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Background and aims

Mitogen-activated protein kinases (MAPKs) have been reported to respond to various stimuli including heat stress. This research aimed to investigate whether StMAPK1 is implicated in the transduction of the heat stress signal to adapt heat stress as a thermos-tolerant gene.





Materials and methods

Potato plants were cultivated under mild (30°C) and acute (35°C) heat stress conditions to analyze mRNA expression of StMAPKs and physiological indicators. StMAPK1 was up-regulated and down-regulated by transfection. Subcellular localization of StMAPK1 protein was observed by fluorescence microscope. The transgenic potato plants were assayed for physiological indexes, photosynthesis, cellular membrane integrity, and heat stress response gene expression.





Results

Heat stress altered the expression prolife of StMAPKs. StMAPK1 overexpression changed the physiological characteristics and phenotypes of potato plants under heat stresses. StMAPK1 mediates photosynthesis and maintains membrane integrity of potato plants in response to heat stress. Stress response genes (StP5CS, StCAT, StSOD, and StPOD) in potato plants were altered by StMAPK1 dysregulation. mRNA expression of heat stress genes (StHSP90, StHSP70, StHSP20, and StHSFA3) was affected by StMAPK1.





Conclusions

StMAPK1 overexpression increases the heat-tolerant capacity of potato plants at the morphological, physiological, molecular, and genetic levels.
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Highlights

	1. StMAPK1 is increasingly expressed in potato plants in response to heat stress;

	2. Elevated StMAPK1 overexpression maintains physiological characteristics and growth phenotypes of potato plants;

	3. StMAPK1 is involved in protecting photosynthesis and membrane integrity against heat stresses.







Introduction

Climate change and global warming confer adverse effects on the crop growth and sustainable food development worldwide (Chen et al., 2020; Zandalinas et al., 2021). High temperature is one of the most predominant uncontrollable factors affecting potato yield (Handayani et al., 2019; Lee et al., 2020). Of particular, extreme heat negatively affects plant growth and crop yields, posing a significant threat to sustainable crop production. Continued greenhouse gas emissions will lead to further temperature increases, which lead to increased evaporation. This negative impact on crop yields may be aggravated in future. As consequence, the development of heat-stressed potato plants via genetic transformation is necessary to counter the negative impact of high temperature. In this scenario, identification of thermos-tolerant genes and understanding of functional mechanisms may facilitate the breeding of thermos-tolerant cultivars.

Potato (Solanum tuberosum L.) is the critical agricultural crop, being the third most significant crop after rice (Oryza sativa) and wheat (Triticum spp.). Additionally, high temperature negatively affects carbon synthesis (Wolf et al., 1991), photosynthesis (Wolf et al., 1990), biomass accumulation (Yubi et al., 2019), and sucrose translocation to tubers (Arreguin-Lozano and Bonner, 1949). High temperature delays the process of tuber formation and bulking (Menzel, 1983), contributes to tuber deformities and necrosis of the cultivated potato crop (Rykaczewska, 2015), and ultimately increases the risk in yield losses or quality decrease (Kim et al., 2017). In response to heat stress, plants have evolved to exhibit different strategies at the molecular, physiological, and morphological levels. Heat stress predisposes potato to oxidative stress, however, heat-tolerant potato plants display elevated antioxidant enzyme activity and altered secondary metabolism in response to heat stress (Almeselmani et al., 2006; Fogelman et al., 2019). It is still not fully understood about the mechanism by which potato plants perceive the initial heat stress and promptly respond to the high temperature at the molecular levels. The elucidation of such molecular mechanism may provide novel insights into the recognition of specific traits of potato plants responding to extreme hot climates.

Eukaryotic mitogen-activated protein kinase (MAPK or MPK) cascades play roles in relaying environmental and developmental signals into intracellular responses. Mitogen-activated protein kinases (MAPKs or MPKs) included in MAPK cascades are active in developmental processes and act in response to biotic and abiotic stresses. MAPKs are of major importance for transducing the heat stress signal to adapt to elevated temperatures (Link et al., 2002; Suri and Dhindsa, 2008). Genome sequence has identified 22 genes possibly encoding MAPKs in potato plants (Zaynab et al., 2021; Majeed et al., 2023). However, we have previously identified 15 MAPK genes in potato plant after aligning sequences from NCBI (Zhu et al., 2021a). The multiple sequence alignment of the conserved amino acid motif TxY divided MAPKs into 5 groups (Zaynab et al., 2021; Majeed et al., 2023). It has been confirmed that MAPK1 belonging to Group B plays a positive role in response to heat stress in Arabidopsis thaliana (Wu et al., 2015). However, there is little knowledge of information about the molecular biological function of MAPK1 in potato plants in response to heat stress.

Up to now, limited knowledge of heat tolerance mechanism hampered the efforts of enhancing heat stress tolerance of potatoes either by conventional or new approaches. Better understanding of key genes and overall network of genes with a role in potato thermotolerance is needed. Mitogen-activated protein kinases have been reported to respond to various stimuli including heat stress (Lin et al., 2021; Majeed et al., 2022). In this study, we aimed to investigate whether StMAPK1 is implicated in the transduction of the heat stress signal to adapt heat stress as a thermos-tolerant gene.





Materials and methods




Plant growth and heat stress treatment

To analyze whether the expression profile of StMAPKs genes was affected by heat stress, Potato (Solanum tuberosum L.) cultivar “Atlantic” was cultivated under mild (30°C) and acute (35°C) heat stress conditions. Potato plants were in vitro planted in Murashige and Skoog (MS) medium (pH ranging among 5.8-6.0) in supplement with 3% sucrose for seedling growth or 8% sucrose for tuber generation. Potato plants were cultivated in a biotron at 22°C/15°C (day/night) with a 16-h photoperiod (2,800 Lux) and an air humidity of 50% (Zhanjiang, Guangzhou, China). Potato tubers with a sprouted bud of 1 mm in height were transferred into soil and vermiculite (1:1, v/v) pots measuring 26 cm × 27 cm × 18 cm and cultured for 5 weeks. The soil moisture remained at 70%-75%.

Heat stress is often defined as the rise in temperature beyond a threshold level for a period of time sufficient to cause irreversible damage to plant growth and development. In general, a transient elevation in temperature, usually 10-15°C above ambient, is considered heat stress. Hence, we chose 30°C and 35°C to study the response of potato plants to heat stress. The plants were cultivated under mild (30°C) and acute (35°C) heat stress conditions for 0 h, 1 h, 3 h, 6 h, 12 h, 24 h and 48 h, and the leaves were collected for detecting mRNA expression and physiological indicators. Plant height, fresh weight, dry weight, root fresh weight, and root dry weight were recorded 5 weeks after heat stress treatment.

For the quantitation of StMAPKs expression, there were 126 seedlings (1 line × 2 heat treatments × 7 different time periods × 3 replications × 3 pots); For the quantitation of heat-responsive genes, there were 630 seedlings (7 lines × 2 heat treatments × 5 different time periods × 3 replications × 3 pots); For the examination of physiological and photosynthetic indexes, there were 630 seedlings (7 lines × 2 heat treatments × 5 different time periods × 3 replications × 3 pots);





Plasmid construction and transformation

To develop StMAPK1-transgenic potato plants (OE for short), StMAPK1 protein-encoding region (GeneBank ID: XM_015312004.1) was amplified and ligated into pBI121-EGFP plasmid using the following primers: forward, 5’-CTCGAGATGGAGGCAAGTTTAGGTGATC-3’ and reverse 5’- GTCGACGTGAGTTGGATCTGGATTAAAG-3’, provided by Bioeditas (Shaanxi, China) according to a previous method (Li et al., 2020). The constructed plasmid was introduced into Agrobacterium tumefaciens strains LBA4404, followed by infecting the potato tuber according to Si’s method (Si et al., 2003). In short, 12-20 week-old micro-tubers were cut into 1-2 mm discs, and submerged in 20 mL of bacterial solution for 10 min. Then the discs were transferred into shoot regeneration medium, sealed with parafilm and incubated for 2 days in dark at 26°C. StMAPK1-transgenic potato plants were selected using 75 mg/L of kanamycin. The transgenic potato plants were identified by sequencing PCR amplified products.

Potato plants with StMAPK1 knocked down (RNAi for short) were constructed with a previous method (Lu et al., 2019). The sense cDNA sequence was amplified using forward primer (Kpn I) and reverse primer (EcoR I) and inserted as an Kpn I-EcoR I fragment into pHANNIBAL (pHAN-StMAPK1-F); The anti-sense cDNA sequence was amplified using forward primer (Hind III) and reverse primer (BamH I) and inserted as a Hind III-BamH I fragment into pHANNIBAL (pHAN-StMAPK1-RF). The pHAN-StMAPK1-RF were subcloned at Sac I and Spe I sites into pART vector (pART-StMAPK1-RNAi). pART-StMAPK1-RNAi was introduced into LBA4404 and incubated for 48 h at 28°C, followed by PCR confirmation using the specific primers for RNAi (forward: 5’-AATTCGTTCCAACCAACAATTG-3’ and reverse: 5’-AGTTGCAACCAACTGACCAGATAT-3’) and NPT II (forward: 5’-ATGACTGGGCACAACAGACAATCG-3’ and reverse: 5’-TCAGAAGAACTCGTCAAGAAGGCG-3’). The stably transgenic plants were stored in MS medium.





Subcellular localization of StMAPK1

Protein-coding sequence of StMAPK1 was amplified and ligated to the expression vector pCAM35s-GFP, using the following primers: forward, 5’-ATGGAGGCAAGTTTAGGTGATC-3’ and reverse, 5’-GTGAGTTGGATCTGGATTAAAG-3’. The constructed plasmid was transformed into Agrobacterium tumefaciens Gv31. The transformed strain infiltrated tobacco epidermal cells in accordance with a previous method reported by Sparkes et al. (Sparkes et al., 2006). The green fluorescence was detected 48 h after infiltration under a Leica TCA confocal scanning laser microscopy (Leica, Weztlar, Germany).





Gene expression assay

Total RNA was extracted using TRIzol RNA Extraction Kit (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s description. The first-strand cDNA was generated using the First-Strand cDNA Synthesis Kit according to the instructions from the TransGen Biotech (Beijing, China). qPCR was carried out in a reaction system consisting of 100 ng of cDNA, 10 μL of SYBR Premix Ex Taq (2 ×) (Takara, Tokyo, Japan) and 0.8 μL of specific primers (0.5 μM) on ABI3000 system (Applied Biosystems, Foster City, CA, USA). The reaction procedures were as follows, one cycle at 94°C for 2 min and 40 cycles of amplification at 94°C for 30 s, 60°C for 34 s, and 72°C for 30s. The specific primers were listed in Table 1. The relative mRNA expression was calculated using the formula 2-△△Ct. Solanum tuberosum translation elongation factor 1α gene (StEf1α) served as an internal control.


Table 1 | List of specific primers for qRT-PCR.







H2O2, proline, and MDA contents assay

H2O2 content, proline content, and MDA content was determined according to our previous methods (Zhu et al., 2021b).





Chlorophyll content assay

Chlorophyll content in potato leaves was examined using the commercial chlorophyll assay kit according to the manuscript’s instruction (Item No. Cat#BC0990; Solarbio, Beijing, China). Fresh potato leaves were collected and washed in distilled water. After draining the surface of the leaves, the midrib of the leaves was removed and cut into pieces. Approximately 0.1 g of leaves were weighted and ground thoroughly in 1 mL water in the dark, which were then entirely transferred into a 10-mL volumetric flsk, diluted with water to volume, and mixed. The volumetric flsk was maintained in the dark for 3 h. The absorbance of the supernatant was measured at a wavelength of 663 nm and 645 nm using a spectrophotometer model 552 (Perkin Elmer, Shelton, CT, USA).





Ion leakage assay

The top third functional leaves fully expanded were taken from the transgenic or non-transgenic potato plants at the same position. The leaves were washed with distilled water twice to remove any electrolytes adhering to the leaves or in the cut ends of the tissues. The water on the surface of the leaves were absorbed using filter paper. The leaf discs were punched with a 10 mm-punch from the potato leaves avoiding the central veins. The leaves were placed in 0.1 mol/L of mannitol aqueous solution and shaken at 100 times/min for 2 hours. The relative electrolyte leakage was examined using a conductometer (DDS-11A, Shanghai Scientific Instruments, Shanghai, China). The initial conductivity of the solution was recorded as L1. The solution was next boiled for 10 min and then cooled to 20°C before the determination of the final conductivity L2. The ion leakage was indicated as the ratio of L1 to L2.





Activity assay of CAT, SOD, and POD

The activity of catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) was determined according to our previous methods (Zhu et al., 2021b).





Net photosynthetic rate, transpiration rate and stomatal conductance assay

The third leaf from the plant top was collected when it fully expands during 9:30-11:30. Net photosynthetic rate, transpiration rate and stomatal conductance were examined using a portable photosynthetic LI-6400XT system (Li-COR, Lincoln, NE, USA). The photon flux density was set as 1,500 μmol·m-2·s-1. The relative humidity in leaf chamber was 50%-70%. CO2 concentration was 400 μmol/mol.





Statistical analysis

All examinations were performed with three biological replicates and three technological replicates. Data are expressed as the mean ± standard deviation. Statistical analysis was performed with IBM SPSS 19.0 Statistical Software (IBM, Chicago, IL, USA) and GraphPad Prism Software (GraphPad, San Diego, CA, USA). Heatmap was prepared with R-software. Multiple comparison was analyzed by one-way ANOVA with Tukey test, Dunnett’s T3 or Sidak’s test for post-hoc analysis.






Results




Expression profile of StMAPKs in potato plants under heat stresses

Potato plants were cultivated under mild (30°C) and acute (35°C) heat stresses, followed by examination of mRNA expression of StMAPKs (StMAPK1, StMAPK3, StMAPK4, StMAPK6, StMAPK7, StMAPK8, StMAPK9, StMAPK10, StMAPK11, StMAPK12, StMAPK13, StMAPK14-1, StMAPK14-2, StMAPK16-1 and StMAPK16-2) (Figure 1). Transcript levels of StMAPK genes were found to be altered in response to mild (Figure 1A) and acute heat stresses (Figure 1B). Under heat stress conditions, StMAPK1 and StMAPK3 were induced to be expressed 1-48 h after heat stress (30°C and 35°C) treatment and peaked at 48 h and 6 h, respectively, with a 4.3-fold and 2.5-fold increase in expression, respectively (Figure 1). Notably, StMAPK1 transcript levels were maintained at higher levels (expression increased more than 3-fold) at 6 h, 12 h, 24 h and 48 h of heat stress treatment (P < 0.05). The results indicated that heat stress at 30°C and 35°C induced a sustained and stable high expression of StMAPK1. Therefore, we focused on StMAPK1 and studied its molecular function in the downstream experiment.




Figure 1 | Heatmap showing mRNA expression of StMAPK gene family. Potato leaves were collected 0, 1, 3, 6, 12, 24, and 48 hours after cultivation under mild heat stress (30°C) (A) or wild heat stress (35°C) (B). Data are mean ± standard deviation (n = 9). Different letters indicate significant difference (P < 0.05) among different samples by one-way ANOVA with Tukey test or Dunnett’s T3 for post-hoc analysis.







StMAPK1 affected the physiological characteristics and phenotypes of potato plants under heat stresses

MAPK cascade transduces the heat signals from the extracellular space to the nucleus, and MAPK is involved in plant signal transduction. The subcellular localization of MAPK1 protein was predicted using the online tool WoLFPSORT (https://wolfpsort.hgc.jp/). The results showed that MAPK1 protein locates in the nucleus. To ascertain the subcellular localization of StMAPK1, GFP-tagged StMAPK1 protein was imaged by confocal fluorescent microscopy. It was observed that GFP-StMAPK1 can localize to the nucleus (Figure 2). StMAPK1 expression in the transgenic plants (OE and RNAi groups) was shown in Additional Figure 1. StMAPK1 overexpression decreased the generation of H2O2 under mild and acute heat stresses compared to the NT group (P < 0.05, P < 0.01, P < 0.001) (Figure 3A). In contrast, StMAPK1 knockdown induced the accumulation of H2O2 compared to the NT group (P < 0.05, P < 0.01, P < 0.001). StMAPK1 overexpression elevated the contents of proline and chlorophyll compared to the NT group (P < 0.05, P < 0.01, P < 0.001) (Figure 3B and Figure 3C). However, StMAPK1 knockdown leads to the decreased content of proline and chlorophyll when compared to the NT group (P < 0.05, P < 0.01, P < 0.001). The activity of CAT, SOD and POD was significantly enhanced in StMAPK1-transgenic plants compared to the NT group (P < 0.05, P < 0.01, P < 0.001) (Figures 3D-F). By comparison, potato plants with StMAPK1 knockdown were observed with decreased activities of CAT, SOD, and POD (P < 0.05, P < 0.01, P < 0.001). Additionally, we observed that StMAPK1 knockdown retarded the growth of potato plants in terms of plant height, fresh weight, dry weight, root fresh weight and root dry weight (Additional Figure 2 and Additional Table 1). However, the potato plants were cultured at 35°C for 48 h and then transferred to 20°C for 72 h. The growth state of StMAPK1 overexpressed plants was maintained, while the growth of StMAPK1 low-expressed plants was delayed. Additionally, compared to the NT plants, both OE and Ri plants were observed with yellow leaves.




Figure 2 | Subcellular localization of StMAPK1-GFP fusion protein. Confocal microscopy pictures showing the subcellular localization of StMAPK1-GFP in Nicotiana tabacum cells. StMAPK1-GFP construct was introduced into Nicotiana tabacum cells through agroinfiltration. The pictures were captured 48 h after infiltration. GFP served as a control. Scale bars = 50 μm.






Figure 3 | StMAPK1 gene overexpression increased the contents of proline and chlorophyll and activities of CAT, SOD, and POD while decreased H2O2 content in response to heat stresses, (A) H2O2 content, (B) proline content, (C) chlorophyll content, (D) CAT activity, (E) SOD activity and (F) POD activity in potato leaves were examined 0, 6, 12, 24, and 48 hours after exposure to mild heat stress (30°C) and wild heat stress (35°C). Data are mean ± standard deviation (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001 (OE or Ri groups compared to NT group, two-way ANOVA corrected by Sidak’s multiple comparisons test). Potato plants transfected with OE-1, OE-3 and OE-6 highly expressed StMAPK1 mRNA; Potato plants in Ri-2, Ri-3 and Ri-5 lowly expressed StMAPK1 mRNA.







StMAPK1 modulates photosynthesis and membrane integrity under heat stresses

To identity the molecular mechanisms mediated by StMAPK1 gene, we examined the photosynthesis and membrane integrity of potato plants under mild and acute heat stresses. It was noted that StMAPK1 retained the net photosynthetic rate (Figure 4A), transpiration rate (Figure 4B) and stomatal conductance (Figure 4C) under mild and acute heat stresses (P < 0.05, P < 0.01, P < 0.001). StMAPK1 knockdown conversely decreased the net photosynthesis, transpiration rate and stomatal conductance compared to the NT group (P < 0.05, P < 0.01, P < 0.001). We next quantitatively evaluated the thermo-tolerance of potato plants. The membrane integrity was assessed by measuring ion leakage and MDA content. Heat stresses increased MDA content and facilitated ion leakage, while StMAPK1 overexpression significantly prevented the outcome (P < 0.05, P < 0.01, P < 0.001) (Figures 5A, B). On the contrary, StMAPK1 knockdown had the opposite effects on the membrane integrity compared to the NT group (P < 0.05, P < 0.01, P < 0.001).




Figure 4 | StMAPK1 gene overexpression elevated the photosynthesis of potato leaves in response to heat stresses. (A) Net photosynthetic rate, (B) transpiration rate, and (C) stomatal conductance of potato leaves were examined 0, 6, 12, 24, and 48 hours after exposure to mild heat stress (30°C) and wild heat stress (35°C). Data are mean ± standard deviation (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001 (OE or Ri groups compared to NT group, two-way ANOVA corrected by Sidak’s multiple comparisons test). Potato plants transfected with OE-1, OE-3 and OE-6 highly expressed StMAPK1 mRNA; Potato plants in Ri-2, Ri-3 and Ri-5 lowly expressed StMAPK1 mRNA.






Figure 5 | StMAPK1 gene overexpression retains the cell membrane integrity under heat stress. (A) MDA content and (B) ion leakage of potato leaves were examined 0, 6, 12, 24, and 48 hours after exposure to mild heat stress (30°C) and wild heat stress (35°C). Data are mean ± standard deviation (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001 (OE or Ri groups compared to NT group, two-way ANOVA corrected by Sidak’s multiple comparisons test). Potato plants transfected with OE-1, OE-3 and OE-6 highly expressed StMAPK1 mRNA; Potato plants in Ri-2, Ri-3 and Ri-5 lowly expressed StMAPK1 mRNA.







StMAPK1 regulates the expression of stress response genes (StP5CS, StCAT, StSOD, and StPOD) in potato plants

Under mild and acute heat stresses, StMAPK1 gene was involved in the regulation of the transcription of stress response genes such as StP5CS, StCAT, StSOD, and StPOD. Mild and acute heat stress induced the transcription of stress response genes StP5CS (Figure 6A), StCAT (Figure 6B), StSOD (Figure 6C), and StPOD (Figure 6D) with the extension of incubation time (P < 0.05, P < 0.01, P < 0.001). In StMAPK1-transgenic potato plants, mRNA expression of the examined stress response genes was significantly increased compared to the NT group (P < 0.05). By contrast, the transcript levels of StP5CS, StCAT, StSOD, and StPOD genes were significantly lower in the StMAPK1 gene knockdown plants than those of the NT plants (P < 0.05). Hence, we hypothesized that StMAPK1 gene may affect the heat response of potato plants by increasing the transcription of StP5CS, StCAT, StSOD, and StPOD genes.




Figure 6 | StMAPK1 gene overexpression elevated mRNA expression of stress response genes (StP5CS, StCAT, StSOD, and StPOD) in potato plants in response to heat stress. Transcription levels of (A) StP5CS, (B) StCAT, (C) StSOD, and (D) StPOD in potato leaves were examined 0, 6, 12, 24, and 48 hours after exposure to mild heat stress (30°C) and wild heat stress (35°C). Data are mean ± standard deviation (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001 (OE or Ri groups compared to NT group, two-way ANOVA corrected by Sidak’s multiple comparisons test). Potato plants transfected with OE-1, OE-3 and OE-6 highly expressed StMAPK1 mRNA; Potato plants in Ri-2, Ri-3 and Ri-5 lowly expressed StMAPK1 mRNA.







StMAPK1 induces the expression of heat stress genes (StHSP90, StHSP70, StHSP20, and StHSFA3) in potato leaves in response to heat stress

The kinetics of heat stress response were evaluated in potato plants of the OE group and Ri group in terms of the mRNA expression of StHSP90, StHSP70, StHSP20, and StHSFA3 genes). During the entire period (0 h to 48 h) of heat stress, the mRNA levels of StHSP90 (Figure 7A), StHSP70 (Figure 7B), StHSP20 (Figure 7C), and StHSFA3 (Figure 7D) genes were prominently increased in the NT plants compared to the initial time (0 h) (P < 0.05). The mRNA expression of heat stress genes in the OE plants was significantly higher than that in the NT group at the same time after heat stress induction (P < 0.05). However, potato plants in the Ri group conversely exhibited low expression of heat stress genes StHSP90, StHSP70, StHSP20, and StHSFA3 (P < 0.05) compared to the NT plants. Thus, StMPAK1 may mediate the heat stress response of potato plants by increasing the transcription of heat stress genes StHSP90, StHSP70, StHSP20, and StHSFA3.




Figure 7 | StMAPK1 gene overexpression enhances mRNA expression of heat response genes (StHSP90, StHSP70, StHSP20, and StHSFA3) in potato plants. Transcription levels of (A) StHSP90, (B) StHSP70, (C) StHSP20, and (D) StHSFA3 in potato leaves were examined 0, 6, 12, 24, and 48 hours after exposure to mild heat stress (30°C) and wild heat stress (35°C). Data are mean ± standard deviation (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001 (OE or Ri groups compared to NT group, two-way ANOVA corrected by Sidak’s multiple comparisons test). Potato plants transfected with OE-1, OE-3 and OE-6 highly expressed StMAPK1 mRNA; Potato plants in Ri-2, Ri-3 and Ri-5 lowly expressed StMAPK1 mRNA.








Discussion

Potato plants exposed to high temperatures (above 30°C) have been reported to produce and maintain relatively large canopies, but fail to generate tubers (Ewing, 1981; Singh et al., 2020). Zhanjiang (110°22′6″E, 21°15′55″N) is located to the south of the Tropic of Cancer, in the area of influence of the southern subtropical monsoon. In Zhanjiang, potato is grown in December (15-21°C) and harvested in March (19-24°C). However, as global warming continues to increase, Zhanjiang has recorded temperatures in excess of 30°C in March. Therefore, it is of significance to determine plant morphology, growth status, physiological indexes, and molecular responses of potato plants when exposed to temperature above 30°C.

In this study, we examined the mRNA level of potential candidate MAPKs family in potato plants exposed to mild heat stress (30°C) and acute heat stress (35°C). Among these genes, MAPK1 gene exhibited a steady increase in transcript level in potato leaves under heat stress conditions, indicating that MAPK1 gene may be in relevance with the sensitivity to high temperature and modulate the acquired thermo-tolerance of potato plants. The serine/threonine protein kinase family of mitogen-activated protein kinases are highly conserved signaling transduction modules in signaling transduction processes through MAPK cascades (Bharti et al., 2021; Zhang and Zhang, 2022). As the temperature elevates from the optimal threshold to the limit temperature, MAPK protein activates downstream kinases, enzymes, transcription factors and other response factors, which accomplishes the transmission of extracellular environmental signals into cells (Bharti et al., 2021; Lin et al., 2021; Mo et al., 2021). Here, we found that StMAPK1 protein located to the cell nucleus, which may phosphorylate other specific transcription factors for functioning in further signal transmission.

At the biochemical level, plants alter the generation of compatible solutes such as H2O2 and proline to maintain redox balance and turgor pressure (Sarker and Oba, 2018; Forlani et al., 2019). Our results demonstrated that genetic manipulation of the expression of MAPK1 gene predominantly enhances the tolerance to heat stresses in potato plant by altering several physiological indexes including H2O2 content, proline content, and chlorophyll content. H2O2is a well-recognized product produced in photosynthetic tissues under oxidative stress (Hirt, 2000). AtMAPKKKs regulate H2O2 signal transduction through activating MAPKs such as AtMAPK3 and AtMAPK6 (Hirt, 2000). Maize MAPK1 plays a positive role in Arabidopsis, response to heat stress (Wu et al., 2015). Chlorophyll plays a major role in the process of photosynthesis, which is affected by high temperature (Singh et al., 2020). Our results suggested that heat stress decreased total chlorophyll content, however, upregulation of StMAPK1 ameliorated the loss of chlorophyll. StMAPK1 gene played an important role in plant growth in response to mild and acute heat stress, which was evidenced by the increased activities of CAT, SOD, and POD. In response to heat stress, MAPK pathway triggers the activation of its downstream redox-sensitive transcription factors that are involved in the generation of multitudinous antioxidant enzymes such as CAT, SOD and POD (Delaunay et al., 2002) (Gill and Tuteja, 2010) (Delaunay et al., 2002; Dąbrowska et al., 2007; Dąbrowska et al., 2007; Gill and Tuteja, 2010).

The prolonged increase in temperature or extreme high temperature moderates the photosynthetic efficiency, which may be ascribed to the denaturation of the active enzymes or lipid peroxidation of chlorophyll (Killi et al., 2020; Xu et al., 2021). Here, we observed that StMAPK1 gene is a positive regulator of photosynthesis in potato plants. Transgenic plants overexpressing StMAPK1 exhibited increased net photosynthetic rate, transpiration rate and stomatal conductance. To maintain cellular homeostasis, plants have evolved mechanisms to maintain membrane stability (Conde et al., 2011). In this study, the available results indicated that StMAPK1 decreased MDA content and reduced ion leakage, suggesting that StMAPK1 maintained cell membrane integrity and inhibit cell injuries in response to extreme high temperature. The severely affected photosynthesis and heat stress-related injuries ultimately lead to growth inhibition and a decrease in crop yield.

In our study, StMAPK1 gene was considered to affect mRNA expression of stress response genes (StP5CS, StCAT, StSOD, and StPOD) in potato plants. P5CS gene is confirmed to increase resistance of transgenic plants in response to heat, drought, salinity, which is accomplished via enhancing proline content (Amini et al., 2015). In particular, StMAPK1 gene was involved in the regulation of heat response gene expression, such as StHSP90, StHSP70, StHSP20, and StHSFA3 genes in potato plants. HSP90 and HSP70 belong to chaperone family involved in cellular homeostasis, which participate in the control of heat stress response by modulating heat stress transcription factors in plants (Hahn et al., 2011). Genome-wide analysis revealed that StHSP20 gene is expressed in various tissues and organs, and its expression responds to heat, drought and salt stresses (Zhao et al., 2018). HSFA3 encoding heat stress transcription factor HSFA3 is essential for plants to resist rapidly changing heat stresses and to enhance thermos-tolerance (Schramm et al., 2008). These results suggested that StMAPK1 may be the upstream regulator of heat stress genes, which enlaces potato plants to adapt to or resist to high temperature stress.





Conclusions

In this study, we described that StMAPK gene family is involved in responses to heat stresses. Several lines of evidence suggested that MAPK1 gene is included in signaling heat stress in potato plants, resulting in the induction of physiological cellular responses. Genetic studies of MAPK1 gene knockdown revealed its importance in the regulation of the expression of defense genes and heat stress response genes. Summarily, the study elucidates a molecular mechanism enabling potato plants rapidly respond to heat stress conditions.
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Supplementary Figure 1 | mRNA expression of StMAPK1 in potato plants transfected with pBI121-EGFP plasmid carrying StMAPK1 protein-coding gene (A) and pART plasmid carrying anti-sense cDNA sequence of StMAPK1 gene (B). Data are mean ± standard deviation (n = 9). ***P < 0.001 (OE or RNAi compared to NC, two-way ANOVA corrected by Sidak’s multiple comparisons test).

Supplementary Figure 2 | Effects of StMAPK1 on potato phenotypes in response to heat stress. Phenotypic changes of potato plants cultivated 0 h, 12 h, 24 h, and 48 h after exposure to wild heat stress (35°C). The bottom group of potato pants was incubated at 35°C for 48 h, and then transferred to 20°C and cultivated for 72 h. Potato plants transfected with OE-1, OE-3 and OE-6 highly expressed StMAPK1 mRNA; Potato plants in Ri-2, Ri-3 and Ri-5 lowly expressed StMAPK1 mRNA.
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XM_006347752.2 StEflo GGTTGTATCTCTTCCGATAAAGGC  GGTTGTATCTCTTCCGATAAAGGC | 132 60
HS106768.1 StHSP90 CAGTGGTATCAACGCAGAGTAA TCCTTCACAGACTTGTCATTCIT 107 62
711982.1 StHSP70 GGCATTGATCTTGGTACAACTTAT  GGAGTTGTTCTGTTGCCITG 95 61
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XM_006341106.1 StHSFA3 CAGCTTTGTTCGACAGCTTAATAC = CAAATGCCTCTTCCCTCTCAA 100 62
XM_015308529.1 StP5CS TGCAATGCAATGGAAACGCT ACAATTTCCACGGTGCAAGC 194 60
AY442179 SICAT CCATGCTGAGGTGTATCCTATTC CCTTTCTCCTGGTTGCTTGA 100 62
AF354748 StSOD CATTGGAAGAGCTGTTGTTGTT ATCCTTCCGCCAGCATTT 96 62
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XM_006348888.2 StMAPKI2 CCACTGCTGAAGAGGCACTA CCTTCGTCACTCTTCGCCTC 123 59
XM_006339355.2 StMAPK13 ATCATCCCTGCCTAGGGCTT CTTGCAGCACCACCTTGAAC 189 60
XM_006360347.2 StMAPKI4-1 | CCTCATTGCCCAGAGAACGA GGTGTACTATGGCCAGCCTC 190 60
XM_006344181.2 StMAPK14-2 | GTCATTAAGGCCAACGGCAG TGGAACACGTTTGCTGTGTG 101 59
XM_006365344.2 StMAPK16-1 | TGGGTTTATGTACCCAAGTGGT CATGCTGCCTCTGAAGTGGA 107 59
XM_006367486.2 StMAPK16-2 ~ CGTGAACCATGTAGACCACCA ACCGATCAACACCACTTGGG 187 60
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