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Seed Germination Mechanism of Carex rigescens Under Variable Temperature Determinded Using Integrated Single-Molecule Long-Read and Illumina Sequence Analysis
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The turfgrass species Carex rigescens has broad development and utilization prospects in landscaping construction. However, seed dormancy and a low germination rate have inhibited its application. Furthermore, the molecular mechanisms of seed germination in C. rigescens have not been thoroughly studied. Therefore, in the present study, PacBio full-length transcriptome sequencing combined with Illumina sequencing was employed to elucidate the germination mechanism of C. rigescens seeds under variable temperatures. In general, 156,750 full-length non-chimeric sequences, including those for 62,086 high-quality transcripts, were obtained using single-molecule long read sequencing. In total, 40,810 high-quality non-redundant, 1,675 alternative splicing, 28,393 putative coding sequences, and 1,052 long non-coding RNAs were generated. Based on the newly constructed full-length reference transcriptome, 23,147 differentially expressed genes were identified. We screened four hub genes participating in seed germination using weighted gene co-expression network analysis. Combining these results with the physiological observations, the important roles of sucrose and starch metabolic pathways in germination are further discussed. In conclusion, we report the first full-length transcriptome of C. rigescens, and investigated the physiological and transcriptional mechanisms of seed germination under variable temperatures. Our results provide valuable information for future transcriptional analyses and gene function studies of C. rigescens.
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INTRODUCTION

The perennial Carex rigescens is an ideal turfgrass found in open forests and used for lawns in urban landscaping in northern China (Ma and Mao, 1990; Li et al., 2001; Xue et al., 2005). This species is highly tolerant to cold, shade, drought, heat, and other abiotic stresses (Zhang et al., 2021) and can adapt to a variety of soil conditions (Zhang et al., 2019). Such traits increase the applicability of this species as lawn grass and help alleviate the current dependence on externally sourced lawn grass species in China. However, seed dormancy and low germination rate inhibit the application of this species. Studies on C. rigescens have mainly focused on understanding its morphology, physiology, and proteomics under salt stress (Zhang et al., 2020; Zhang et al., 2021) and pharmaceutical applications (Gao et al., 2009) and common methods of breaking seed dormancy aiming to improve its seed germination rate (Liang et al., 2011; Sun et al., 2011). At present, systematic studies on the physiological and molecular mechanisms of C. rigescens seed germination are lacking. Fully understanding its seed germination mechanism will help promote the development and application of C. rigescens in lawns. Therefore, it is vital to clarify the physiological and molecular mechanisms of C. rigescens seed germination.

A series of key events occurs during seed germination, including mobilization of reserves, energy production, signal transduction, and transcriptional activation (Han and Yang, 2015). After the dry seed absorbs water and expands rapidly, it mobilizes internal storage substances (such as proteins, lipids, and starch) to initiate physiological and metabolic processes (Mangrauthia et al., 2016; Bai et al., 2021). According to previous reports, low temperature inhibited seed germination of Paeonia ostii “Feng Dan” by inducing ABA synthesis, inhibiting starch degradation, reducing soluble sugar consumption, and disrupting protein synthesis (Ren et al., 2018). GBSS and SUSY genes are key regulators of sucrose and starch metabolic pathways during Castanea henryi seed germination (Liu et al., 2020). The sucrose transporter sut4 interacts with cyb5 to actively mediate sucrose and glucose signals to inhibit Arabidopsis seed germination (Li et al., 2012). Podophyllum seeds germinate completely by regulating protein changes (Dogra et al., 2013). GhHSP24.7 induces reactive oxygen species, which accelerates endosperm rupture (Ma et al., 2019), whereas the B-box protein BBX19 induces ABI5 to inhibit seed germination (Bai et al., 2019). However, despite previous research on seed germination mechanisms, to the best of our knowledge, those of C. rigescens have yet to be reported.

With the current advance in sequencing technology, it is possible to clarify seed germination mechanism by analyzing the relationship between gene expression and phenotype. PacBio single molecular real time (SMRT) sequencing can avoid assembly errors and provide complete transcript sequence information for species in case of no or poor reference genomes (Workman et al., 2018). To obtain the full-length transcript information of plants and accurately address biological problems, a method combining PacBio SMRT sequencing with Illumina sequencing has been used in several studies: for example, to determine how alternating temperature breaks the morphophysiological dormancy of Polygonatum sibiricum seeds (Liao et al., 2021), response to drought stress during seed germination of Adzilla beans (Zhu et al., 2020), and potential transcriptional variants of genes involved in oil biosynthesis in Camellia oleifera seeds (Gong et al., 2020). Similar to that in previous studies, this combined method can be used to study C. rigescens seed germination and will provide useful genetic information as well as allow elucidation of germination mechanisms.

Given the lack in such research on C. rigescens, the aim of this study was to obtain full-length transcripts of C. rigescens and explore hub genes involved in seed germination. In addition, in this study, we attempted to identify key metabolic pathways involved in germination in combination with physiological changes. Our findings may provide valuable information for transcriptional analysis and gene function research of C. rigescens in the future.



MATERIALS AND METHODS


Plant Materials and Seed Germination Test

In May 2020, we collected seeds of C. rigescens at the National Experiment Station for Precision Agriculture (Beijing, China). Seeds with full grains were selected and soaked in 10% sodium hypochlorite for 30 min for disinfection, after which they were washed with distilled water five or six times. The cleaned seeds were seeded in 12 cm × 12 cm × 5 cm germinating boxes lined with three layers of filter paper. The germinating box was incubated in a growth chamber (RXZ-380D-LED; Ningbo Jiangnan Instrument Factory, Ningbo, China) with an 8/16-h (day/night) photoperiod, average 24,000 Lx, 80% relative humidity, and either 30/20°C (day/night) or 20°C (all day). During germination, the filter paper was kept wet. When the radicle broke through the seed coat and exceeded half the seed length, we began counting the germination number once a day. When the seed germination number remained unchanged for three consecutive days, the germination rate, germination potential, germination index, and mean germination time were determined at the end of the germination test.



Determination of Nutrient Content and Enzyme Activity

The nutrient content and enzyme activity of five different germination stages of C. rigescens seeds were measured at 30/20°C. To determine the related physiological indexes using spectrophotometry, kits for plant soluble sugar, plant starch, and plant soluble protein contents and peroxidase activity (Suzhou Keming Biotechnology Co., LTD., Suzhou, China) were used. To determine amylase activity, 3,5-dinitrosalicylic acid was used (Shi and Yang, 1999). Three biological replicates were used for physiological measurements.



RNA Sample Preparation

The seed pretreatment and environmental (light and humidity) conditions for germination were consistent with those used for the germination test. The difference in germination rate at different germination stages at 30/20°C was used as the sampling standard. Samples were collected at 3 d (S1-germination rate, 0), 7 d (S2-germination rate, 10%), 9 d (S3-germination rate, 30%), 10 d (S4-germination rate, 50%), and 13 d (S5-germination rate, 80%) after seeding (Figure 1). The seeds from three germinating boxes were randomly selected each time as three replicates, quickly frozen using liquid nitrogen, and stored at −80°C for subsequent experiments. Total RNA was extracted using a plant RNA kit (OMEGA, GA, United States). The quantity and integrity of the RNA samples were assessed using a Drop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States), respectively.
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FIGURE 1. Seed germination status of Carex rigescens. (A) Seed germination of C. rigescens at different germination stages. (B) Part germination of C. rigescens seeds at different germination stages.




PacBio and Illumina cDNA Library Preparation and Sequencing

Libraries were constructed after the qualified samples had been tested. For PacBio cDNA library preparation, the full-length cDNA of total RNA (evenly mixed RNA from S1 to S5) was synthesized using SMARTer™ PCR cDNA Short Kit (TaKaRa, Dalian, China). Then, the full-length cDNA was amplified, repaired, and connected to a dumbbell-shaped SMRT to obtain a sequencing library with a size of 1–6 Kb. The library was generated by Biomarker Technology Co. (Biomarker, Beijing, China). For Illumina cDNA library construction, 15 mRNA samples were first enriched with oligo (dT) magnetic beads and reverse transcribed. Then, the double-stranded cDNA was repaired at the end, a tail was added, and the connector was connected. Finally, the cDNA library was amplified using PCR. QSEP400 (BiOptic Inc., Taiwan, China) was used to assess the quality of the library. The fragment sizes of the PacBio and Illumina cDNA libraries met the requirements of sequencing reads and library characteristics, and there was no heteropeak pollution. In addition, the following criteria were met: the amount of the Illumina cDNA library must be sufficient to opera the machine twice, and the concentration must be more than 3 ng/ml; and PacBio full-length cDNA concentration must be more than 20 ng/ml. Then Illumina Hi-Seq4000 (San Diego, CA, United States) and Pacific Bioscience Sequel (Pacific Biosciences, CA, United States) platforms were used for next generation sequencing and SMRT sequencing, respectively.



PacBio and Illumina Sequencing Data Analysis

Clean data were obtained by filtering low-quality data from the original dataset and intercepting sequencing connectors and primer sequences in reads. The circular consensus (CCSs) were extracted from the original sequence according to the following conditions: full passes ≥3 and sequence accuracy >0.9. Meanwhile, the CCSs were polished. Among them, sequences with the correct 5′ primers, 3′ primers, and polyA tail were full length and were further divided into chimeric and non-chimeric sequences according to their position relationships. Then, the Iso Seq module in SMRT Link software (Yang et al., 2020) was used to cluster sequences similar to the full-length non-chimeric (FLNC) sequences; each cluster obtained a consensus isoform. Sequences with an accuracy >99% were high-quality transcripts, and the rest were low-quality transcripts. Next, consistently low-quality sequences obtained from each sample were corrected with the corresponding Illumina RNA-seq data using Prooverd software (Hackl et al., 2014) to improve the accuracy of the sequences. The CD-HIT software (Li and Godzik, 2006) was used to merge the sequences with high similarity and remove redundant sequences, and non-redundant transcript sequences were obtained for subsequent analysis.



qRT-PCR Analysis

The 15 extracted RNA samples were reverse-transcribed into cDNA, and the product was quantified using the SYBR Green PCR Master mix (TaKaRa, Dalian, China) in Bio-Rad CFX Connect Thermal Cycler (Bio-Rad, CA, United States) under the following conditions: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 1 min, and 65°C for 5 s. Ten differentially expressed genes (DEGs) were randomly selected, primers were designed using Primer Premier 5 software,1 and cDNA was diluted with RNase-free water to a concentration of 1:3. The C. rigescens SAND gene (Zhang et al., 2019) (SAND family protein, GenBank Accession No.: 817387) was used as the reference. Relative gene expression levels were normalized using the 2–Δ Δ CT method and setting the expression of S1 to 1 (Livak and Schmittgen, 2001). The primers used for gene expression analysis are listed in Supplementary Table 1.



Prediction of Alternative Splicing, Coding, and Long Non-coding RNA Sequences

Alternative splicing (AS) events were predicted for transcripts after deredundancy. All sequences were pairwise compared using the BLAST software (Altschul et al., 1997). In the comparison results, a variable splicing event was considered to have occurred when both sequences were longer than 1,000 bp and there were two high-scoring segment pairs, allowing all variable transcripts to overlap by 5 bp, while the gap in variable splicing was >100 bp and the distance between 3′ and 5′ ends was at least 100 bp (Liu et al., 2017). The identified AS events were analyzed using Kyoto Encyclopedia of Genes and Genomes (KEGG). According to the length of the open reading frame (ORF), log-likelihood score, and the comparison between amino acid sequence and protein domain sequence in the Pfam database, transcoder software can identify reliable coding sequences (CDS) from transcript sequences. Long non-coding RNA (lncRNA) is another significant component of the transcriptome. The coding potential calculator, coding-non-coding index, Pfam protein domain analysis, and coding potential assessment tool were used to screen transcripts for coding potential, and the transcripts with coding potential were filtered out. The intersection of the above non-coding transcripts was obtained for subsequent lncRNA analysis.



Functional Annotation

Annotation information of transcripts was obtained by comparing the obtained non-redundant transcripts sequences with those in the NR, Swiss-Prot, gene ontology (GO), clusters of orthologous groups (COG), euKaryotic ortholog groups (KOG), protein family (Pfam), and Kyoto Encyclopedia of genes and genomes (KEGG) databases using BLAST software (Altschul et al., 1997) (Version 2.2.26).



Weighted Gene Co-expression Network Analysis

RNA-Seq by expectation maximization (RSEM) software (Li and Dewey, 2011) was used to quantify the expression level of the transcript through the mapped read location information on the third-generation transcript. The FPKM method was used to normalize the number of mapped reads and transcript length in the sample to measure the transcript or gene expression level. Using fold change ≥2 and false discovery rate <0.01 as criteria, DESeq2 (Robinson et al., 2010) was used to screen DEGs during C. rigescens seed germination. Owing to the large number of samples in this study (n = 15), we used the weighted gene co-expression network analysis (WGCNA) online tool of the BMK Cloud Platform2 to analyze the DEGs. An undirected network for the FPKM of the DEGs was constructed using the soft threshold method to obtain an appropriate soft threshold. The dynamic programming algorithm was used to divide the clustered genes into modules, with 30 as the minimum module size, and to merge the modules, with 0.25 as the minimum height of the merged modules, to obtain the final module. The gene expression patterns of the obtained modules were analyzed, and GO and KEGG enrichment analyses were performed.

Hub gene screening was completed using the Cytoscape software.3 The kME value can be used to evaluate effective connectivity between genes. In this study, the kME of genes in each module was calculated, and genes with kME > 0.7 were regarded as module members to represent the expression trend of the module. Then, the top 150 genes with high kME values in each module were correlated to obtain the weight value of the correlation between two genes. The top 500 gene combinations with higher weight values were finally selected to construct a visual interaction network in Cytoscape.



Statistical Analysis

Germination and physiological index data were statistically analyzed using independent-samples T-test (two-tailed, P < 0.01) and one-way ANOVA (P < 0.05) in IBM SPSS Statistics 23 (IBM, Chicago, IL, United States), respectively. All analyses had three biological replicates. Data visualization was performed using the Origin Pro V. 2019B software (OriginLab Corporation, Northampton, MA, United States).




RESULTS


Seed Germination Status of Carex rigescens Under Variable Temperature

The germination of C. rigescens seeds responded differently to different temperature conditions (Figures 1, 2). The germination rate and germination index of C. rigescens under variable temperature conditions were significantly higher than those at constant temperature (P = 0.0000034 and P = 0.0000003, respectively). Under variable temperatures, the germination rate was 5.68 times higher than that at constant temperature. Furthermore, the germination potential was significantly different between the two temperature conditions (P = 0.0061223). The mean germination time of seeds under variable temperature was shortened by 1.04 days.
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FIGURE 2. Germination indexes of Carex rigescens seeds under different temperature conditions. (A) Germination rate. Germination rate (%) = Number of final seed germination/number of tested seeds × 100%. (B) Germination potential. Germination potential (%) = Number of seeds germinated in the first 3 days of the germination/number of tested seeds × 100%. (C) Germination index. Germination index = Σ (Gt/Dt), where Gt is the number of germinated seeds in a day, and Dt is the corresponding germination days. (D) Mean germination time. Mean germination time (d) = Σ nt/Σ n, where n is the number of newly germinated seeds on day t, and t is the number of germination days. Data are expressed as mean ± SD (n = 3). **Indicates that the germination indexes between variable temperature and constant temperature were significantly different at P < 0.01 based on independent-samples T-test.




Dynamic Changes in Nutrient Contents and Enzyme Activities During Seed Germination

The starch and soluble sugar content of C. rigescens seeds decreased during germination (Figures 3A,B). The starch content in any two periods was significantly different except for S2 vs S3 and S3 vs S4. The soluble sugar content was significantly different between stages except for S2 vs S3 and S4 vs S5. Amylase activity plays an important role in the metabolism of starch and sugar. With seed germination, amylase activity fluctuated in the range of 6.65–15.93 mg⋅(g min)–1 and reached the highest value of 15.93 mg⋅(g min)–1 in S2 (Figure 3C). There was no significant difference in amylase activity among S1–S3, and the amylase activity in S5 was significantly lower than that in the other stages. During seed germination, soluble protein content decreased from 0.81 mg g–1 to 0.15 mg g–1, and the content of any two stages reached a significant level (P < 0.05, Figure 3D). In addition, we investigated the changes in peroxidase activity related to the pentose phosphate pathway and antioxidant capacity during seed germination (Figure 3E). With the increase in germination number, pod activity increased from 12.59 U g–1 to 3506.67 U g–1.
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FIGURE 3. Changes in physiological indexes of Carex rigescens seeds at five different germination stages under variable temperature. (A) Starch content. (B) Soluble sugar content. (C) Amylase activity. (D) Soluble protein content. (E) Peroxidase activity. Different small letters indicate that physiological indexes at different seed germination stages significantly different (P < 0.05) based on one-way ANOVA.




Verification of Gene Expression by qRT-PCR

To verify the reliability of the transcriptome data, 10 genes were randomly selected for real time quantitative RT-PCR analysis (Supplementary Table 2). Among them, four genes were related to photosynthesis, and the other six were involved in different metabolic pathways. Pearson correlation analysis showed that qRT-PCR was consistent with the RNA-seq results, which verified the accuracy and reliability of the RNA-seq data.



PacBio Sequencing Reads

To obtain full-length reference transcripts from C. rigescens with high confidence, we selected seeds at five different germination stages under variable temperature conditions as mixed samples for PacBio SMRT sequencing. The cDNA library size was 1–6 kb. According to the condition of full passes ≥3 and sequence accuracy >0.9, 173,955 CCS reads with mean read length of 2,349 bp were extracted from the raw data (Table 1 and Supplementary Figure 1A), The distribution of full passes of CCS is shown in Supplementary Figure 1B. CCS sequences were divided into full-length and non-full-length sequences depending on whether they contained the correct 5′ primer, 3′ primer, and poly A tail. By detecting the position relationship of the inserted sequences, we obtained 156,750 FLNCs with a mean read length of 2,185 bp, accounting for 90.11% of the total CCS sequences (Table 1 and Supplementary Figure 1C). Through the IsoSeq module in SMRTLink, similar sequences in the FLNC sequence were clustered, and each cluster represented a consensus isoform. In total, 62,094 consensus isoforms were obtained with a mean read length of 2,182 bp, including 62,086 high-quality isoforms and eight low-quality isoforms (Table 1). The length of the consensus isoform varied with the length of the


TABLE 1. Single molecular real time sequencing statistics.
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cDNA (Supplementary Figure 1D). The PacBio sequencing reads were longer and the sequence accuracy was lower than that of Illumina sequencing short reads, so we corrected the low-quality sequences obtained from each sample based on Illumina sequencing data of 15 samples with three repetitions in five germination stages. The sequences with high similarity were combined using CD-HIT to remove redundant sequences in the transcripts. Finally, 40,810 non-redundant transcripts of C. rigescens were obtained.



Coding Sequence, Long Non-coding RNA and Alternative Splicing Analysis

The TransDecoder program was used to identify reliable potential CDSs from transcription sequences based on ORF length, log-likelihood score, amino acid sequence, and protein domain sequence alignment. In total, 40,079 ORFs were obtained, including 28,393 complete ORFs. The length distribution showed that 9,447 transcripts with a length of 600–1,200 bp were the most abundant (Figure 4A), accounting for 33.27% of the identified CDSs. Next, the coding potential calculator, coding-non-coding index, Pfam protein domain analysis, and coding potential assessment tool were used to screen the coding potential of transcripts, and 1,052 long non-coding RNAs (lncRNAs) were predicted (Figure 4B). LncRNA and mRNA act through base complementation and pairing. By using the LncTar target gene prediction tool, 1,049 lncRNAs were successfully predicted (Supplementary Table 3). We detected 1,675 AS events. The type of AS could not be determined because there is no reference genome for C. rigescens. However, since AS is an important mechanism for regulating gene expression and producing proteome diversity, we showed the results of these AS events in the KEGG enrichment analysis and found that genes involved in carbon metabolism (36), spliceosome (33), biosynthesis of amino acids (31), protein processing in endoplasmic reticulum (27), and starch and sucrose metabolism (25) were highly enriched (Figure 4C).
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FIGURE 4. Prediction of coding sequences (CDSs), long non-coding RNAs (lncRNAs) and alternative splicing (AS). (A) Distribution of CDSs with a complete open reading frame. (B) Venn diagram of the number of lncRNAs predicted. Cpc: coding potential calculator, cnci: coding-non-coding index, Pfam: Pfam protein domain, cpat: coding potential assessment. (C) Kyoto Encyclopedia of genes and genomes pathways of genes related to AS. Value to the right of the bar indicates the number of transcripts involved in the metabolic pathway.




Functional Annotation of the Full-Length Transcriptome

To comprehensively annotate the transcriptome of C. rigescens, 40,810 non-redundant transcripts were functionally annotated by searching COG, GO, KEGG, KOG, Pfam, SwissProt, eggNOG, and NR databases. Among them, 39,315 (96.34%) transcripts were successfully matched with at least one of the eight databases, with a success rate of 45.56–96.34%. Each database annotated 18,519, 27,260, 19,024, 26,177, 34,253, 29,139, 38,687, and 39,016 transcripts, respectively (Table 2). To determine species homologous to C. rigescens, the sequences were compared with those in the NR database. The highest homology was observed with Ananas comosus (32.81%), followed by Elaeis guineensis (14.08%), Phoenix dactylifera (9.95%), and Musa acuminata (9.95%), while the remaining 37.42% of the sequences were in other plants (Figure 5A).


TABLE 2. Annotated transcripts numbers based on eight databases.
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FIGURE 5. Functional annotations for Carex rigescens transcripts. (A) NR homologous species distribution diagram of transcripts. (B) Distribution of gene ontology terms for all annotated transcripts. (C) Kyoto encyclopedia of genes and genomes pathway classification of transcripts. (D) EuKaryotic ortholog groups function classification of transcripts.


The functional properties of the genes and gene products of C. rigescens were comprehensively described according to the GO database. In total, 27,260 transcripts were divided into three functional categories: cellular components, molecular functions, and biological processes, of which 22,205 genes had two or more functions (Supplementary Table 4). The cellular components category was further divided into 15 subcategories, of which the most representative were “cell” and “cell part.” The molecular functions category was also divided into 15 subcategories, with the largest being “catalytic activity” followed by “binding.” “Metabolic process,” “cellular process,” and “single organism process” were the most important of the 21 biological processes (Figure 5B).

According to KEGG annotation, 19,024 transcripts were classified, and “environmental adaptation,” “signal transduction,” “translation,” “carbohydrate metabolism,” “transport and catabolism,” “endocrine,” and “metabolic diseases” were the most abundant subcategories among the six categories of “organismal systems,” “environmental information processing,” “genetic information processing,” “metabolism,” “cellular processes,” and “human diseases” (Supplementary Table 5). The pathway with the greatest number of transcripts was “carbon metabolism” (ko01200), followed by “biosynthesis of amino acids” (ko01230) and “starch and sucrose metabolism” (ko00500) (Figure 5C and Supplementary Table 5).

KOG annotation showed that 26,177 transcripts were assigned to 25 functional clusters, with the largest category being “General functional prediction only” (4,711), followed by “Post-translational modification, protein turnover, Chaperones” (3,087) and “Signal transduction mechanisms” (3,010) (Figure 5D and Supplementary Table 6).



Weighted Gene Co-expression Network Analysis of Differentially Expressed Genes During Seed Germination

With fold change ≥ 2 and false discovery rate <0.01 as screening conditions, 23,145 DEGs were identified. The seed germination rate was 0 in S1 but increased gradually in S2–S4. The differentially expressed transcripts between the two samples showed that S1vsS5 had the most DEGs, of which 10,883 were upregulated and 6,813 were downregulated. Comparing seeds between the germination and non-germination stages, the number of genes in the differentially expressed transcript set was in the following order: S1vsS5 > S1vsS4 > S1vsS3 > S1vsS2, which was consistent with the phenotypic results (Supplementary Table 7). After seed germination, the number of DEGs in any two stages significantly decreased, indicating that the gene expression levels involved in seed germination may decrease during seed germination. Solving the seed germination mechanism of C. rigescens by pairwise comparison is complicated. In the present study, DEGs from 15 samples during seed germination were analyzed by WGCNA to further identify the genetic components involved in seed germination under variable temperature. The results showed that these genes were clustered into nine modules (Figure 6A). The turquoise module was significantly positively correlated with S1 (r = 1, P = 2e-15), the gray60 module was significantly positively correlated with S2 (r = 0.92, P = 1e-06), the light-yellow module was significantly positively correlated with S4 (r = 0.68, P = 0.005), and the magenta module was significantly positively correlated with S5 (r = 0.89, P = 1e-05) (Figure 6B).


[image: image]

FIGURE 6. Weighted gene co-expression network analysis (WGCNA) model of differentially expressed genes. (A) Hierarchical cluster tree showing co-expression modules identified by WGCNA. (B) Module–germination stage relationships. The upper value in the box indicates the correlation coefficient between the module and the germination stage, and the lower value indicates the significance between the two. (C) The most enriched gene ontology terms in target modules. The figure in each bar represents the number of genes enriched on the GO term. (D) Statistics of significant enrichment of pathways in target modules. (E) Potential regulatory network of DEGs in target module. Degree indicates the number of lines owned by a node. A line connects two different genes. Note: (1–4) show the turquoise, gray60, lightyellow, and magenta modules, respectively.


The GO analysis of gene modules showed that four modules highly correlated with S1, S2, S4, and S5 produced significantly enriched GO terms (Supplementary Table 8). In the turquoise module (Figure 6C), the terms related to cell wall were significantly enriched, such as “plant-type cell wall organization,” “pectin catabolic process,” “plant-type cell wall,” “cellulase activity,” and “pyruvate decarboxylase activity.” In addition, DNA ligation involved in DNA repair was significantly enriched. The results showed that the seeds began to swell, the structure and hardness of the seed coat may be changed, and the DNA was repaired to prepare for seed germination. GO terms significantly enriched in the gray60 module included “translation,” “structural constituent of ribosome,” “proteolysis involved in cellular protein catabolic process,” and “protein folding,” which indicates that protein metabolism may play an important role in seed germination (Figure 6C). In the light-yellow module, “nucleus,” “regulation of transcription, DNA-templated,” and “calcium binding” were significantly enriched (Figure 6C). GO terms related to photosynthesis, such as “chloroplast thylakoid membrane,” “chlorophyllide a oxygenase [overall] activity,” and “photosynthesis,” were particularly abundant in the magenta module (Figure 6C).

The KEGG enrichment analysis identified metabolic pathways that may be related to seed germination, of which 20 pathways were significantly enriched (Supplementary Table 9). “Plant–pathogen interaction,” “photosynthesis,” “starch and sucrose metabolism,” “circadian rhythm–plant,” “cutin, suberine, and wax biosynthesis,” and “phenylpropanoid biosynthesis” were the first six pathways of significant enrichment. The “starch and sucrose metabolism” in S1 was particularly abundant, followed by “amino sugar and nucleotide sugar metabolism” (Figure 6D, turquoise module). “Phenylpropanoid biosynthesis” was significantly enriched in S1 and S2, and the enrichment effect strengthened with time (Figure 6D, gray60 module). “Linoleic acid metabolism” was the largest enrichment factor in S4, and “plant hormone signal transduction” was significantly enriched during this process (Figure 6D, light yellow module). Consistent with the GO results, KEGG enrichment at S5 indicated that seedling photosynthesis might be enhanced. As shown in the magenta module (Figure 6D), “photosynthesis,” “carbon fixation in photosynthetic organisms,” and “photosynthesis-antenna proteins” were significantly enriched. In addition, “circadian rhythm–plant” was enriched in this process, which indicated that diurnal light changes may provide sufficient conditions for seedling photosynthesis.

In gene interaction networks, we focused on the top eight genes with a high degree of connectivity in each module (Figure 6E and Supplementary Table 10). Among the 32 genes, six may be related to seed germination: F01_transcript_5649 (mhsp70, heat shock 70 kDa protein), F01_transcript_17149 (CML19, putative calcium binding protein), F01_transcript_51621 (CML19), F01_transcript_17019 (BBX24, B-box zinc finger protein 24), F01_transcript_25541 (KNOX3, homeobox protein knotted-1-like 3), and F01_transcript_11733 (KNOX3) (Figure 6E and Supplementary Table 10).



Dynamic Analysis of Sucrose and Starch Pathways During Seed Germination

Combined with the changes in physiological indexes during seed germination, we were interested in the enrichment of sucrose and starch metabolism KEGG pathways in specific modules. During germination, most genes involved in the sucrose and starch metabolic pathways were significantly upregulated (Figure 7). In the process of sucrose synthesis, the expression of one glycogen phosphorylase (PYG) gene and eight sucrose synthase (SUS) genes increased after seed germination, and the expression of three SUS genes was significantly higher than that of other genes (Supplementary Table 11). Sucrose was finally metabolized into D-glucose 6-phosphate under the action of α-glucosidase (malZ), beta-fructofuranosidase (INV), hexokinase (HK), fructokinase (E2.7.1.4), and glucose-6-phosphate isomerase (GPI). In this process, the gene expression of malZ, INV, HK, and E2.7.1.4 increased after seed germination, and the expression of E2.7.1.4 increased the most (Supplementary Table 11). The upregulated expression of malZ also regulated the conversion of starch to D-glucose. In addition, UDP-glucose transformed from starch was found to metabolize into trehalose under the downregulated expression of trehalose 6-phosphate synthase/phosphatase (TPS), and then converted into D-glucose through the downregulated expression of alpha-trehalase (TREH). In conclusion, the expression levels of most enzyme-encoding genes in the sucrose and starch metabolism pathways increased during seed germination.
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FIGURE 7. Annotated diagram of differential expression of Kyoto Encyclopedia of genes and genomes sucrose and starch metabolic pathways. The purple box indicates low gene expression, and the green box indicates high gene expression. The meaning of the label is to process the value of each row separately to make it conform to the standard normal distribution. PYG, glycogen phosphorylase; UGP2, UTP-glucose-1-phosphate uridylyltransferase; SUS, sucrose synthase; malZ, alpha-glucosidase; INV, beta-fructofuranosidase; HK, hexokinase; E2.7.1.4, fructokinase; GPI, glucose-6-phosphate isomerase; TPS, trehalose 6-phosphate synthase/phosphatase; TREH, alpha, alpha-trehalase; E3.2.1.2, beta-amylase.





DISCUSSION

In the present study, we carried out PacBio single-molecule long-read sequencing to explore the full-length transcriptome of C. rigescens and elucidated the underlying regulatory mechanisms of seed germination by analyzing its Illumina short read sequences. After clustering, correction, and redundancy elimination, we finally obtained 40,810 high-quality non-redundant transcripts, which provided the SMRT sequencing map of the full-length transcriptome of C. rigescens seeds for the first time.

Long non-coding RNAs, non-protein coding transcripts with a length of more than 200 bp, can affect the expression of flanking genes, change the characteristics of DNA-binding proteins, and participate in a variety of physiological processes (Wilusz et al., 2009). In the present study, 1,052 lncRNAs were predicted based on the SMRT sequencing data. AtR8 (Li et al., 2015a), asDOG1 (Fedak et al., 2016), and BoNR8 (Wu et al., 2019) lncRNAs have been identified as germination-related lncRNA gene. Based on the accuracy and running speed of LncTar for predicting lncRNA targets (Li et al., 2015b), we successfully predicted target genes for 1,049 lncRNAs, which could be candidate for future functional identification.

With its ability to yield multiple proteins from the same gene in eukaryotic genomes, AS serves as an effective mechanism to increase the diversity, plasticity, and elongation of the transcriptome and proteome (Zhang et al., 2016). The expression of variants of snRNP (Raab and Hoth, 2007), AtPRP4 (Raab and Hoth, 2007), DOG1 (Bentsink et al., 2006), SnRK2 (Zhang et al., 2016), At-DRM1 (Tognacca et al., 2019), and VP1 (Zhang et al., 2016) revealed that AS may play an important role in seed germination. In the present study, 1,675 AS events were detected. Since no genome sequence of C. rigescens is available, we were not able to determine the type of AS events, but our KEGG analysis results will provide a reference for further research.

The functional annotation of full-length transcripts, including 39,315 integrated annotated transcripts, provide a reference transcriptome for C. rigescens. NR alignment results showed that 32.81% of sequences were highly homologous to those of Ananas comosus, indicating that the protein comparison between C. rigescens and A. comosus was the closest. This is consistent with the findings of our previous study on Carex breviculmis (Teng et al., 2019). In the APG IV system, A. comosus belongs to Bromeliaceae but C. rigescens belongs to Cyperaceae, both belonging to the order Poales. This may be due to the lack of annotation information for many Poales species: C. rigescens and A. comosus are the closest species. The NR database may also contain insufficient data on species related to Cyperaceae, reflecting the importance of improving the genetic database for this genus.

Weighted gene co-expression network analysis is a powerful tool for identifying modules of highly correlated genes or metabolites based on transcriptome sequencing (Langfelder and Horvath, 2008). In the present study, four germination-related genes, BBX24, KNOX3, MHSP70, and CML19, were identified as possible hub genes that regulate seed germination. BBX proteins belong to the zinc finger transcription factor superfamily and play a central role in Arabidopsis thaliana seed germination (Strayer et al., 2000); for example MdBBX10 overexpression improved the germination rate by enhancing reactive oxygen species removal (Liu et al., 2019). According to previous reports, KNOX4 and KNAT7 regulate seed coat function during A. thaliana seed germination (Bhargava et al., 2013). KNOX4-like genes may protect embryos in species without physiological dormancy (Chai et al., 2016). In Medicago truncatula, MtKNOX3 participates in the activation of cytokinin biosynthesis (Azarakhsh et al., 2020). KNOX3, KNOX4, and KNAT7 belong to the KNOX gene family, which may play a similar role in seed germination. Therefore, we speculate that KNOX3 regulates seed coat mucus deposition and cuticle composition to change seed coat structure and permeability and may also regulate cytokinin biosynthesis, which probably promote the germination of C. rigescens seeds. Mitochondria play an important role in seed germination (Carrie et al., 2013). GhHSP24.7 is a mitochondrial heat shock protein that modulates seed germination by regulating CytC/C1 activity and ROS generation from the mETC (Ma et al., 2019). In our study, the discovery of mhsP70 may be key to studying the mechanism of seed germination in C. rigescens. Calcium signaling is critical to plant development (Midhat et al., 2018). CML39 is a calmodulin-related protein; its mutants regulate hormone metabolism and change seed coat structure during A. thaliana seed germination (Midhat et al., 2018). We expect that CML19 and CML39 have similar functions and will provide new insights into the germination mechanism of C. rigescens. In conclusion, we identified four core genes that may be related to seed germination in C. rigescens. We plan to verify their function through transgenic methods in future studies.

For many physiological and metabolic changes during germination, starch and soluble sugar content reflect the basic level of available materials and energy supply (Lin et al., 2009). Soluble sugar and ATP produced by starch metabolism provide sufficient substrate and energy for seed germination, respectively (Styer and Cantliffe, 1984; Dirk et al., 1999). Starch and soluble sugar content and amylase activity decreased during seed germination in C. rigescens. Similar results were obtained in a study on Chloris virgata (Zhao et al., 2018). The decrease in amylase activity may be due to the decrease in starch content in the seeds, which weakened the hydrolysis activity. These results suggest that the metabolic pathways of starch and sucrose may be vital to germination. Protein products can determine the function of seed germination genes (Dong et al., 2015). Some soluble proteins are enzymes involved in various metabolic processes (Peng, 2001), and their hydrolysates participate in a series of activities during the late stage of seed germination (Onomo et al., 2010). In the present study, the decrease in soluble protein content was significant, indicating that the metabolic activity of seeds was highly active, which was conducive to their germination. We also found that the POD activity increased during this process. POD can effectively remove reactive oxygen species, reduce the activity of inert acetic acid oxidase, and accumulate IAA with increasing activity, which promoted Styrax tonkinensis embryo elongation (Zhao et al., 2019).

We focused on the metabolic pathways of sucrose and starch during seed germination. In our results, the metabolism of starch in C. rigescens seeds was possibly accelerated by upregulating the expression level of one PYG gene, which is consistent with the results of a study on Cinnamomum migao (Huang et al., 2021). The expression of three SUS genes in the S2–S5 period was much higher than that of other genes, indicating that SUS may play an important role in starch metabolism. According to previous reports, SUS had a similar expression during the germination of C. henryi (Liu et al., 2020), and the expression of SUS4 was evidently specific to germinated seeds (Bieniawska et al., 2010). The upregulated expression of malZ (Tibbot et al., 1998), INV (Liu et al., 2020), and HK (Aguilera-Alvarado et al., 2019) activated sucrose metabolism. Fructokinase was an important regulator of carbohydrate metabolism (Jiang et al., 2003). Increased gene expression of the fructokinase-encoding gene promoted metabolic activity during germination (Yang et al., 2007; Han et al., 2014; Huang et al., 2021). The expression of one fructokinase gene was much higher than that of other genes in this study, and it was enhanced during S2–S5, which ensure the substrate supply of glycolysis and the tricarboxylic acid cycle. This result indicated that fructokinase may be the key enzyme in sucrose metabolism activated during seed germination. Overall, D-fructose, D-glucose, and D-glucose 6-phosphate may eventually participate in respiration and promote seed germination in C. rigescens. The functions of these genes need to be further studied in the future.



CONCLUSION

We found that seed germination of C. rigescens was significantly improved under variable temperature. Physiological observations revealed that improved seed germination may be related to reduced nutrient (starch, soluble sucrose, and soluble protein) content and increased peroxidase enzyme activity. Based on the newly built PacBio full-length reference transcriptome, Illumina short read sequences were used to screen DEGs involved in the germination process. WGCNA of the DEGs identified four hub genes, BBX24, KNOX3, mhsp70, and CML19; further studies are needed to verify their roles in the seed germination of C. rigescens. In addition, we found that starch and sucrose metabolism pathways may be responsible for the improved germination rate under variable temperature conditions. These results lay a foundation for further research on functional genomics and genetic engineering of C. rigescens for improved seed germination.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: Raw sequencing data were deposited into the NCBI Short Read Archive with the accession numbers PRJNA733858 (PacBio) and PRJNA733863 (Illumina).



AUTHOR CONTRIBUTIONS

KT, JW, and XF conceived the study and designed the experiments. WT performed the experimental material collection. HL performed experiments and analyzed the data according to the suggestions of KT, YY, HZ, and HW. HL completed the manuscript. KT revised the manuscript. All authors read and approved the final version of the manuscript.



FUNDING

This study was supported by the National Natural Science Foundation of China (No. 31901397), and Scientific Funds of Beijing Academy of Agriculture and Forestry Sciences (KJCX20210431 and CZZJ202210).



ACKNOWLEDGMENTS

We are grateful to Prof. Zhenyuan Sun (Research Institute of Forestry, Chinese Academy of Forestry) for assistance with test conception and data analysis. We would like to thank BMKCloud platform for technical support and Editage (www.editage.cn) for English language editing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.818458/full#supplementary-material

Supplementary Figure 1 | Single molecular real time (SMRT) sequence length distribution. (A) Circular consensus (CCS) read length distribution for 1-6K size bin. (B) The distribution of full passes of each cDNA database. (C) Full-length non-chimeric (FLNC) sequences read length distribution for F01 size bin. (D) Consensus isoforms read length distribution for F01 size bin.


FOOTNOTES

1http://www.premierbiosoft.com

2www.biocloud.net

3http://cytoscape.org


REFERENCES

Aguilera-Alvarado, G. P., Ángel Arturo, G. G., Estrada-Antolín, S. A., and Sánchez-Nieto, S. (2019). Biochemical properties and subcellular localization of six members of the HXK family in maize and its metabolic contribution to embryo germination. BMC Plant Biol. 19:27. doi: 10.1186/s12870-018-1605-x

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/nar/25.17.3389

Azarakhsh, M., Rumyantsev, A. M., Lebedeva, M. A., and Lutova, L. A. (2020). Cytokinin biosynthesis genes expressed during nodule organogenesis are directly regulated by the KNOX3 protein in Medicago truncatula. PLoS One 15:e0232352. doi: 10.1371/journal.pone.0232352

Bai, B., Horst, N., Cordewener, J. H., America, A. H. P., Nijveen, H., and Bentsink, L. (2021). Delayed Protein Changes During Seed Germination. Front. Plant Sci. 12:735719. doi: 10.3389/fpls.2021.735719

Bai, M. J., Sun, J. J., Liu, J. Y., Ren, H. R., and Dehesh, K. (2019). The B-box protein BBX19 suppresses seed germination via induction of ABI5. Plant J. 99, 1192–1202. doi: 10.1111/tpj.14415

Bentsink, L., Jowett, J., Hanhart, C. J., and Koornneef, M. (2006). Cloning of DOG1, a quantitative trait locus controlling seed dormancy in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 103, 17042–17047. doi: 10.1073/pnas.0607877103

Bhargava, A., Ahad, A., Wang, S., Mansfield, S. D., Haughn, G. W., Douglas, C. J., et al. (2013). The interacting MYB75 and KNAT7 transcription factors modulate secondary cell wall deposition both in stems and seed coat in Arabidopsis. Planta 237, 1199–1211. doi: 10.1007/s00425-012-1821-9

Bieniawska, Z., Barratt, D., Garlick, A. P., Thole, V., and Smith, A. M. (2010). Analysis of the sucrose synthase gene family in Arabidopsis. Plant J. 49, 810–828. doi: 10.1111/j.1365-313X.2006.03011.x

Carrie, C., Murcha, M. W., Giraud, E., Ng, S., Zhang, M. F., Narsai, R., et al. (2013). How do plants make mitochondria? Planta 237, 429–439. doi: 10.1007/s00425-012-1762-3

Chai, M., Zhou, C., Molina, I., Fu, C., Nakashima, J., Li, G., et al. (2016). A class II KNOX gene, KNOX4, controls seed physical dormancy. Proc. Natl. Acad. Sci. U.S.A. 113, 6997–7002. doi: 10.1073/pnas.1601256113

Dirk, L., Krol, A., Vreugdenhil, D., Hilhors, H., and Bewley, J. D. (1999). Galactomannan, soluble sugar and starch mobilization following germination of Trigonella foenum-graecum seeds. Plant Physiol. Biochem. 37, 41–50. doi: 10.1016/S0981-9428(99)80065-5

Dogra, V., Ahuja, P. S., and Sreenivasulu, Y. (2013). Change in protein content during seed germination of a high altitude plant Podophyllum hexandrum Royle. J. Proteom. 78, 26–38. doi: 10.1016/j.jprot.2012.10.025

Dong, K., Zhen, S. M., Cheng, Z. W., Cao, H., Ge, P., and Yan, Y. M. (2015). Proteomic Analysis Reveals Key Proteins and Phosphoproteins upon Seed Germination of Wheat (Triticum aestivum L.). Front. Plant Sci. 6:1017. doi: 10.3389/fpls.2015.01017

Fedak, H., Palusinska, M., Krzyczmonik, K., Brzezniak, L., Yatusevich, R., Pietras, Z., et al. (2016). Control of seed dormancy in Arabidopsis by a cis-acting noncoding antisense transcript. Proc. Natl. Acad. Sci. U.S.A. 113, E7846–E7855. doi: 10.1073/pnas.1608827113

Gao, C., Rong, R., Zhang, Z., Guo, P., and Hong, M. (2009). Study on Anti-Herpesvirus Activities in Vitro of Extract from Carex Rigescens. China Pharmaceuticals. 18, 5–6. doi: 10.3969/j.issn.1006-4931.2009.23.003

Gong, W., Song, Q., Ji, K., Gong, S., Wang, L., Chen, L., et al. (2020). Full-Length Transcriptome from Seed Provides Insight into the Transcript Variants Involved in Oil Biosynthesis. J. Agric. Food Chem. 68, 14670–14683. doi: 10.1021/acs.jafc.0c05381

Hackl, T., Hedrich, R., Schultz, J., and Frster, F. (2014). Proovread: Large-scale high-accuracy PacBio correction through iterative short read consensus. Bioinformatics 30, 3004–3011. doi: 10.1093/bioinformatics/btu392

Han, C., Wang, K., and Yang, P. (2014). Gel-based comparative phosphoproteomic analysis on rice embryo during germination. Plant Cell Physiol. 55, 1376–1394. doi: 10.1093/pcp/pcu060

Han, C., and Yang, P. (2015). Studies on the molecular mechanisms of seed germination. Proteomics 15, 1671–1679. doi: 10.1002/pmic.201400375

Huang, X., Tian, T., Chen, J. Y., Wang, D., Tong, B., and Liu, J. (2021). Transcriptome analysis of Cinnamomum migao seed germination in medicinal plants of Southwest China. BMC Plant Biol. 21:270. doi: 10.1186/s12870-021-03020-7

Jiang, H., Dian, W., Liu, F., and Wu, P. (2003). Isolation and characterization of two fructokinase cDNA clones from rice. Phytochemistry 62, 47–52. doi: 10.1016/s0031-9422(02)00428-4

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinform. 9:559. doi: 10.1186/1471-2105-9-559

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinform. 12:323. doi: 10.1186/1471-2105-12-323

Li, D. D., Huang, X. Q., Liu, Z. G., Li, S., Okada, T., Yukawa, Y., et al. (2015a). Effect of AtR8 lncRNA partial deletion on Arabidopsis seed germination. Mol. Soil Biol. 7, 1–7. doi: 10.5376/msb.2016.07.0007

Li, J., Wei, M., Zeng, P., Wang, J., Geng, B., Yang, J., et al. (2015b). LncTar: a tool for predicting the RNA targets of long noncoding RNAs. Brief. Bioinform. 5, 806–12. doi: 10.1093/bib/bbu048

Li, M. W., Han, L. B., and Luo, J. C. (2001). A new lawn plant resource:genus Carex L. Pratacult. Sci. 18, 43–45.

Li, W., and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 22, 1658–1659. doi: 10.1093/bioinformatics/btl158

Li, Y., Li, L. L., Fan, R. C., Peng, C. C., Sun, H. L., Zhu, S. Y., et al. (2012). Arabidopsis sucrose transporter SUT4 interacts with cytochrome b5-2 to regulate seed germination in response to sucrose and glucose. Mol. Plant 5, 1029–1041. doi: 10.1093/mp/sss001

Liang, F., Bai, S. Y., Dong, A. X., and Nan, W. U. (2011). Biological characteristics of 18 species seeds of Carex genera. Pratacult. Sci. 28, 1825–1830. doi: 10.3724/SP.J.1011.2011.00110

Liao, D. Q., An, R. P., Wei, J. H., Wang, D. M., Li, X. N., and Qi, J. J. (2021). Transcriptome profiles revealed molecular mechanisms of alternating temperatures in breaking the epicotyl morphophysiological dormancy of Polygonatum sibiricum seeds. BMC Plant Biol. 21:370. doi: 10.1186/s12870-021-03147-7

Lin, Q., Huang, H., Hui, L. I., Xiao, J., Chen, F., and Wang, Y. Y. (2009). Change of Physiology and Biochemistry during Seed Germination of Impatiens balsamina. China: Guizhou Agricultural Sciences.

Liu, B., Lin, R., Jiang, Y., Jiang, S., Xiong, Y., Lian, H., et al. (2020). Transcriptome Analysis and Identification of Genes Associated with Starch Metabolism in Castanea henryi Seed (Fagaceae). Int. J. Mol. Sci. 21:1431. doi: 10.3390/ijms21041431

Liu, X., Li, R., Dai, Y., Yuan, L., Sun, Q., Zhang, S., et al. (2019). A B-box zinc finger protein, MdBBX10, enhanced salt and drought stresses tolerance in Arabidopsis. Plant Mol. Biol. 99, 437–447. doi: 10.1007/s11103-019-00828-8

Liu, X., Mei, W., Soltis, P. S., Soltis, D. E., and Barbazuk, W. B. (2017). Detecting alternatively spliced transcript isoforms from single-molecule long-read sequences without a reference genome. Mol. Ecol. Res. 17, 1243–1256. doi: 10.1111/1755-0998.12670

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Ma, W., Guan, X. Y., Li, J., Pan, R. H., Wang, L. Y., Liu, F. J., et al. (2019). Mitochondrial small heat shock protein mediates seed germination via thermal sensing. Proc. Natl. Acad. Sci. U.S.A. 116, 4716–4721. doi: 10.1073/pnas.1815790116

Ma, W., and Mao, X. (1990). A Taxonomic Discussion on Genus Carex L.Sect.Boernera. China: Inner Mongolia Normal University.

Mangrauthia, S. K., Agarwal, S., Sailaja, B., Sarla, N., and Voleti, S. R. (2016). Transcriptome Analysis of Oryza sativa (Rice) Seed Germination at High Temperature Shows Dynamics of Genome Expression Associated with Hormones Signalling and Abiotic Stress Pathways. Tropic. Plant Biol. 9, 215–228. doi: 10.1007/s12042-016-9170-7

Midhat, U., Ting, M. K. Y., Teresinski, H. J., and Snedden, W. A. (2018). The calmodulin-like protein, CML39, is involved in regulating seed development, germination, and fruit development in Arabidopsis. Plant Mol. Biol. 96, 375–392. doi: 10.1007/s11103-018-0703-3

Onomo, P. E., Niemenak, N., Ndoumou, D. O., and Lieberei, R. (2010). Change in amino acids content during germination and seedling growth of Cola sp. Afr. J. Biotechnol. 9, 5632–5642. doi: 10.1186/1471-2105-11-441

Peng, F. (2001). Progresses of Research on Vegetative Storage Proteins in Woody Plants. China: Chinese Bulletin of Botany.

Raab, S., and Hoth, S. (2007). A mutation in the AtPRP4 splicing factor gene suppresses seed development in Arabidopsis. Plant Biol. 9, 447–452. doi: 10.1055/s-2006-924726

Ren, X. X., Xue, J. Q., Wang, S. L., Xue, Y. Q., Zhang, P., Jiang, H. D., et al. (2018). Proteomic analysis of tree peony (Paeonia ostii ‘Feng Dan’) seed germination affected by low temperature. J. Plant Physiol. 22, 56–67. doi: 10.1016/j.jplph.2017.12.016

Robinson, MD., McCarthy, DJ., and Smyth, GK. (2010). edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Shi, H., and Yang, C. (1999). Studies on the dynamic changes in amylase and invertase activity in flue cured tobacco as affected by nitrogen level and source. China: CHINESE TOBACCO SCIENCE.

Strayer, C., Oyama, T., Schultz, T. F., Raman, R., Somers, D. E., Más, P., et al. (2000). Cloning of the Arabidopsis clock gene TOC1, an autoregulatory response regulator homolog. Science 289, 768–771. doi: 10.1126/science.289.5480.768

Styer, R. C., and Cantliffe, D. J. (1984). Dependence of Seed Vigor during Germination on Carbohydrate Source in Endosperm Mutants of Maize. Plant Physiol. 76, 196–200. doi: 10.1104/pp.76.1.196

Sun, Y., Man-Li, L. I., and Mao, P. S. (2011). Study on Standard Germination Test Method of Carex rigescens Seed. 19, 68–70. Northern Horticulture.

Teng, K., Teng, W. J., Wen, H. F., Yue, Y. S., Guo, W., Wu, J. Y., et al. (2019). PacBio single-molecule long-read sequencing shed new light on the complexity of the Carex breviculmis transcriptome. BMC Genom. 20:789. doi: 10.1186/s12864-019-6163-6

Tibbot, B. K., Henson, C. A., and Skadsen, R. W. (1998). Expression of enzymatically active, recombinant barley alpha-glucosidase in yeast and immunological detection of alpha-glucosidase from seed tissue. Plant Mol. Biol. 38, 379–391. doi: 10.1023/a:1006006203372

Tognacca, R. S., Servi, L., Hernando, C. E., Saura-Sanchez, M., Yanovsky, M. J., Petrillo, E., et al. (2019). Alternative Splicing Regulation During Light-Induced Germination of Arabidopsis thaliana Seeds. Front. Plant Sci. 10:1076. doi: 10.3389/fpls.2019.01076

Wilusz, J. E., Sunwoo, H., and Spector, D. L. (2009). Long noncoding RNAs: functional surprises from the RNA world. Genes Dev. 23, 1494–1504. doi: 10.1101/gad.1800909

Workman, R. E., Myrka, A. M., Wong, G. W., Tseng, E., Welch, K. C., and Timp, W. (2018). Single-molecule, full-length transcript sequencing provides insight into the extreme metabolism of the ruby-throated hummingbird Archilochus colubris. GigaScience 7, 1–12. doi: 10.1093/gigascience/giy009

Wu, J., Liu, C., Liu, Z., Li, S., Li, D., Liu, S., et al. (2019). Pol III-Dependent Cabbage BoNR8 Long ncRNA Affects Seed Germination and Growth in Arabidopsis. Plant Cell Physiol. 60, 421–435. doi: 10.1093/pcp/pcy220

Xue, H., Sha, W., and Ni, H. W. (2005). General situation of studies on Carex L. China: Qiqihar University(Natural Science Edition).

Yang, P., Li, X., Wang, X., Chen, H., Chen, F., and Shen, S. (2007). Proteomic analysis of rice (Oryza sativa) seeds during germination. Proteomics 7, 3358–3368. doi: 10.1002/pmic.200700207

Yang, Y., Li, X., Zhang, Y., Liu, J., Hu, X., Nie, T., et al. (2020). Characterization of a hypervirulent multidrug-resistant ST23 Klebsiella pneumoniae carrying a bla CTX-M-24 IncFII plasmid and a pK2044-like plasmid. J. Global Antimicrob. Resist. 22, 674–679. doi: 10.1016/j.jgar.2020.05.004

Zhang, K., Cui, H., Li, M., Xu, Y., Cao, S., Long, R., et al. (2020). Comparative time-course transcriptome analysis in contrasting Carex rigescens genotypes in response to high environmental salinity. Ecotoxi. Environ. Saf. 194:110435. doi: 10.1016/j.ecoenv.2020.110435

Zhang, K., Li, M., Cao, S., Sun, Y., Long, R., Kang, J., et al. (2019). Selection and validation of reference genes for target gene analysis with quantitative real-time PCR in the leaves and roots of Carex rigescens under abiotic stress. Ecotoxicol. Environ. Saf. 168, 127–137. doi: 10.1016/j.ecoenv.2018.10.049

Zhang, K., Sun, Y., Li, M., and Long, R. (2021). CrUGT87A1, a UDP-sugar glycosyltransferases (UGTs) gene from Carex rigescens, increases salt tolerance by accumulating flavonoids for antioxidation in Arabidopsis thaliana. Plant Physiol. Biochem. 159, 28–36. doi: 10.1016/j.plaphy.2020.12.006

Zhang, Q., Zhang, X., Wang, S., Tan, C., Zhou, G., and Li, C. (2016). Involvement of Alternative Splicing in Barley Seed Germination. PLoS One 11:e0152824. doi: 10.1371/journal.pone.0152824

Zhao, J., Zhang, Z. H., Hou, Q. Y., and Fang, Y. U. (2019). Investigation on dormancy characteristics of Styrax tonkinensis seeds. J. Central South University Forest. Technol. 39, 45–51. doi: 10.14067/j.cnki.1673-923x.2019.01.008

Zhao, M., Zhang, H. X., Yan, H., Qiu, L., and Baskin, C. C. (2018). Mobilization and Role of Starch, Protein, and Fat Reserves during Seed Germination of Six Wild Grassland Species. Front. Plant Sci. 9:234. doi: 10.3389/fpls.2018.00234

Zhu, Z., Chen, H., Xie, K., Liu, C., Li, L., Liu, L., et al. (2020). Characterization of Drought-Responsive Transcriptome During Seed Germination in Adzuki Bean (Vigna angularis L.) by PacBio SMRT and Illumina Sequencing. Front. Genet. 11:996. doi: 10.3389/fgene.2020.00996


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, Teng, Yue, Teng, Zhang, Wen, Wu and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Seed Germination Mechanism of Carex rigescens Under Variable Temperature Determinded Using Integrated Single-Molecule Long-Read and Illumina Sequence Analysis



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Materials and Seed Germination Test



		Determination of Nutrient Content and Enzyme Activity



		RNA Sample Preparation



		PacBio and Illumina cDNA Library Preparation and Sequencing



		PacBio and Illumina Sequencing Data Analysis



		qRT-PCR Analysis



		Prediction of Alternative Splicing, Coding, and Long Non-coding RNA Sequences



		Functional Annotation



		Weighted Gene Co-expression Network Analysis



		Statistical Analysis







		RESULTS



		Seed Germination Status of Carex rigescens Under Variable Temperature



		Dynamic Changes in Nutrient Contents and Enzyme Activities During Seed Germination



		Verification of Gene Expression by qRT-PCR



		PacBio Sequencing Reads



		Coding Sequence, Long Non-coding RNA and Alternative Splicing Analysis



		Functional Annotation of the Full-Length Transcriptome



		Weighted Gene Co-expression Network Analysis of Differentially Expressed Genes During Seed Germination



		Dynamic Analysis of Sucrose and Starch Pathways During Seed Germination







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fpls-13-818458-t002.jpg
Annotated database

COG_Annotation
GO_Annotation
KEGG_Annotation
KOG_Annotation
Pfam_Annotation
Swissprot_Annotation
eggNOG_Annotation
nr_Annotation
All_Annotated

Isoform number

18,591
27,260
19,024
26,177
34,253
29,139
38,687
39,016
39,315

300 < = Length < 1,000

892
1,849
1,244
1,441
1,961
1,737
2,466
2,517
2559

Length > = 1,000

17,695
25,399
17,767
24,725
32,288
27,384
36,195
36,472
36,725

Percentage (%)

45.56
66.80
46.62
64.14
83.93
71.40
94.80
95.60
96.34





OPS/images/cover.jpg
frontiers
In Plant Science

Seed Germination Mechanism
of Carex rigescens Under
Variable Temperature
Determinded Using Integrated
Single-Molecule Long-Read
and lllumina Sequence Analysis









OPS/images/fpls-13-818458-t001.jpg
Samples

cDNA size

CCS number

Read bases of CCS

Mean read length of CCS

Mean number of passes

Number of full-length non-chimeric reads
Mean read length of consensus isoforms
Number of consensus isoforms

Average consensus isoforms read length
Number of polished high-quality isoforms
Number of polished low-quality isoforms

Mix

1-6K
173,955
408,628,637
2,349
56
156,750
2,185
62,094
2,182
62,086
8






OPS/images/fpls-13-818458-g007.jpg
- FO1_transcript_39283

FO1_transcript_38099 FO1_transcript_55141

FO1_transcript_39706

~ FO1_transcript_1847
FO1_transcript_2515
FO1_transcript_21767
FO1_transcript_56946

= /‘- 4

| ( UDP-gluc |

| Trehalose 6-phosphate |

 /
/

S,
N\

FO1_transcript_31457

FO1_transcript_26811
FO1_transcript_27376 (|

F81_transcript_ggggg -11

Aed kit . FO1_transcript_1847
Eg}ﬁ:ﬂ"}-ﬁlﬂgg — ‘«»“) ® FO1_transcript_2515
F01_transcrigt'55252 ~—— FO1_transcript_21767
FO1 transcript 61885 FO1_transcript_56946
i 5

FO1_transcript_18598
! mF01_transcript_58930

!

D\L ] | LLi“l‘[ ‘4‘-1 l\ { v

N\
\
|
I
»

B FO1_transcript_49593 m
D DB G ==

- FO1_transcript_15778
FO1_transcript_40447

Glycolysis /

Gluconeogenesis

) : L*l[l\ll\,\rnﬁ“) 'k}l)w 1t

Pentose phosphate
pathway





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-13-818458-g005.jpg
C

Nr Homologous Species Distribution

Circadian rhythm-plant

lant-pathogen interaction
Phosphatidylinositol signaling system

Plant horrmone signal transduction

Protein processing in endoplasmic reticulum

I Ananas comosus [12786~32.81%]
M Elaeis guineensis [5486~14.08%]
" Phoenix dactylifera [3879~9.95%]
 Musa acuminata [2236~5.74%]
" Oryza sativa [1345~3.45%]

i | Setaria italica [865~2.22%)

B Asparagus officinalis [789~2.02%)
| Oryza brachyantha [762~1.96%)
~ Panicum hallii [735~1.89%]

I Zea mays [720~1.85%)

| Other [9371~24.04%]

Organismal Systems

Environmental Information Processing

1
27260

[=]
o =
=
» o &
g o R g
o =
o @
3
) 5
B
£ 8
s £
= o B
g v - - & =
E o 111 | L &
IS5 EQL QUSSSSSEOSSScSSS85S ] 2o0< TOmE &
RS O N I S S
§ %9 SPOSHISE 050526 s52R555 8850507 % Sado0 Se8Ss
5 § 295 P89 535585° 255255853 °588%5 38 SELLOSELSS
= co¥ o & IL0=83 EFO TS50 IOSS8 SF TO9E 4wy
@ 35 &85 & J08IFTIS TS5 SO/ 55359 5§ £0f0 =858
& <0 Scmoos OF 93O Y5055 & oz &8
g 58 37 & £358802 <98 PELE| a5dpS £f  S85L 83
x o @ E2F Sz& Sa casS g £L2 DO Si=E:
@ 2 S8 58% 5% §5§55/ §° §9 &9 ;
g0 S5 FS S = 290458 S o S
§8S 57 B €3 %85/ 5 ¢ g8
£ @ aoc 9§ o 22585 £ 5
Q)E {05&’ @ g :c\.‘ =2 o
g 5y 9 g 2 g
o = £ ES
u.:os o5
SE &
59
ot
S0
g8
7.0
g3
s
&
molecular function biological process

D

KOG Function Classification of Consensus Sequence

cellular component

A: RNA processing and modification
B: Chromatin structure and dynamics
C: Energy production and conversion
D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism
F: Nucleotide transport and metabolism
G: Carbohydrate transport and metabolism
H: Coenzyme transport and metabolism
I: Lipid transport and metabolism
J: Translation, ribosomal structure and biogenesis
K: Transcription
L: Replication, recombination and repair
M: Cell L lenvelope biogenesis
N: Cell motility
O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only
S: Function unknown
T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms

W: Extracellular structures

Y: Nuclear structure

Z: Cytoskeleton

RNA degradation
Ubiquitin mediated proteolysis
Nucleotide excision repair
Spliceosome : : :
Aminoacyl-tRNA biosynthesis Genetic Information Processing
RNA transport
Ribosome
Ribosome biogenesis in eukaryotes
mRNA surveillance pathway 4000 -
Alanine, as partate and glutamate metabolism [N 192
Arginine and proline metabolism 160
eine and methionine metabolism 257
Glycine, serine and threonine metabolism 199
Tyrosine metabolism 128
Valine, leucine and is oleucine degradation 139
Phenylpropanoid biosynthesis [ 308
Amino sugar and nucleotide sugar metabolism 349 3000 4
Citrate cycle (TCAcycle) N 219
Fructose and mannose metabolism 208 oy
Galactose metabolism 184 [
Glycolysis/Gluconeogenesis [N 393 %
Glyoxylate and dicarboxylate metabolism 286 o
Inositol phosphate metabolism o
Pentose phosphate pathway LL 2000
yruvate metabolism .
Starch and sucrose metabolism 54 Metabolism
Carbon fixation in photosynthetic organisms [N 243
Oxidative phosphorylation [N 242
2-Oxocarboxylic acid metabolism [N 205
Biosynthesis of amino acids 747
Carbon metabolism ] 867 1000
Fatty acid metabolism [N 228
Fatty acid degradation [N 173
Glycerolipid metabolism [N 164
Glycerophospholipid metabolism [N 217
alpha-Linolenic acid metabolism [N 155
Porphyrin and chlorophyll metabolism [N 143
Cyanoamino acid metabolism [ 130
Glutathione metabolism [N 178
beta-Alanine metabolism [N 148
Purine metabolism [ 334
Pyrimidine metabolism [N 247
Endocytosis [ ] 382
Peroxisome [ ] 288 Cellular Processes
Phagosome [__] 226
e T . =
0% 5% 10% 15% 20%
Annotated Genes





OPS/images/fpls-13-818458-g006.jpg
Cluster Dendrogram

Module-trait relationships

Height

Module
colors

c m

pyruvate dacarboxylase activity -
dl ity -
binding -
DNA ligase (ATP) activity
oxygen binding -
nutrient reservoir activity -
extracellular region -
kinesin complex -

monolayer
plant-type cell wall -
flavonoid glucuronidation -
microtubule-based movement -

pectin catabolic process -

plant-type cell wall urganlzatton
d storage -
lagging urlnd llongatlo

(3)

hikim:

o

The Most enriched GO Terms

4
-log10(P-value)

The Most enriched GO Terms

MEturquoise
MEblack
MEgrey60
MElightgreen
MElightcyan
MEmagenta
MElightyellow

MEsalmon

3] |1 Biological Process 1] Cellular Component 1] Molecular Function
The Most enriched GO Terms

hydrolase activity,

sulfur dioxygenase activity -

peroxidase activity

osome -
protein folding -

regulation of meristem growth
translallon .

rotein secretion -
lrunslnﬁonal elon gallon
taboll

4
~log10(P-value)

oxidoreductase activlty, actlnq on paired donors, with The Most enriched GO Terms

incorporatlon or du ﬂ cular oxygen, NAD(P)H as
co p atom of dq [t
- lofophyll DInding [
sequence-specific DNA binding - protein kinase activity - |35
irandictase artiy ===
a1 Siaaing - catechol oxidase activity - [
I
calcium ion hlnd!ng - phosph >
transporter activity - _24
us - plastoglobule |16
mitochondrial memhrane 5
response to fungus - [ m
(R)-2-hydroxy-alpha: id bi I 5
single-organism process - fatty acid alpha-oxidation- [ S
B
response to stimulus - pigment biosynthetic process- [ 4
transmembrane transport - photosynthesis - [ 17
cell wall biogenesis - L S
regulation of transcriptlcn DNA-templated fi )
xyl og metabolic process - fructose metabolic process - —5
ochondral ransport 5
5.0 7.5 [ 6
-log10(P-value) =log10(P-value)
D 1) Statistics of Pathway Enrichment 2) Statistic of Pathway Enrichment
globo series . Protein export- -
Phenylalanine metabolism- -
Alanine,
. Basal transcription factors 4
Base excision repair{ -+ i
Gene Number .. terpenoid Gene Number
Glycosaminoglycan degradation * 25 Phagosome - *5
noid biosynthesis ® 50 Butanoate metabolism 4 ® 10
Other glycan degradation - ®75 Sulfur metabolism @15
Glycerolipid metabolism+ Corrected Pvalue Plant-pathogen interaction{ * Corrected Pvalue
i 1.00 nsport{ ® 1.00
ganglio series 0.75 Tryptophan metabolism 0.75
alph ; i 0.50 0.50
i 0.25 i 0.25
2 0.00 ® 0.00
° .
°
Cutin y . Ribosome - ®
® ®
23 4 5 2 3. 4
Fold enrichment Fold Enrichment
A3) Statistics of Pathway Enrichment 4) Statistics of Pathway Enrichment
Fatty acid metabolism+ - Vitamin B6 metabolism - .
i .
Phenylalanine, Peroxisome - ¢
Fatty acid biosynthesis 4 .
Endocytosis{ *
2 G-ege Humber alpha ¥ Gene Number
.10 Tyrosine metabolism-{  * 10
® 20
. ® 15 ® 30
9 9 ® 20 .
Nitrogen metabolism 4 CortecteaPvaliis . Corrected Pvalue
1.00 Carbon metabolism 1.00
0'75 Photosynthesis - antenna protolnl 1 . 0.75
N-Glycan biosynthesis - . 2 Alanine, . 0.50
Flavonoid biosynthesis - . 0.50 L) 0.25
alpha: . 0.25 Arachidonic acid metabolism - . 0' 00
. 0.00 i
Plant hormone signal transduction 4 . Glycine, °
Stilbenoid i i i i . Flavonoid bnosymhws b .
Linoleic acid metabolism o Circadian rhythm - plant - °
Plant-pathogen interaction - (&} Photosynthesrs E ]
5 10 5 10
Fold enrichment Fold enrichment
E 1) FO1_tra | 28740 @ 42648
55731 FO1_tra 50392
FO1_tra 15245
o
. . s Degree
1
Fo1 va. 16893 "U"l‘r'zi.‘“ —"*‘.5"’398
100

Fui_va._6'649

3

FO1_tra
_11856

@






OPS/images/fpls-13-818458-g003.jpg
a
a\%\
S2 S3

B
N

£ & % =
J-?_E.wv.wz_u AJIAT)OR ASB[AWY
o

C

i
S5

a
S5

C
3
S4
b
S4

a
}\‘i
\II)
S2 S3
d
S1 S2

-& R

T T T T AY 0. = 0. e )
nmo=2 W W W = = = S S
(,.8-Sur) yuayuod 1eSns dqnyos = & S =

Aﬁ-w. ) AJIAD)OR ISBPIX0.Jdd

[0 L
un
.= - 5 o "W
i
© s M - B2
2 % c\ 7
9\
]N‘ | m \b i
© - © -
e % < = 2 < & 2
- \o \o =] = o < =
Aﬁ-w.wEv JUIIUOD YOIB)S J-w.wEv JUAIU0I ujoId Jyqnos

< ()





OPS/images/fpls-13-818458-g004.jpg
Numbers

Length

Circadian rhythm-plant

Plant-pathogen interaction

Alanine, aspartate and glutamate metabolism
Arginine and proline metabolism
Arginine biosynthesis

Cysteine and methionine metabolism
Glycine, serine and threonine metabolism
Tryptophan metabolism
Phenylpropanoid biosynthesis

Amino sugar and nucleotide sugar metabolism
Citrate cycle (TCA cycle)

Fructose and mannose metabolism
Glycolysis 1 Gluconeogenesis

Glyoxylate and dicarboxylate metabolism
Pentose phosphate pathway

Pyruvate metabolism

Starch and sucrose metabolism

Carbon fixation in photosynthetic organi sms
Oxidative phos phorylation

Sulfur metabolism

2-Oxocarboxylic acid metabolism
Biosynthesis of amino acids

Carbon metabolism

Fatty acid metabolism

N-Glycan biosynthesis

Biosynthesis of unsaturated fatty acids
Fatty acid degradation

alpha-Linolenic acid metabolism
betaAlanine metabolism

Carotenoid biosynthesis

Purine metabolism

Endocytosis

Peroxisome

Phagosome

Protein export

Protein processing in endoplasmic reticulum
RNA degradation

Ubiquitin mediated proteolysis
Nucleotide excision repair

Basal transcription factors

Spliceosome

Aminoacyl-tRNA biosynthesis

RNA transport

Ribosome

Ribosome biogenesiseukaaryotes

mRNA surveillance pathway

ABC transporters

Phosphatidylinositol signaling system
Plant hormone signal transduction

(nY)

B
=
=
T
=
=

=
w

OOI
=
~

Ul
(@)

=

=
=

25

m\l
=
w

=

31
36

=
NN

m I
._l

(o)}
e}
o

=
o

IO\Q\I
o 00

| 27

] 33

cpe

Organismal Systems

Metabolism

Cellular Processes

Genetic Information Processing

Environmental Information Processing

5%

Annotated Genes

T
10%

T
15%

1
20%





OPS/images/fpls-13-818458-g001.jpg
0950 Sp b0 o009 © OO0 o) o
000 90 go00 o0 00 0%’






OPS/images/fpls-13-818458-g002.jpg
<

e

30/20

v = Q)
—

—

(o) TenIual0d UOIIRUIULISN)

30/20

Temperature (C)

S S =
9 6 3

(9) eI UOIJBRUIULIdN)

20

20

Temperature('C)

()

(&)

¥
-
= ¥ S
)
(p) awr} UOIIRUTWIAT UBIA
*
kY H
" S % S
<t o — =

X9pUl UOIRUIWIAL)

30/20

Temperature ('C)

30/20

Temperature ('C)

20

20





