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Abstract

:

Global warming causes frequent high temperatures in summer; which negatively impacts herbaceous peonies (Paeonia lactiflora Pall.) by accelerating leaf senescence and reducing biomass accumulation, leading to reduced flower quality in the subsequent year. Our findings revealed that as heat stress progressed, the high-temperature-sensitive cultivar ‘Meigui Zi’ (MGZ) exhibited a higher rate of chlorophyll content reduction and more pronounced premature aging symptoms than the high-temperature-tolerant cultivar ‘Chi Fen’ (CF). To investigate gene expression differences between CF and MGZ under high-temperature stress, we combined PacBio Iso-Seq sequencing (Iso-Seq) with next-generation sequencing (RNA-seq). Iso-seq yielded 352,891 full-length transcripts ranging from 61 bp to 49,022 bp in length. RNA-seq generated 257,562 transcripts across all samples. Further analysis revealed that differentially expressed genes (DEGs) between CF and MGZ were primarily enriched in “Photosynthesis”, with most photosynthesis-related DEGs highly expressed in CF. This indicates that CF has higher stability in its photosystem compared with MGZ, which is crucial for mitigating leaf senescence caused by high temperatures. Additionally, the highly expressed chlorophyll degradation genes stay-green (SGR) and stay-green-like (SGRL) in MGZ may be involved in chlorophyll content reduction induced by high temperature. This study preliminarily revealed the molecular mechanism of high-temperature-induced leaf senescence of in herbaceous peony and provided candidate genes for further studies of the regulation mechanism of high -temperature-induced leaf senescence.
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1. Introduction


Global warming increases the frequency of extremely hot weather, which not only limits the survival ability of plants but also has profound impacts on their yield and quality [1,2]. Understanding the negative impact of high-temperature stress on plants not only helps us better address the challenges brought by climate change but also provides a theoretical basis for breeding high-temperature-tolerant plant cultivars. The leaf serves as the primary site of photosynthesis in plants, and the physiological status of leaves directly influences both their overall growth and development [3]. Consequently, investigating high-temperature stress in plant leaves has become a top research priority [4,5].



The effects of high temperatures on plant leaves have been extensively studied over the past few decades; researchers have found that prolonged or intense high-temperature conditions can trigger a series of physiological and biochemical reactions in plant leaves, including the accumulation of reactive oxygen species, cell membrane damage, and reduced enzyme activity [6,7]. Additionally, high temperatures accelerate the activities of chlorophyll degradation enzymes, leading to chlorophyll instability and resulting in accelerated degradation and reduced photosynthetic efficiency [8,9]. These reactions severely affect leaf growth and function, often resulting in premature aging characteristics known as high-temperature-induced leaf senescence. High-temperature-induced leaf senescence greatly affects the growth and biomass accumulation of plants [10,11]. However, there is currently a lack of systematic understanding regarding the molecular mechanisms underlying this phenomenon. Leaf senescence is a natural and intricately regulated process in plants, involving complex molecular mechanisms such as gene expression, hormone signaling, cellular metabolism, and cell death [12,13]. Chlorophyll degradation is a marker of leaf senescence initiation, during which chlorophyll catabolic enzyme genes (CCGs) are activated [14,15,16]. Whether high-temperature-induced leaf senescence shares the same regulatory mechanisms as natural leaf senescence remains to be investigated.



With the continuous advancement of transcriptomic sequencing technology, researchers can now analyze dynamic changes in plant gene expression under high-temperature conditions more effectively [17,18]. This is of great significance for unraveling the complex response network of leaf senescence in plants under high-temperature stress. Next-generation sequencing has been widely used because of its high accuracy and high throughput [19,20]. However, the limitation of short read lengths severely restricts its application in species with complex genome structures and a lack of reference genome sequences. Third-generation sequencing successfully compensates for the shortcomings of next-generation sequencing by offering longer read lengths [21]. Therefore, in plant transcriptomic studies, there has been a gradual shift from solely relying on next-generation sequencing technology to incorporating a comprehensive analysis that combines next-generation sequencing with third-generation sequencing technologies. For instance, Qian et al. have employed a blend of Single-Molecule Sequencing in Real Time (SMRT)and Illumina RNA sequencing methodologies to acquire fresh perspectives on the reactions to elevated temperature stress and their correlation with leaf senescence in tall fescue [22]. Similarly, Chang et al. employed SMRT and Illumina RNA sequencing methods to provide fresh perspectives on the regulatory mechanisms underlying tree peony flower formation and bud development [23].



Herbaceous peony (Paeonia lactiflora Pall.) is highly valued in both traditional Chinese medicine and the global market for its aesthetic qualities as a cut flower. Against the backdrop of global warming, leaf senescence induced by high temperature in summer reduces the biomass accumulation of herbaceous peony, resulting in a decline in both yield and quality in the following year. In previous studies, we obtained initial insights into the biochemical and molecular reactions of P. lactiflora to high-temperature stress [24]. We also identified successful approaches to mitigating the growth suppression induced by high temperatures, such as the application of shading and trehalose treatments [25,26]. Furthermore, we verified the important functions of heat shock protein 70 kDa (PlHSP70), mitogen-activated protein kinase (PlMAPK1), and tryptophan decarboxylase (PlTDC) in enhancing herbaceous peony’s resistance to high-temperature stress [27,28,29]. Although there have been some studies conducted on the effects of high-temperature stress on herbaceous peonies, a significant knowledge gap still exists regarding the specific molecular mechanisms underlying leaf senescence in herbaceous peony under summer high-temperature conditions. Given the complex genomic structure and lack of reference genome sequences, this research employed a combination of PacBio Iso-Seq sequencing and next-generation sequencing techniques. Our objective was to investigate the diverse molecular processes occurring in high-temperature-tolerant and high-temperature-sensitive cultivars under summer high-temperature stress, elucidating the underlying molecular mechanisms responsible for leaf senescence in herbaceous peony. This will yield insights for devising innovative genetic enhancement strategies, ultimately fostering sustainable development within the herbaceous peony industry.




2. Materials and Methods


2.1. Plant Materials


The herbaceous peony high-temperature-resistant cultivar ‘Chi Fen’ (CF) and high-temperature-sensitive cultivar ‘Meigui Zi’ (MGZ) were selected for this study. The leaves were collected from the germplasm repository of the College of Horticulture and Landscape Architecture, Jiangsu Province, China (32°30′ N, 119°25′ E) during two different time points when natural high-temperature stress occurred. These time points were June (S1), with an average temperature of 32 °C/23 °C, and July (S2), with an average temperature of 34 °C/26 °C in the year 2022. At every sampling time point, three distinct plant specimens from each cultivar were gathered on-site. Consequently, a total of 12 samples were acquired. Subsequently, each sample was divided into two sets: one set was utilized used for to quantifying pigment levels, while the other set was promptly frozen using liquid nitrogen to facilitate transcriptome sequencing.




2.2. Quantification of Chlorophyll Content


The quantification of chlorophyll contents was conducted by the experimental procedure described by Liu (2023) [30] with some modifications. For each sample, 0.2 g (referred to as FW) chopped leaves were immersed in 8 mL (referred to as V) of 95% ethanol (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) in a light-free environment until the tissue became colorless. The resulting extract solution was vigorously shaken, filtered through a filter paper, and collected for subsequent analysis. The levels of chlorophyll were evaluated by measuring the absorbance of the extract solution at specific wavelengths, including 665 nm, 649 nm, and 470 nm (referred to as A665, A649, and A470, respectively). The concentrations of chlorophyll a (Ca) and chlorophyll b (Cb) in the extract solution were determined using the following equations: Ca = 13.95A665 − 6.88A649, Cb = 24.96A649 − 7.32A665. The content of chlorophyll a in the tissue was calculated as Ca × V/FW, while for chlorophyll b it was Cb × V/FW.




2.3. PacBio Iso-Seq Library Preparation and Sequencing


The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA, followed by treatment with DNase I (RNA-free). To guarantee the precision of sequencing data, an initial evaluation of mRNA integrity was performed using electrophoresis in a 1.5% agarose gel. Subsequently, quantification was performed using both the NanoDrop2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA) and the Bioanalyzer 2100 system (Agilent, Santa Clara, CA, USA), thereby ensuring reliable results. The library preparation was performed in accordance with the isoform sequencing protocol (Iso-Seq) provided by Pacific Biosciences (Pacific Biosciences, Menlo Park, CA, USA). Specifically, equal mole amounts of RNA samples were pooled together to create an RNA pool. The UMI base PCR cDNA Synthesis Kit is designed to efficiently produce high-quality full-length cDNAs and was employed to perform the reverse transcription of the total mRNAs into cDNAs. Next, the cDNA products were subjected to purification to prepare a library. This involved annealing a sequencing primer and introducing polymerase to the template along with attached primers. The template bound to the polymerase was immobilized onto MagBeads before performing SMRT sequencing with the Pacific Bioscience Sequel System. To process and analyze sequence movie files, we used the PacBio SMRT Analysis Server, which provided the maximum possible yield of the consensus sequences for subsequent steps by focusing on reads of insert (ROIs). The ICE algorithm, which operates at the isoform level, was employed to rectify errors in the isoform sequences of the full-length non-chimeric ROIs using the Quiver software (ver. 3.2.7). Finally, the cd-hit-est software (ver. 4.8.1) was employed to combine consensus transcripts of excellent quality from both samples and eliminate duplication to acquire the ultimate isoforms for subsequent analysis.




2.4. Next-Generation Library Preparation and Sequencing


Our mRNA extraction method was consistent with the one described in Section 2.3. Approximately 10 ug of mRNAs per sample was used to construct sequencing libraries, with index codes incorporated to assign sequences to their respective samples. Magnetic beads attached to poly-T oligos were used to purify mRNAs. Random hexamer primers were used to synthesize first-strand cDNAs from the complete set of mRNAs. Subsequently, PCR amplification was performed after end repair, adaptor ligation, and incorporating index codes for individual samples. Denaturation resulted in the generation of single-stranded PCR products. Subsequently, a reaction system and program were established for circularization. As a result, cyclized products consisting of single-stranded DNA were generated, while any linear DNA molecules that were not cyclized underwent digestion. Rolling cycle amplification facilitated single-stranded circular DNA molecule replication, generating a DNA nanoball (DNB) comprising numerous DNA copies. A high-intensity DNA nanochip technique was employed to load DNBs with sufficient quality onto patterned nanoarrays, which were then subjected to sequencing using combinatorial Probe–Anchor Synthesis (cPAS). Twelve cDNA libraries underwent preparation and sequencing using the DNBSEQ platform. The fastq format raw data (raw reads) were initially processed using SOAPnuke (ver. 1.5.2). At this stage, we produced high-quality reads by removing those with adapters, unknown bases exceeding 10%, and low quality. Afterward, these refined reads were matched to PacBio isoform sequences using Bowtie 2 (ver. 2.2.5).




2.5. Quantitative Real-Time PCR (qRT-PCR) Analysis


The transcriptome sequencing of each sample involved the treatment of 1μg total RNA with DNase and its conversion into cDNA following the instructions provided by the manufacturer (Vazyme, Nanjing, China). The ChamQ SYBR qRCR Master MIX kit (Vazyme, Nanjing, China) was utilized for real-time quantitative PCR (qPCR) assays in technical duplicates on a Biorad CFX Connect thermocycler (Bio Rad, Munich, Germany). The specific primers utilized are listed in Table S1, while β-actin was used as an internal reference gene. To assess changes in gene expression levels comparatively, we employed the 2−ΔΔCT method [31].




2.6. Data Analysis


The data are expressed representing three replicates. The differences between the means were evaluated using Duncan’s multiple range test performed with the SPSS 25.0 software (IBM, Armonk, NY, USA), and a significance level of p < 0.05 was deemed significant. Functional annotations were performed on all transcripts using BLAST similarity searches against multiple databases, such as NCBI NR (non-redundant protein sequences), Swiss-Prot (a manually curated and reviewed protein sequence database), and KOG (clusters of euKaryotic Orthologous Groups). The E-value threshold used was 10−5 to obtain the NR, Swiss-Prot, and KOG annotations. To assign Gene Ontology (GO) terms, we employed Blast2GO (https://www.blast2go.com/ accessed on 9 January 2024) to map the sequences. Furthermore, the KEGG Automatic Annotation Server (KAAS) was used to conduct KEGG pathway analysis. The DESeq2 R package [32] was employed to identify differentially expressed genes (DEGs), which were defined as genes with |log2 (Fold Change)| ≥ 1 and an adjusted p-value ≤ 0.05. The COR program in R was used to analyze the Pearson correlation coefficient of gene expression levels among all pairs of samples.





3. Results


3.1. Phenotypic Analysis of CF and MGZ under High-Temperature Stress


Leaves experience chlorosis because of elevated temperatures during the summer season. Our analysis of pigment profiles indicated a slight decline in chlorophyll a and chlorophyll b levels as high-temperature stress progressed in CF. Specifically, at S1, the content measured at 0.87 mg/g FW for chlorophyll a and 0.32 mg/g FW for chlorophyll b, which decreased to 0.84 mg/g FW and 0.31 mg/g FW, respectively, at S2. In MGZ, there was a significant reduction in both chlorophyll a and chlorophyll b content from 0.42 mg/g FW and 0.14 mg/g at S1 to 0.26 mg/g and 0.08 mg/g FW, respectively, at S2. Similarly, while the levels of chlorophyll a and b remained stable in CF leaves, they noticeably decreased from 0.57 mg/g FW at S1 to 0.36 mg/g FW at S2 in MGZ leaves. Therefore, high- temperature stress could reduce the chlorophyll content of herbaceous peony, especially for high-temperature-sensitive cultivars (Figure 1).




3.2. Combined PacBio Iso-Seq Sequencing with Next-Generation Sequencing


To comprehensively cover the herbaceous peony transcriptome, mRNAs from the leaves of two herbaceous peony cultivars were mixed. A PacBio Iso-Seq library was constructed, generating 61.59 GB bases for 688,147 multi-pass read insertions (ROIs). After applying the filtration process, a comprehensive collection of 352,891 isoforms was acquired, exhibiting diverse lengths spanning from 61 bp to 49,022 bp. Then, a comprehensive search was conducted on all 352,891 isoforms across five publicly available protein databases: NR, Swiss-Prot, KOG, GO, and KEGG. Significant hits in the Nr database were found for 243,021 (68.87%) transcripts; the GO database had hits for 196,931 (55.81%); the KEGG database had hits for 180,990 (51.29%); the Swissprot database had hits for 175,674 (49.78%); and the KOG database had hits for 155,003 (43.92%). In total, 111,809 (31.68%) transcripts were successfully annotated in all five databases (Figure 2a).



To ensure comprehensive sequence information, we employed the DNBSEQ platform to simultaneously sequence high-quality mRNAs intended for PacBio sequencing. Each sample yielded an average of 68.63 MB base pairs. Subsequently, the filtered sequences from each sample were aligned against the PacBio isoforms, resulting in a remarkable mapping rate ranging from 67.32% to 79.29% for DNBSEQ reads (Figure 2b). Consequently, 257,562 genes were identified across all 12 samples.



The Pearson correlation coefficient was employed to evaluate the relationship between gene expression in every pair of samples. The findings demonstrated a strong positive correlation between three samples from the same cultivar and sampling point, indicating excellent experimental reproducibility. Furthermore, a low correlation observed between the different cultivar samples suggested significant differences in gene expression between CF and MGZ (Figure 2c).




3.3. DEGs between CF and MGZ under High-Temperature Stress


In different periods of high-temperature stress, the expression of specific genes in CF exhibited significant alterations. Compared with CF_S1, there were 2368 DEGs in CF_S2. Among these DEGs, 1572 genes were upregulated, while 796 genes were downregulated in CF_S2 (Figure 3a). Similarly, the expression levels of certain genes in MGZ exhibited significant changes during different periods of high temperature stress. In comparison with MGZ_S1, there were 3858 DEGs in MGZ_S2. Among these, 3233 genes were upregulated, while 625 genes were downregulated in MGZ_S2 (Figure 3b). It is noteworthy that a substantial number of DEGs exist in CF and MGZ at two distinct sampling points. Specifically, compared to CF_S1, MGZ_S1 exhibited 52,936 DEGs with 21,334 upregulated genes and 31,602 downregulated genes (Figure 3c). Similarly, compared with CF_S2, MGZ_S2 displayed 48,739 DEGs with 18,565 upregulated genes and 30,174 downregulated genes (Figure 3d).




3.4. Functional Analysis of DEGs between CF and MGZ under High-Temperature Stress


To investigate the biological role of DEGs between CF and MGZ, the DEGs in CF_S1 vs. MGZ_S1 and CF_S2 vs. MGZ_S2 with minimum FPKM among 12 samples ≥ 1 were searched against the GO database and the KEGG pathway.



The GO database is a globally recognized system for categorizing gene functions with the main objective of uncovering the functional characteristics of gene products. The DEGs in CF_S1 vs. MGZ_S1 were significantly enriched in the “photosystem”, “thylakoid”, “photosynthesis”, “photosynthesis, light harvesting”, “photosystem II” and “photosystem I” categories (Figure 4a). The DEGs identified in CF_S2 vs. MGZ_S2 exhibited significant enrichment in the “plastid”, “photosynthesis”, “chloroplast”, “thylakoid” and “photosystem” categories (Figure 4b).



Furthermore, KEGG pathway analysis can provide a comprehensive understanding of gene interaction networks within cells. DEGs in CF_S1 vs. MGZ_S1 were significantly enriched in the “Photosynthesis–antenna proteins” and “Photosynthesis” categories (Figure 4c). DEGs in CF_S2 vs. MGZ_S2 exhibited significant enrichment in the “Photosynthesis” and “Photosynthesis–antenna proteins” categories. Additionally, DEGs were also found to be enriched in the “Porphyrin metabolism” categories, a crucial pathway involved in chlorophyll metabolism (Figure 4d).




3.5. DEGs Associated with Photosynthesis and Chlorophyll Degradation


Because of DEGs between CF and MGZ significantly related to “Photosynthesis”, a total of 241 differentially expressed genes (DEGs) related to photosynthesis were identified and categorized based on their annotation information. Genes that encode photosystem I (PS I), photosynthetic electron transport (PET), photosystem II (PS II), ATPase, light-harvesting complex I (LHC I), and light-harvesting complex II (LHC II) were transcriptionally affected by high-temperature stress. In general, these genes in MGZ exhibited a comparatively reduced expression level compared with CF when subjected to high-temperature stress, indicating a higher photosynthetic capacity in CF. Furthermore, the expression of these genes in MGZ_S2 was lower than in MGZ_S1 (Figure 5 and Figure S1).



Since the chlorophyll content in CF and MGZ leaves is significantly reduced during high-temperature stress, and DEGs are enriched in the “Porphyrin metabolism” pathway, we also focused on CCGs. A total of six differentially expressed CCGs were identified in Figure 6. Non-yellow coloring 1 (NYC1), pheophytinase (PPH), and pheophorbide a oxygenase (PAO) were highly expressed in the high-temperature-resistant CF cultivar, while hydroxymethyl chl a reductase (SGR) and stay-green-like (SGRL) were highly expressed in the high-temperature-sensitive MGZ cultivar, which likely plays an important role in promoting herbaceous peony leaf chlorosis under high-temperature stress.




3.6. qRT-PCR Analysis of DEGs


The transcriptome sequencing’s accuracy was confirmed by assessing the relative gene expression levels involved in photosynthesis and chlorophyll degradation using qRT-PCR analyses. The findings exhibited consistency in gene expression patterns between the RNA-seq and qRT-PCR data, presenting strong evidence for the dependability of the transcriptome dataset (Figure 7).





4. Discussion


Previous studies have shown that high temperature stress can induce a cascade of physiological and biochemical alterations, ultimately resulting in premature leaf senescence. In this study, we combined second- and third-generation transcriptome analysis to investigate the molecular processes underlying the responses of high-temperature-tolerant and high-temperature-sensitive herbaceous peony cultivars to high-temperature stress during summer. We aimed to elucidate the mechanisms leading to premature senescence in herbaceous peony leaves under high-temperature stress, providing a theoretical basis for breeding high-temperature-resistant cultivars.



Leaf senescence is a normal developmental stage in the plant life cycle, involving intricate molecular mechanisms encompassing gene expression, hormone signaling, cellular metabolism, and programmed cell death [33,34]. High-temperature-induced leaf senescence has received extensive attention. In our study, a high temperature significantly accelerated leaf aging in the high-temperature-sensitive MGZ cultivar, which was characterized by leaf chlorosis and a continuous decline in chlorophyll content during the process of high-temperature stress. At the same time, transcriptome sequencing revealed that the expression of photosynthesis-related DEG in MGZ_S2 was lower than in MGZ_S1. We speculate that this is because high-temperature stress can suppress the photosynthesis-related gene expression level, resulting in the destruction of the photosystem [35,36]. In the study by Qian and his colleagues, they believed that long-term high temperature stress lead to leaf senescence could via suppressing photosynthesis-related genes, which is consistent with our findings [22].



As a sign of leaf senescence, chlorophyll degradation has attracted the attention of scholars in the last few decades [37,38]. Existing studies have shown that high temperature can cause chlorophyll degradation [39,40]. The genetic regulation of chlorophyll degradation is a highly controlled process, researchers have successfully identified the key genes responsible for chlorophyll degradation in many species [41,42,43]. SGR functions as a key regulator of chlorophyll degradation. Many recent studies have examined the physiological and molecular roles of SGR and its homologs (SGRL) in chlorophyll metabolism, finding that these genes play different roles in different species [44,45]. Various studies have demonstrated that SGR gene expression is enhanced under high-temperature stress conditions. This upregulation of SGR-mediated chlorophyll a degradation plays a pivotal role in maintaining photosystem stability during high-temperature-induced leaf senescence in perennial ryegrass [11,46]. In this study, SGR and SGRL were found to be highly expressed in MGZ under high-temperature stress, which was consistent with the accelerated chlorophyll content reduction phenotype observed in MGZ. These results indicate that SGR and SGRL may play an important role in regulating chlorophyll degradation and leaf senescence in herbaceous peony induced by high temperatures.



This study combined PacBio Iso-Seq sequencing with next-generation sequencing to investigate the diverse molecular processes in high-temperature-tolerant and high-temperature-sensitive cultivars of herbaceous peony under summer high-temperature stress. Under high-temperature stress, the DEGs between the high-temperature-tolerant and high-temperature-sensitive cultivars were significantly enriched in pathways that are significantly related to photosynthesis, such as “photosystem”, “thylakoid”, “photosynthesis”, “photosynthesis, light harvesting”, “photosystem II” and “photosystem I”. Photosynthesis is one of the most sensitive physiological processes to high-temperature stress. In particular, high temperatures destroy the stability of the photosystem and interfere with the normal operation of the electron transport chain [47]. Therefore, it is important to pay attention to photosynthesis-related DEGs to alleviate high-temperature-induced senescence in herbaceous peony. The expression levels of photosynthesis-related genes in the high-temperature-tolerant CF cultivar were significantly higher than those in the high-temperature-sensitive MGZ cultivar. A previous study showed that the transcriptional levels of genes involved in LHCI and LHCII were much higher in the soybean sgr mutant; the photosynthetic apparatus of the mutant was less damaged during senescence, which contributed to the stability of PSI and PSII [48]. This suggests that a more stable CF photosystem can reduce the peony leaf senescence caused by high temperatures.




5. Conclusions


In summary, we conducted a comparative analysis of phenotypic and gene expression differences between the high-temperature-tolerant cultivar CF and the high-temperature-sensitive cultivar MGZ under summer high-temperature conditions. Our research findings indicate that MGZ exhibits an accelerated rate of chlorophyll content reduction and displays more pronounced premature senescence. Transcriptome sequencing results showed that a more stable photosystem caused by the high expression of photosystem-related genes of CF could reduce the senescence of peony leaves caused by high temperature. SGR and SGRL play an important role in chlorophyll degradation induced by high temperature in herbaceous peonies, but their specific functions and upstream regulatory networks need to be further studied. We allow for future investigations to examine and decipher the specific regulating systems that account for the observed variations.
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Figure 1. The phenotype and chlorophyll contents of ‘Chi Fen’ (CF) and ‘Meigui Zi’ (MGZ) under high-temperature stress. (a) The phenotype of CF and MGZ at S1 and S2. (b) The chlorophyll a content of CF and MGZ at S1 and S2. (c) The chlorophyll b content of CF and MGZ at S1 and S2. (d) The chlorophyll a and b content of CF and MGZ at S1 and S2. Each sample was analyzed in triplicate, and the results are reported as mean ± standard deviation (SD). The error bars represent the SD. Asterisks above each column indicate significant differences between samples (*** p < 0.001) and ns means no significance. 
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Figure 2. The result of PacBio Iso-Seq and next-generation sequencing. (a) Venn diagram of genes annotated to NR, Swiss-Prot, KOG, GO, and KEGG databases. (b) The mapping rate of samples aligned against the PacBio isoforms. (c) Correlation analysis between samples based on Pearson correlation coefficient. Color scales indicate the values of the Pearson correlation coefficient. 
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Figure 3. Volcanic map of genes in CF and MGZ at different sampling points. The genes that are downregulated are represented by the green dots, while the upregulated genes are indicated by the pink dots. Additionally, there are gray dots representing genes that do not show significant changes. (a) Volcanic map of genes in CF-S1 and CF_S2. (b) Volcanic map of genes in MGZ_S1 and MGZ_S2. (c) Volcanic map of genes in CF_S1 and MGZ_S1. (d) Volcanic map of genes in CF_S2 and MGZ_S2. 
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Figure 4. GO and KEGG enrichments of DEGs between CF and MGZ. (a,b) GO enrichment of DEGs between CF-S1 vs. MGZ-S1 and CF-S2 vs. MGZ-S2. (c,d) KEGG enrichment of DEGs between CF-S1 vs. MGZ-S1 and CF-S2 vs. MGZ-S2. Different colors represent different q-values, while the size represents the number of genes. 
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Figure 5. Heat-map of differentially expressed genes (DEGs) related to photosynthesis in CF and MGZ. Including genes encoding photosystem I (PS I), photosynthetic electron transport (PET), photosystem II (PS II), ATPase, light-harvesting complex I (LHC I), and light-harvesting complex II (LHC II). In the heat map, samples are represented by columns while genes are represented by rows. The values of gene expression (FPKM) are indicated using a color scale called ‘row scale’. High expression is shown in pink, intermediate expression in white and low expression in green. 
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Figure 6. Heat-map of DEGs related to chlorophyll degradation. NYC1, non-yellow coloring 1; NOL, NYC1-like; HCAR, hydroxymethyl chl a reductase; SGR, stay-green; SGRL, stay-green like; PPH, pheophytinase; PAO, pheophorbide a oxygenase; RCCR, red Chl catabolite reductase. In the heat map, samples are represented by columns while genes are represented by rows. The values of gene expression (FPKM) are indicated using a color scale called ‘row scale’. High expression is shown in pink, intermediate expression in white and low expression in green. 
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Figure 7. qRT-PCR validation of the mRNAs. The histogram depicts the Fpkm value of the gene acquired through RNA-seq, while the dashed lines represent the relative expression of genes obtained via qRT-PCR. The data are presented as mean ± standard deviation. 
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