. (a) Screening of T1 transgenic seedlings. Five-day-old T1 seedlings were sprayed with 10% Basta (1:2000 dilution) for three times. The white triangles indicated the Basta-resistant (positive) seedlings. (b) Genotyping of ZmHSF21 transgenic plants. The genomic DNA from WT plants was used as a negative control. (c) Detection of the expression level of ZmHSF21 in different homozygous transgenic lines. All data represent the mean ± SD of three independent biological replicates. The different lowercase letters indicate significant differences at p < 0.05. The T3 homozygous seeds of OE#1, OE#4, and OE#11 were used for further study. 
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Figure 4. Comparison of survival rates of WT seedlings after different durations of high temperature treatment. Five-day-old seedlings were placed at 45 °C for given time and then resumed growth at 22 °C. (a) 0 h; (b) 0.5 h; (c) 1.0 h; (d) 1.5 h; and (e) 2.0 h. (f) Statistical analysis of survival rates of seedlings with or without heat treatment. The data represent the mean ± SD (n = 3 biological replicates) of three independent. The different letters indicate significant differences at p < 0.05. 
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Figure 5. The reactive oxygen species is significantly accumulated with heat stress. (a) NBT staining showing the SOD accumulation. (b) Quantification of the content of ROS and the enzyme activities. Values are means ± SDs of three replicates. The different letters indicate significant differences at p < 0.05. 
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Figure 6. Comparison of seed germination frequency of WT and ZmHSF21 transgenic seeds under heat stress. (a) Control; (b) After heat shock; (c) Diagram of the seeds in (a); (d) Statistical analysis of germination frequency of seeds with or without heat treatment. Seeds were placed at 50 °C for 60 min and then transferred to 22 °C for germination and growth. The data represent the means ± SDs (n = 3). The different letters indicate significant differences at p < 0.05 (Student’s t-test). 
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Figure 7. Survival rates of WT and ZmHSF21 transgenic seedlings under heat stress. (a) Control; (b) After heat shock; (c) Diagram of the seedlings in (a); (d) Statistical analysis of survival rate of seedlings with or without heat treatment. Five-day-old seedlings were placed at 45 °C for 90 min and then resumed growth at 22 °C for 7 days. The data represent the means ± SDs (n = 3). The different letters indicate significant differences at p < 0.05 (Student’s t-test). 
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Figure 8. ZmHSF21 significantly up-regulated the expression of HSPs. Ten-day-old seedlings grown under normal conditions were harvested for RNA extraction. All data represent the mean ± SD of three independent biological replicates. * p < 0.05; ** p < 0.01. AtACTIN2 was used as an internal control. 
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Figure 9. Comparison of the ROS content in the leaves between WT plants and ZmHSF21 overexpressors with or without high temperature treatment. (a) NBT staining showing the SOD accumulation between WT plants and ZmHSF21 overexpressors before heat stress (HS) or after HS. (b) Quantification of the content of ROS and the activities of CAT, SOD, and POD between WT leaves and ZmHSF21 overexpressors. Values are means ± SDs of three replicates. The different letters indicate significant differences at p < 0.05. 
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