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Abstract: Hedera helix is an evergreen ornamental plant that is resistant to cool but not high temperature and deserves to be further researched for improving its adaptability to heat stress. Two Hedera helix cultivars, heat-tolerant (HT) ‘Jessica’ and heat-sensitive (HS) ‘Shamrock’, were used for differences analyses of transcriptome. We detected 6179 differentially expressed genes (DEGs) and 5992 DEGs in ‘Jessica’ and ‘Shamrock’ to heat stress, respectively. Among these, 1983 upregulated DEGs and 1400 downregulated DEGs were shared between both varieties, resulting in enhancement of various pathways such as biosynthesis of secondary metabolites, glyoxylate dicarboxylate metabolism, and protein processing in endoplasmic reticulum (PPER), RNA transport, respectively. Among the common downregulated DEGs, 72 TFs in 25 gene families were found, including members of the MYB and MYB-related families, the bHLH family, etc. In ‘Jessica’ (HT), 634 unique up-regulated DEGs were identified, including genes associated with phenylpropanoid biosynthesis, starch and sucrose metabolism, biosynthesis of amino acids. Most upregulated TFs of HT were upregulated much more rapidly than those of HS in response to high temperature. Eleven TF-encoding genes were selected to verify the RNA sequencing data by qPCR. This study revealed the gene expression patterns of ivy in response to heat stress and the molecular basis of heat tolerance, which provided theoretical references for improving the heat tolerance of ivy.
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1  Introduction

Sessile plants inevitably face various environmental pressures, such as drought, salt stress, cold stress, and high temperature. Throughout the long-term adaptation process, plants have gradually evolved to cope with abiotic stress caused by environmental changes [1,2]. Plants respond to abiotic stresses through complex molecular regulatory networks that involve a variety of signal transduction pathways and activate the expression of a large number of stress-related genes. At present, global warming is a trend, and plants are experiencing increasingly severe high-temperature stress. High-temperature stress has a severe impact on the normal growth of plants. Although plants have evolved a set of molecular pathways to respond to high-temperature stress, there are still some defects in several species. Therefore, studying the response of plants to high-temperature stress and determining the regulatory factors involved in the high-temperature response can help cultivar improvement.

Heat shock proteins (HSPs) are conserved chaperone family proteins that respond to high-temperature stress and participate in cell homeostasis and protein folding, such as by preventing protein misfolding, denaturation and aggregation caused by heat stress [3,4]. HSPs are divided into several families according to their molecular weight, including small HSPs, Hsp40 s, Hsp70 s, Hsp90 s, Hsp100 s and Hsp110 [5–7]. Heat shock transcription factors (HSFs) are involved in the transcriptional regulation of HSPs. Heat stress (HS) activates HSFs and induces the expression of HSPs [8,9]. The HSF protein family can be divided into three classes, A, B and C. There are 52 genes encoding HSFs in soybean, 25 in rice and 21 in Arabidopsis [10–13]. In Arabidopsis, HSFA1 is constitutively expressed and responsible for the initiation of the heat stress response [14]. In tomato, HSFA1 is considered a master regulator involved in signal perception [15]; HSFA2 is a protein whose structure and function are similar to those of HSFA1, but it is expressed only under stress [16]. HSFA2 forms a heterooligomer with HSFA1 under stress and regulates the expression of HSPs and other downstream genes [17,18]. At the same time, DREB2, a dehydration responsive element binding protein, is involved in the transcriptional regulation of HSFA1 under stress [19]. DREB2B can activate the expression of HSFA3 by binding to the promoter of HSFA3 in the early stage of the heat stress response (HSR) [20], while in the later stage of the HSR, the expression of HSFA3 depends on DREB2C [21].

In addition to HSFs, the members of many transcription factor families are also involved in the regulation of abiotic stress, such as ERFs and WRKYs [22–24]. These transcription factors, through a variety of biological and hormone metabolic pathways, form a complex gene regulatory network and participate in the regulation of the response to abiotic stress, such as heat stress [25]. In Arabidopsis and wheat, HSFA1B regulates plant heat tolerance through the jasmonic acid (JA) pathway-related protein OPR3, and DREB2A expression is also regulated by OPR [26]. ERF family members are downstream targets of EIN3, a key component in the ethylene signaling pathway; these members regulated a variety of stress responses, including response to salt, drought, cold and heat stresses [23]. Further, ERFs are regulated by ABA and JA [23,27]. In Arabidopsis, WRKY39 enhances plant tolerance to high temperature, and WRKY39 is also regulated by the SA and JA hormone pathways [28]. In addition, some biological processes in plant cells are related to the HSR, such as endoplasmic reticulum protein processing and ribosome biosynthesis [29–33].

Ivy is an evergreen plant species widely used in three-dimensional urban landscapes, ground cover greening, and indoor greening. There are more than 600 cultivars of ivy recorded worldwide, most are distributed in Europe, and a small number of cultivars are found in Asia [34]. English ivy (Hedera helix L.), the largest genus of ivy, tolerates cool [35], but not high temperature. In Shanghai, the 24 h mean temperature in the hottest period (July and August) is 27.8°C, and the hot weather with a daily high temperature greater than 35°C lasts about 6–8 days per year. High temperature is a limiting factor affecting the broad application of English ivy cultivars in Shanghai. Thus, it is essential to investigate the molecular mechanisms of the Hedera helix’s response to high temperature for improving its adaptability to heat stress.

Although the adaptation mechanism of ivy to high temperatures is vital to its growth and application in a country with sweltering summers, this topic still lacks research. The relative works about the ivy are carried from other sides. For example, the influence of NaCl on the growth of English ivy (Hedera helix) cuttings and callus tissue is studied in [36]. The study in Varanasi, India, evaluates the air pollution tolerance index of English ivy [37]. The work in [38] document the temporal patterns of photosynthesis vs. freezing resistance during spring in adult and juvenile leaf phenotypes of Hedera helix in Switzerland. In recent years, the development of high-throughput sequencing technology has provided convenience for gene regulation research of many species whose genome has not been completely sequenced. In this paper, we investigated the mechanism of the high-temperature tolerance of ivy by RNA sequencing. We found that members of many transcription factor families, such as HSFs, ERFs, and WRKYs, are involved in the heat stress response of ivy, and their expression profiles differed between the tolerant variety and the sensitive variety.

2  Materials and Methods

2.1 Sample Preparation

More than thirty ivy varieties are planted in the Shanghai Botanical Garden in July 2018 (the daily maximum temperature was approximately 35°C under 60% shade for 28 days under naturally high temperatures). Based on the phenotype changes and physiological experiments of those ivy cultivars under the natural high temperature, we select two ivy varieties, Hedera helix ‘Jessica’ and Hedera helix ‘Shamrock’, as samples and materials in this paper research. These plants were two-year-old plants propagated from cuttings generated from branches. Potted seedlings were selected and cultured in an artificial growth incubator (20°C, 16 h of light/8 h of darkness) for two weeks. Afterward, they were subjected to 40°C for 7 days. The conditions of the incubator included a relative humidity of 70% and a light intensity of 8000 lx. During high-temperature treatment, to avoid drought stress, supplemental water was added to maintain moisture.

2.2 Measurement of Chlorophyll Fluorescence

Chlorophyll fluorescence was measured by a laboratory Fluorocam instrument (PSI, Czech Republic), the specific operation was performed according to the user manual [39], and the maximum photochemical efficiency Fv/Fm of PSII was calculated as (Fm-F0)/Fm.

2.3 Library Construction and Sequencing

After total RNA was extracted, mRNA was enriched by oligo (dT) beads. Afterward, the enriched mRNA was fragmented into short fragments using fragmentation buffer and subsequently reverse transcribed into cDNA with random primers. Afterward, second-strand cDNA was synthesized. The cDNA fragments were then ligated to Illumina sequencing adapters after purification with a QiaQuick PCR extraction kit. Sequencing was subsequently conducted on the prepared cDNA library using an Illumina HiSeq 4000 device by Gene Denovo Biotechnology Co. (Guangzhou, China).

2.4 Filtering of Clean Reads

The raw data were filtered using in-house Perl scripts. The clean reads were obtained by removing reads containing adapters, more than 10% unknown nucleotides, and more than 40% low-quality (Q-value ≤ 20). Differentially expressed genes were identified and annotated. The gene abundances were calculated and normalized to RPKM (reads per kilobase per million reads) values [40]. Afterward, the calculated gene expression values were used to compare the difference in gene expression among samples. The edgeR package (http://www.r-project.org/) was used to identify differentially expressed genes across samples or groups. Genes with a fold change ≥2 and a false discovery rate (FDR) were identified. The unigenes were aligned to the GO database (http://www.geneontology.org/) via BLASTX.

2.5 KEGG Pathway Enrichment Analysis

Pathway enrichment analysis revealed significantly enriched metabolic pathways or signal transduction pathways of the DEGs compared with those of the whole-genome background. The calculated P-value was subjected to FDR correction, taking FDR ≤ 0.05 as a threshold. Pathways meeting this condition were regarded as significantly enriched pathways of DEGs [41].

2.6 QPCR Analysis

The growth and treatment conditions of the plant materials used for qPCR were the same as those used for RNA sequencing. Total RNA was extracted from the leaves using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. cDNA was synthesized by reverse transcription using a PrimeScript™ First Strand cDNA Synthesis Kit (Vazyme, China). QPCR was performed using SYBR Green reagent (Vazyme, China) and an ABI Step One Plus Real-Time PCR Detection System (ABI, United States). Gene expression relative to that of UBI was calculated by the 2-ΔΔCt method. The primers used for qPCR are listed in the supplementary materials [42] (Supplemental data 1).

2.7 SOD Analysis

SOD enzyme activity was measured and total protein was extracted according to [43,44]. 50% of the inhibition of nitroblue tetrazole (NBT) photochemical reduction was considered as one unit of enzyme activity (U). The total SOD activity was expressed as u.g−1 (FW).

3  Results

3.1 Analysis of Physiological Responses

To study the physiological response of plants under heat stress, two ivy varieties, ‘Jessica’ and ‘Shamrock’, were grown in an incubator at 40°C, and then the phenotypes of plants were observed after heat treatment for 1, 3, 5 and 7 days. There was no visible change in both phenotypes of two varieties on the first day compared with the control plants growing at 40°C (The data is not displayed). The withered leaves began to appear in both ivy varieties after heat treatment for 3 days (Fig. 1A), and more withered leaves occurred for ‘Shamrock’ than in ‘Jessica’. After treatment for 5 days and 7 days, a severe heat-stress phenotype was observed for ‘Shamrock’, while most of the leaves of ‘Jessica’ were still green. This result indicated that, compared with ‘Shamrock’, ‘Jessica’ exhibited higher tolerance to heat stress. Further, we analyzed the photosynthetic capacity of plant leaves (nondried leaves) after heat treatment for 1, 3, 5, and 7 days separately via a chlorophyll fluorescence meter. As shown in Fig. 1B, the maximum quantum yield of photosystem II (Fv/Fm) decreased significantly after treatment, and the decrease in ‘Shamrock’ was more severe than that in Jessica. After treatment for one day, the Fv/Fm value decreased from the control value of 0.8 to approximately 0.7 in ‘Jessica’ and approximately 0.6 in ‘Shamrock’. Chlorophyll fluorescence was hardly detected in most parts of the leaves of ‘Shamrock’ subjected to heat for 5 days, while the Fv/Fm value remained at approximately 0.4 for ‘Jessica’, which further confirmed that ‘Jessica’ is more resistant to heat stress than ‘Shamrock’ (Fig. 1B).

[image: images]

Figure 1: Phenotype of ivy after heat treatment. A. Typical phenotype of ‘Jessica’ and ‘Shamrock’ after 40°C treatment for 3 days, 5 days and 7 days, D: days. B. The maximum quantum yield of photosystem II (Fv/Fm) between ‘Jessica’ and ‘Shamrock’

3.2 Analysis of the Transcriptome

Based on the results above, ‘Jessica’ and ‘Shamrock’ were considered heat-resistant and heat-sensitive varieties, respectively. Further, they were applied to research the heat response mechanism in ivy plants via RNA sequencing. After heat treatment for 6 h and 24 h, six RNA-seq libraries, including those comprising DNA from both treated plants and control plants, were constructed. As shown in the associated table, 3.6 × 107 raw reads were generated, and low-quality reads with Q30 percentages of 0.06%–0.09% were removed. The Q30 percentages of the six samples were 95.6%, 95.4%, 95.4%, 95.2%, 94.9% and 95.4%. Afterward, the high-quality clean reads were mapped to the reference genome, and the mapping percentages were 80.5%, 79.8%, 74.0%, 81.4%, 85.2%, and 78.5%. There were 20,264 genes with 90–100% gene coverage, accounting for 79.0% of the total number of genes. In addition, the number of expressed genes in all the samples was 20, 085, accounting for 67.1% of the reference gene number.

3.3 Analysis of DEGS

A total of 6178 differentially expressed genes (DEGs) in ‘Jessica’ and 5991 DEGs in ‘Shamrock’ were identified according to their RPKM value (log2 (RPKM ratio GR/CK) ≥ 1) from the heat-treated samples compared with the untreated samples. The temporal characteristics of DEGs were clustered based on their temporal expression patterns by Short Time series Expression Miner software (STEM). STEM analysis revealed eight cluster profiles in both ivy varieties, of which the expression of the DEGs in profile 0, profile 1 and profile 3 was downregulated after the three-day treatment and that in profile 4, profile 6 and profile 7 was upregulated after the three-day treatment (Fig. 2A). DEGs in profile 0, profile 1 and profile 3 were defined as downregulated DEGs, and those in profiles 4, profile 6 and profile 7 were defined as upregulated DEGs (Supplemental data 2). DEGs in the two ivy varieties were submitted to the website http://bioinfogp.cnb.csic.es/tools/venny/index.html for Venn analysis (Fig. 2B). A total of 1983 common upregulated DEGs and 1400 common downregulated DEGs were identified in the two ivy varieties, while 634 upregulated DEGs and 703 downregulated DEGs were identified exclusively in ‘Jessica’ (Supplemental data 3), indicating that plants also employ specific molecular strategies in heat-resistant plants in addition to the molecular pathways common to both heat-resistant plants and heat-sensitive plants.
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Figure 2: A. Expression profiles of DEGs by trend analysis in ivy. The curse represents the relative expression of DEGs in control sample, and samples heat treated with 6 h and 24 h. B. Venn diagram of DEGs in two ivy varieties, ‘Jessica’ and ‘Shamrock’. A_up and A_down, up and down-regulated DEGs in ‘Jessica’; B_up and B_down, up and down-regulated DEGs in ‘Shamrock’

3.4 KEGG Enrichment Analysis of DEGS

To investigate the common pathways and specific pathways involved in ivy after heat stress, we performed KEGG enrichment analysis with the DEGs common to both varieties and the DEGs only in the heat-tolerant variety (‘Jessica’). Among the most common downregulated DEGs, photosynthesis and other biosynthesis and metabolism-related pathways, such as “biosynthesis of secondary metabolites,” “glyoxylate and dicarboxylate metabolism,” and “fatty acid metabolism,” were enriched, suggesting that the plants needed to decrease their energy consumption in response to high temperature (Fig. 3A, Supplemental data 4a). Among the common upregulated DEGs, six pathways were significantly enriched: “protein processing in endoplasmic reticulum (PPER),” “RNA transport”, “ribosome,” “spliceosome”, “RNA degradation”, and “ribosome biogenesis in eukaryotes” (Fig. 3B, Supplemental data 4b). Fig. 4 shows that both the expression of most upregulated enriched genes in the KEGG pathway of PPER and the expression of the genes involved in protein folding and degradation increased, indicating that the synthesis of the folding proteins increased when degradation of the misfolded proteins was enhanced. Four pathways, “phenylpropanoid biosynthesis”, “starch and sucrose metabolism”, “biosynthesis of amino acids”, and “amino sugar and nucleotide sugar metabolism”, and one pathway, “ribosome”, were specifically enriched in ‘Jessica’ _down and ‘Jessica’ _up individuals (Figs. 3C and 3D, Supplemental data 4b). Interestingly, both “biosynthesis of secondary metabolites” and “ribosome” were enriched not only in the common up-and downregulated DEGs but also in the up-and downregulated DEGs exclusively in ‘Jessica’ (Fig. 3, Supplemental data 4c, 4d), inferring that these pathways are important in regulating plant responses to high temperature and that the expression of the genes related to these pathways was up-and downregulated more drastically in ‘Jessica’. Top 10 significantly enriched pathways of the downregulated DEGs common to two ivy varieties.
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Figure 3: KEGG enrichment analysis in two ivy varieties. A. Top10 of the significant enriched pathway of the common down-regulated DEGs in two ivy varieties. B. The significant enriched pathway in the common up-regulated DEGs in two ivy varieties; C. the significant enriched pathways in the up-regulated DEGs only found in ‘Jessica’; D. the significant enriched pathways in the down-regulated DEGs only found in ‘Jessica’. P. adjust value referred to false discovering rate. Pathways with P. adjust value ≤ 0.05 were significantly enriched in DEGs
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Figure 4: The up-regulated DEGs enriched in protein procession in Endoplasmic Reticulum pathway after heat treatment. The Proteins in red front were encoding by the up-regulated DEGs

3.5 Transcription Factors of DEGS

To further investigate the mechanism of ‘Jessica’ in response to high temperature, we analyzed the transcription factors of DEGs. The full-length cDNAs of plants were obtained by third-generation RNA sequencing technology, and then the sequences of the predicted proteins were compared to the sequences within the Plant TF Database (http://planttfdb.cbi.pku.edu.cn). By integrating the second-generation and third-generation RNA sequencing data, we found 1238 TFs in 53 gene families among the expression data of genes of heat-treated plants (Supplemental data 5a). Among the common downregulated DEGs of the two ivy varieties, 72 TFs in 25 gene families were found, including members of the MYB and MYB-related families, HSF families, the bHLH family, the HD-Zip family, the ERF family, etc (Supplemental data 5b). For 59 transcription factors encoded by the most upregulated DEGs in both varieties, those enriched not only included MYB-and MYB-related family, HSF families, HD-Zip family, and ERF family members but also included WRKY family members, NAC family members, C2H2 family members and so on (Fig. 4, Supplemental data 5c). Although these TFs were also downregulated or upregulated in the two varieties, their expression patterns were significantly different. As shown in Fig. 5, in ‘Jessica’, the expression of most of the genes was greatly reduced after 6 h of heat treatment, while the expression of the genes decreased more moderately in ‘Shamrock’, and the overall gene expression level decreased in ‘Shamrock’ less than that in ‘Jessica’ after 24 h of heat treatment. Similarly, most of the upregulated TFs in ‘Jessica’ were upregulated much more rapidly than those in ‘Shamrock’ were in response to high temperature.
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Figure 5: The transcriptional factors in up and down-regulated DEGs of the treatment plants. A, Down-regulated DEGs; B, Up-regulated DEGs

Further, qPCR was performed to verify the RNA sequencing data for 11 TF-encoding genes, including 9 downregulated genes and 2 upregulated genes, in ‘Jessica’ and ‘Shamrock’ (Fig. 6). The qPCR results were consistent with the RNA sequencing data.
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Figure 6: The analysis of relative expressions of 11 TFs in ‘Jessica’ and ‘Shamrock’ under 40°C at 0 h, 6 h and 24 h. The 11 TFs are as follows: A, DREB2C; B, NAC016; C, MYC4; D, ERF061; E, ARF5; F, BBX24; G, HYH; H, ERF2; I, TCP19; J, HAT5; K, LHY. The values are shown as means ± SD of triplicate experiments. Asterisks indicate significant difference between ‘Jessica’ and ‘Shamrock’ under 40°C at the same time, as determined by Student’s t test (*P < 0.05; **P < 0.01)

3.6 The Activity of SOD

Further, through analysis of the differential expression of transcription factors between these two ivy strains, it was found that several families of transcription factors, such as HSFs, NACs, WRKYs, and so on, were regulated by the signal molecule H2O2 [45–47]. To investigate whether the expression of these differential genes is caused by the change of the H2O2 content in ivy, we examined the activity of SOD, a major antioxidant enzyme, which can clear active oxygen in plants by converting O2- into H2O2 and O2 [48]. As shown in Fig. 7, the heat tolerant Ivy shows higher SOD enzyme activity compared with sensitive varieties, suggesting that tolerant varieties have a stronger scavenging ability on superoxide anion.
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Figure 7: The activity of SOD in ‘Jessica’ and ‘Shamrock’ under 40°C treatment at different days. The values are shown as means ± SD of triplicate experiments. Asterisks indicate significant difference between ‘Jessica’ and ‘Shamrock’ under 40°C at different time, as determined by Student’s t test (**P < 0.01)

4  Discussions

In this study, to reveal the mechanism underlying the high-temperature regulatory response of ivy, after high-temperature treatment, heat-resistant and heat-sensitive varieties were subjected to RNA sequencing, and DEGs between the heat-resistant and heat-sensitive varieties were compared and analyzed.

After high-temperature treatment, the two varieties exhibited different degrees of wilting. Compared with that of the sensitive variety, the wilting of the tolerant variety occurred more gradually. Some leaves of the tolerant plants still had photosynthetic capacity after seven days of treatment, while all the leaves of the sensitive varieties wilted and lost their photosynthetic capacity after the third day of treatment. By analyzing differentially expressed genes obtained by sequencing, we found that most of the upregulated and downregulated genes of the two varieties overlapped. The downregulated genes are mainly related to photosynthesis and metabolism, and the upregulated genes are mainly related to the endoplasmic reticulum (ER) protein process pathway and RNA transcription and translation pathway according to KEGG enrichment analysis. The ER is a major organelle in plant cells that is involved in regulating the cell stress response. Stress will cause protein misfolding, which leads to ER stress. Plants adapt to the environment through the ER stress response, such as the unfolded protein response [30,49]. BIP protein is an important regulatory protein of unfolded protein responses in the ER [30]. It has been reported that BIP3 is required when heat activates IRE1 splicing of bZIP60 mRNA [50]. According to our data, BIP protein levels increased significantly (Figs. 5 and 6). In addition, multiple ER protein process-related genes were upregulated. It is suggested that ER stress is also the main pathway through which ivy adapts to heat stress. Furthermore, to reveal the differentially regulated mechanism by analysis of DEGs between tolerant and sensitive varieties, we also performed an enrichment analysis of DEGs whose expression was upregulated and downregulated only in the tolerant individuals. According to the results, the downregulated genes in the tolerant variety were mainly metabolism-and synthesis-related genes, such as those involved in amino acid synthesis and carbohydrate metabolism. Previous studies have also shown that nitrogen metabolism and sugar metabolism are closely related to heat stress, for example on soybean [51]. These changes in the expression of the genes in metabolic pathways may be due to the heat resistance of the tolerant variety. It was found that only “ribosome” was enriched significantly in the upregulated DEGs in the tolerant variety according to the KEGG pathway analysis, and the genes related to this pathway were also significantly enriched among the common downregulated genes.

Our data revealed a large amount of data concerning the expression of transcription factors in high temperature-treated plants through analysis of the sequencing data across three generations. By comparing the second-generation RNA sequencing results with those of the third-generation RNA sequencing, we found differentially expressed transcription factor-encoding genes induced by high temperature. When comparing the expression changes of transcription factors in tolerant plants and sensitive plants at different treatment times, we found that most of the transcription factors in the tolerant plants were upregulated and downregulated faster than those in the heat-sensitive plants, indicating that the gene response of the tolerant plants was more sensitive than that of the sensitive plants. This may be the reason why the tolerant plants are more tolerant to high temperature than the sensitive plants are. However, that why tolerant plants respond more quickly to high temperature than sensitive plants remains to be further studied. Among the upregulated and downregulated transcription factors in the two varieties, the expression of some important heat-responsive gene family members was significantly upregulated (Fig. 5). These included HSFB2A, HSF24 and HSF30 of the HSF gene family; ERF3, ERF5, ERF008 and ERF114 of the ERF family; WRKY1, WRKY6, and WRKY20 of the WRKY family; and NAC002, NAC016, NAC078, and NAC062 of the NAC family. In addition, DREB2C, a transcription factor, that activates the transcription of HSFA3 by binding to its promoter [21], was also upregulated. Both ERFs and EIN3, an important transcription factor in the ethylene signaling pathway [22–23,52], were upregulated, indicating that the ethylene signaling pathway in ivy is involved in the regulation of plants in response to high temperature. Further, the higher enzyme of SOD was found in the tolerant plants Jessica, meaning more H2O2 was accumulated in tolerant plants, and the expression of TFs, such as HSFs, NACs, WRKYs, was induced by H2O2 [43,46,47], and these may explain why the expression of the TFs was more quickly in Jessica.

5  Conclusions

Overall, we identified differentially expressed genes in the high-temperature response of ivy via RNA sequencing analysis. By comparing the DEGs of the heat-resistant variety and heat-sensitive variety, we revealed the genes and pathways involved in ivy in response to high temperature. This study will provide a convenient way for us to understand the heat stress mechanism of ivy and improve ivy varieties.
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