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Abstract

:

Leaves are the main site of photosynthesis in plants, and leaf color plays a major role in crop quality, yield, resistance, as well as other aspects. Although the genes related to photosynthesis have been well characterized in plants in general, yellow-green leaf mutants have not yet been fully studied in tomatoes. In the present study, a dark green leaf (GL) mutant was isolated from yellow-leaf tomato (wild-type). The dark GL displays a distinct yellow-green phenotype, and has a greater chlorophyll content and higher photosynthetic rate. Furthermore, the lamellae were clear, and the stroma and grana were orderly, with more stacking and larger starch grains according to the ultrastructure analysis of chloroplasts in GL leaves. Comparative transcriptome analysis of GL and wild-type plants was performed to identify the pathways and genes related to photosynthesis. In this work, a total of 292 differentially expressed genes (DEGs) between GL plants and WT plants were identified, of which 131 genes were upregulated and 161 genes were downregulated. The diterpenoid biosynthesis and photosynthesis antenna proteins were the two most significantly enriched in the first 20 pathways according to KEGG analysis. Most of the DEGs involved in diterpenoid biosynthesis and photosynthesis were antenna proteins. The photosynthesis antenna protein Solyc02g071030 (LHCB1) and the diterpenoid biosynthesis-related genes, Solyc08g005710 and Solyc09g059240, were significantly upregulated in GL leaves compared with WT leaves. The expression patterns of the DEGs were similar to those determined by qRT-PCR. Overall, our research not only revealed the diterpenoid biosynthesis and photosynthesis pathways involving in leaf color variation, but also identified the putative target genes for genetic manipulation in the future.
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1. Introduction


Leaves are the primary photosynthetic organs in higher plants and play a crucial role in growth and development. However, leaf color is often variable and the main ways of generating leaf color mutants are natural variation and genetic mutation. Changes in leaf color are common phenomena in plants and usually affect their photosynthetic efficiency and growth. In addition, the chloroplast structural morphology has been identified as an important factor influencing leaf color. Most leaf color mutations are caused by reduced chlorophyll content in the leaves, and disruptions in chlorophyll metabolic pathways can also lead to leaf color mutations. Previous studies have reported that leaf color mutations result in abnormal structures, including those of the thylakoids and grana, in the chloroplasts. In contrast, the normal-colored leaves maintain their chloroplasts in a relatively intact form. The main reason for this difference is that the formation of chloroplasts is influenced during the stage of thylakoid and granum formation [1].



In higher plants, chlorophyll is synthesized from L-glutamate-tRNA through a total of 19 chemical reactions involving more than 20 different genes and 15 different enzymes, ultimately resulting in the formation of chlorophyll a and b [2]. The synthesis of chlorophyll is complex and can be divided into three main steps: the conversion of 5-aminolevulinic acid (ALA) to protoporphyrin IX in the chloroplast, the synthesis of chlorophyllide in the thylakoid membranes, and the synthesis of chlorophyll a and b in the thylakoid membranes. Any alteration in these reactions can lead to changes in enzyme activity, resulting in the accumulation of large amounts of intermediate reactive species and leading to long-term oxidative damage and cell death in plants. Furthermore, chlorophyll undergoes abnormal degradation by chlorophyll enzymes if the external environment changes, resulting in changes to the pigmentation of plant leaves and significant alterations in leaf color. The levels of chlorophyll and carotenoids in some leaf-color mutants are much lower than those in normal plants [3]. Previous studies have shown that a large number of genes were related to the leaf color. Gene mutations associated with chloroplast development can lead to the formation of yellow or green leaf color. Jung et al. found that the T-DNA insertion in the OsCHLI gene, which encodes the subunit of Mg chelatase, resulted in abnormal chlorophyll branching in the tetrapyrrole biosynthesis pathway, leading to incomplete development of chloroplast thylakoid membranes, resulting in chlorophyll deficiency and decreased content [4]. The yellowing in the apgl mutant is due to the inhibition of plastidic heme synthesis, which is required for chloroplast thylakoid and stromal membrane formation and leads to abnormal chloroplast grana and grana-thylakoid structures in plants [5]. Changes in chlorophyll degradation genes can accelerate or slow down chlorophyll degradation, leading to accumulation or loss of chlorophyll content. If the content is too high, the leaves will show dark green and stagnant green phenomena, and if too low, they will become light green or even white. For example, the gene A/KC7 of reductase (SDR) is a chlorophyll b reductase, which is involved in the regulation of light harvesting complex LHCII and thylakoid membrane [6]. Research conducted by Park et al. revealed that the reason for inhibition of the chlorophyll degradation pathway in the rice evergreen mutant Sgr is that the Sgr mutant inhibits the binding between LHCPIL (lighting-harvesting chlorophyll binding protein) and the mutant gene Sgr in chloroplasts during leaf senescence [7]. The earliest identified color mutant was aurea (au) mutant and was isolated from the natural mutant, yellow-green-2 (yg-2), which is derived from physical mutagenesis in tomatoes. Both of these mutants exhibited similar phenotypes, with reduced anthocyanin and chlorophyll contents. The publication of leaf color variation mechanisms in these two mutants led to research on leaf color mutants in tomatoes [8]. Overall, the dynamic balance of chlorophyll metabolism is closely related to leaf color. The changes in the chlorophyll content and characteristics mainly affect chlorophyll synthesis and metabolism processes.



Chlorophyll mutants are important genetic materials for studying photosynthesis. The dark green leaf mutant not only can be used as a trait marker in tomato hybrid breeding but can also play an important role in the formation of yield. In the present study, the dark green leaf (GL) line was isolated from wild-type plants. The chlorophyll content, photosynthetic characteristics, and comparative transcriptome were measured. Transcriptome sequencing of GL and wild-type plants was performed to determine the mechanism of leaf color regulation. This study will not only help us to understand the relationship between physiological changes and gene expression changes but also provide the gene resources for a high photosynthetic effect and high yield breeding in tomatoes.




2. Materials and Methods


2.1. Plant Material Cultivation


The stable dark green leaf (GL) mutant is derived from the natural mutant of inbred line “716” (wild-type). This mutant has been continuously cultivated for three generations and the phenotype was stable. The dark green leaf mutant and the normal green leaf inbred line (wild-type) were planted in the solar greenhouse (126°54 5′8″ E, 45°46′23″ N) of Northeast Agricultural University. Small holes (1 cm deep) were dug on the surface of each soil block, and one seed was sown in each hole. The seeds were subsequently covered with dry soil and covered with a nonwoven cloth to keep the planting area moist. After germination, the plants were not watered until the soil was completely dry; watering was then performed every 2 to 3 days when the soil looked dry. Seedlings were transplanted from the planting bed to the nutrient broth at 4 weeks of age, after which they grew 4 leaves before being established in the greenhouse. The experiment was performed based on the randomized block with three biological replicates.




2.2. Measurement of Phenotypic and Physiological Trait


At the four leaves stage, the seedlings were selected for the measurement of phenotypic and physiological traits. The portable photosynthesis measurement system (Li-6400 from LI-COR company, Lincoln, NE, USA) was used to measure the photosynthetic rate and chlorophyll content of the same leaf position, including wild-type tomato “716” and dark green leaf (GL) mutants. Ten plants of each line were measured and the average value was taken. The leaves of the wild-type tomato “716” and dark green leaf (GL) mutants were sampled for analysis using transmission electron microscopy. The experiment was performed with three biological replicates. In addition, the tomato leaves were cut into 50 nm sections in 2.5% solution at 4 °C for 48 h, rinsed with 0.1 M phosphate buffer solution and fixed with 1% fixing solution, then dehydrated and embedded. The samples were dyed with uranyl acetate and lead citrate at 25 °C, and rinsed thoroughly with double distilled water. Finally, the H-7650 transmission electron microscope, produced by Hitachi in Japan, was used to observe the chloroplast ultrastructure.




2.3. Sample Preparation for Sequencing


The wild-type tomato “716” and the stable dark green leaf (GL) mutants were subjected to RNA-seq. The leaves of the plants were taken, and the samples in the control group were denoted as WT (WT_1, WT_2, and WT_3). The GL mutant group samples were denoted as GL1 (GL1_1, GL1_2, and GL1_3 in triplicate). The total RNA was extracted for the library construction.




2.4. Transcriptome Library Construction


The process of constructing a sequencing library includes: processing the total RNA by mRNA enrichment, segmenting the obtained RNA using a break buffer, reverse transcription using random N6 primers, and synthesizing double stranded cDNA. The process subsequently includes: flattening the end of the synthesized double-stranded DNA and phosphorylating it at the 5′ end, forming a protruding sticky end at the 3′ end, and connecting it to a bubbly junction with a protruding “T” at the 3′ end. The connecting products were amplified by PCR using specific primers, and finally, used for machine sequencing.




2.5. RNA-Seq Data Analysis


Data filtering was performed using SOAPnuke for statistical analysis [9]. The filtering software SOAPnuke 2.0 version was used for removing low-quality reads with an unknown base (N) content greater than 5% [9], and reads with a proportion of bases with a quality value below 10 where greater than 20% of the total number of bases in that read were also defined as low-quality reads. After obtaining clean reads, the Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT2) software was used to align the clean reads to the reference genome sequence [10]. Subsequently, we performed an overall analysis of RNA-Seq after alignment quality control (QC), including the differentially expressed genes (DEGs) between selected samples, GO enrichment analysis, KEGG network analysis, clustering analysis, and WGCNA.




2.6. qRT-PCR Verification of Differentially Expressed Genes


In order to validate the reliability of the RNA-Seq results, significantly enriched differentially expressed genes (DEGs) were selected for qRT-PCR verification. The qRT-PCR primers were designed Prime 5 software. The Actin gene was used as internal reference gene (Table S1). The experiment was performed using AceQ® qPCR SYBR® Green Master Mix (Vazyme, Nanjing, China) and a qTOWER3G detection system (Analytik Jena, Jena, Germany). The gene expression analysis was conducted using the 2−∆∆CT method [11]. The qRT-PCR reaction program includes four steps: pre-denaturation at 95 °C for 7 min, and 40 cycles of reaction at 95 °C for 10 s, 57 °C for 30 s, and 72 °C for 20 s. The SPSS 7.0 software was used to analyze qRT-PCR data, and significant differences were compared using the Waller–Duncan (W) test at a significance level of p < 0.05 [12].





3. Results


3.1. Phenotype, Physiological, and Microstructural Analyses


In this study, a stable dark green leaf (GL) mutant gene was isolated from yellow-leaf tomato material. Compared to those of the WT plants, the leaves of the GL plants were dark green (Figure 1A), had a greater chlorophyll content and had a higher photosynthetic rate (Figure 1B). Moreover, compared to those of the wild-type plants, the leaf mesophyll tissue of the GL plants was more developed, and the palisade tissue cells were more closely arranged (Figure 1C). The chloroplast ultrastructure in GL leaves was normal, the lamellae were clear, and the stroma and grana were orderly, with more stacking and larger starch grains (Figure 1(Ca–Cf)).




3.2. Total RNA Extraction and Quality Analysis


The RNA extraction and quality analysis were performed for all samples, with consistent results observed between the two sets of tomato samples. The total number of clean reads obtained after filtering was 40.62 Gb, of which the average clean bases in the control samples was 6.78 Gb and in the three GL samples was 6.76 Gb. Among the six sets of results, the percentage of quality control Q30 bases were more than 93.5%, indicating that the quality and accuracy of the sequencing data were high, which could meet the requirements of subsequent analysis (Table 1). To evaluate the correlation of gene expression among samples, Spearman correlation coefficients were calculated for all gene expression levels, and these coefficients are presented in the form of heatmaps (Figure 2). The coefficient between all six samples was greater than 0.9, indicating good correlation between the samples.




3.3. Gene Expression Analysis


A Venn diagram (Figure 3A) shows the total number of genes in the six samples. In addition, boxplots can be used to display the standardization effect among the data. As shown in Figure 3B, the overall gene expression levels were consistent among the six samples, resulting in a consistent distribution of the data. A differentially expressed gene cluster heatmap (Q value ≤ 0.05, |log2FPKM| ≥ 1) was constructed to illustrate the number of upregulated/downregulated DEGs between the GL and WT plants (Figure 4). There was a total of 292 DEGs identified, of which 131 genes were upregulated and 161 genes were downregulated.




3.4. GO Analysis of DEGs


To identify the DEGs related to photosynthesis in tomatoes, a GO enrichment analysis was performed and the results showed that the genes associated with the cellular process and metabolic process were the most significantly enriched according to the biological process classification between the WT and the dark green leaf (GL) mutants (Figure 5A). In the analysis of the cellular components, differentially expressed genes (DEGs) were mainly enriched in the extracellular matrix, organelles, and membranes. These genes were significantly enriched in molecular functional categories related to catalytic activity and binding. In addition, the chloroplast thylakoid membrane, the Golgi transport complex, photosystem II, and photosystem I were identified among the enriched DEGs according to the GO cellular component analysis (Figure 5B).




3.5. KEGG Analysis of DEGs


To further screen the DEGs in photosynthesis, a KEGG enrichment of the DEGs was analyzed based on the KEGG database. DEGs between GL and WT were enriched in 20 pathways, which were mainly involved in diterpenoid biosynthesis, photosynthesis of antenna proteins, alpha-linolenic acid metabolism, biotin metabolism, and lipoic acid metabolism (Figure 6A). Five DEGs were enriched in photosynthesis-antenna proteins, the most common among all pathways. The KEGG pathway relationship network was constructed based on the 10 pathways with the largest number of genes (Figure 6B). Different shapes represent different contents: squares represent KEGG pathways, dots represent mRNA, etc. The color and size indicate the number of genes or transcripts connected to the node. In the present pathway, the two differentially expressed genes, Solyc08g067330 and Solyc02g071030, were also shown to be enriched with photosynthesis-antenna proteins.




3.6. Weighted Gene Coexpression Network Analysis of (WGCNA) DEGs


WGCNA is a tool suitable for the analysis of various complex data. WGCNA was performed on the transcriptome data of the GL and WT sample groups (Figure 7). A gene clustering dendrogram with module identity (Figure 7A) and a heatmap of coexpressed module–sample correlations (Figure 7B) are presented. Observing the correlation coefficients of the modules, the results indicated that the genes in the green module showed a high specificity between GL and WT samples. A KEGG enrichment analysis of genes in the turquoise module revealed that genes were enriched in diterpenoid biosynthesis, photosynthesis antenna proteins, and other pathways (Figure 7A).




3.7. Network Analysis of Photosynthesis Antenna Proteins


Two DEGs, Solyc08g067330 and Solyc02g071030, were enriched in the photosynthesis-antenna protein pathway (Figure 8). The results showed that Solyc02g071030 was significantly upregulated, while Solyc08g067330 was significantly downregulated. The two genes are both chlorophyll a/b binding proteins (LHCB1), which are a class of thylakoid membrane proteins that can bind with pigment molecules to form complexes and transfer light energy to the reaction centers of photosystems (PSI and PSII). Therefore, the Solyc02g071030 may play the key role in PSI/PSI antenna remodeling during a state transition as shown in Figure 8.




3.8. qRT-PCR Analysis of Genes Involved in Photosynthesis


Five candidate DEGs (Solyc04g083160, Solyc08g005710, Solyc08g067330, Solyc09g059240, and Solyc02g071030) potentially involved in yellow-green leaf regulation were selected for qRT-PCR analysis. qRT-PCR was performed with the gene-specific primers designed in Primer 5 (Table S1). The results showed that the gene expression pattern of all of the samples had similar qRT-PCR and the FPKM values (Figure 9), indicating that the results of transcriptome sequencing were feasible. In addition, the photosynthesis-antenna protein, Solyc02g071030 (LHCB1), and the diterpenoid biosynthesis-related genes, Solyc08g005710 and Solyc09g059240, were significantly upregulated in GL leaves compared with WT leaves.





4. Discussion


4.1. Characterization of Photosynthesis between WT and GL Plants


The leaf is an organ that provides photosynthetic products for plants. Chloroplasts are important organelles in leaves that not only serve as important sites of photosynthesis but also play crucial roles in crop yield and quality. Chlorophyll (Chl) in chloroplasts plays an important role in collecting and transferring light energy and driving electron transfer processes [13,14]. Plant leaf color variation is a common characteristic in plants, since gene mutations often affect the synthesis and degradation of chlorophyll. A previous study reported that chloroplast structural changes lead to mutations in leaf color genes [15]. Similarly, in the present study, a dark green leaf (GL) mutant with more developed and more closely arranged palisade tissue than normal leaf-color plants was reported. In general, thylakoids are carriers of pigments in plant leaves, and the accumulation of pigments is directly influenced by the stacking state of thylakoid layers [16]. Consistently, we also found that the lamellae were clear and that the stroma and grana were orderly, with more stacking and larger starch grains, as determined by observing the ultrastructure of the chloroplasts in GL leaves. Therefore, we speculate that the developed chloroplast in dark green leaf (GL) mutants’ leaves results in an upregulated expression of related genes in the chlorophyll synthesis pathway, and further enhances the efficiency of chlorophyll synthesis.




4.2. DEGs in Photosynthesis Antenna Proteins Pathways


In higher plants, light-harvesting chlorophyll a/b binding proteins (LHCPs) are a class of thylakoid membrane proteins that can bind with pigment molecules to form complexes and transfer light energy to the reaction centers of photosystems (PSI and PSII). PS I and PSII have their own respective light-harvesting complexes: LHGI and LHCII. LHCI consists of four classes of light-harvesting pigment proteins encoded by LHCA7, LHCA2, LHCA3, and LHCA4. LHCII consists of chlorophyll a/b binding proteins (LHCB) that bind pigments and are encoded by the nuclear gene Lhcb subfamily. These proteins include three major light-harvesting pigment proteins, LHCB1, LHC82, and LHCB3 and three minor light-harvesting pigment proteins, LHCB4 (CP29), LHCBS (CP24), and LHCB6 (CP26). These two classes of proteins constitute the peripheral antenna proteins of PSII and are involved in the transmission and capture of light energy, dissipation and protection of excess light energy, regulation of the energy balance in the photosystems, and maintenance of the thylakoid membrane [17,18,19,20]. Recently, many studies have reported that abnormal chlorophyll-binding protein pathways lead to leaf color variations in some plants. In the present study, we found that the chloroplast content was significantly greater in the GL leaves than in the WT plants. These results were similar to reports on grapes [21], Rhododendron championae [22], Litchi [23], and the photosynthetic pigment content in elm leaves, which were likewise accompanied by leaf edge withering caused by a reduction in chlorophyll. Similarly, the expression levels of the photosynthesis-antenna proteins, Solyc02g071030, and LHCB1 were also significantly upregulated in the GL leaves compared with those in the WT leaves. In addition, a previous study has demonstrated the important role of Lhcb2 (the homologous gene of Solyc02g071030 in Arabidopsis) phosphorylation in PSI/PSI antenna remodeling during state transition, which reported the existence of a previously unrecognized Lhcb2-independent component in the redox balance mechanism [24]. Nevertheless, the role of Solyc02g071030 phosphorylation in PSI/PSII antenna during state transition remain unknown. Therefore, it is necessary to verify its function using gene editing technology on the tomatoes.




4.3. DEGs in Diterpenoid Biosynthesis Pathways


Plant diterpenoids, such as chlorophyll, carotene, and other light-capturing pigments involved in photosynthesis, have very important physiological functions, and chloroplasts are the main site for the synthesis of plant terpenoids. In this study, we found that the diterpenoid biosynthesis-related genes, Solyc08g005710 and Solyc09g059240, were significantly upregulated in GL plants compared with WT plants, suggesting that these genes are very crucial to photosystems involved in the development of green leaf color in tomatoes. Furthermore, photosynthetic organisms also have an additional demand for Fe, as Fe is a cofactor in the electron transfer chain of photosynthesis. The content of Fe in chloroplasts accounts for 90% of mesophyll cells, and Fe is mainly concentrated in the chloroplast matrix and thylakoid membrane [25,26,27,28]. Fe starvation has the greatest impact on photosystem I (PSI), as each monomer of PSI contains 12 Fe atoms during the synthesis of chlorophyll [29,30]. The lack of Fe leads to a decrease in chlorophyll synthesis, ultimately resulting in leaf yellowing. Most notably, the homologous gene of the significantly upregulated gene, Solyc09g059240, (Cytochrome P450) in mutants is CYP82C in Arabidopsis, which encodes a cytochrome P450 enzyme [31]. It has been reported that CYP82C4 played a key role in the early Fe deficiency response in Arabidopsis. Although it has been reported in Arabidopsis, it has not yet been reported in tomatoes. In this study, Solyc09g059240 (Cytochrome P450) was also significantly upregulated in the GL leaves compared with those in the WT leaves, indicating that the Solyc09g059240 was also involved in Fe response. We speculate that the upregulation of Solyc09g059240 in GL leaves results in the dark green leaf color in tomatoes. Next, the functional analysis of the identified key genes related to photosynthesis would be performed by gene knockout. Together, the study would lay the foundation for the elucidation of the color change in tomatoes and provide a basis for high photosynthetic breeding in crops.





5. Conclusions


In summary, a stable dark green leaf (GL) mutant gene was isolated from yellow leaf tomato material. Compared to those of the WT plants, the leaves of the GL plants were dark green, had a greater chlorophyll content and a higher photosynthetic rate, with well-developed palisade tissue cells. Then, we constructed comprehensive tomato transcriptomes from dark green leaf (GL) mutants and WT plants. By considering ten different pathways, we identified three significantly upregulated genes: the photosynthesis-antenna protein, Solyc02g071030, and the diterpenoid biosynthesis-related genes, Solyc08g005710 and Solyc09g059240, which were significantly upregulated in GL plants compared with those in WT plants. In general, plant photosynthesis is an important factor affecting the quality and yield. This study will provide a basis for studying the structure of photosynthetic systems, functional genomics, and genetic breeding in tomatoes.
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Figure 1. Phenotypic analysis and physiological determination between GL and WT plants. (A) Phenotypic analysis of GL and WT plants; (B) Chlorophyll content and photosynthetic rate; (C) Ultrastructure of leaf chloroplasts of GL (d–f) and WT plants (a–c). (D) Scanning electron microscopy observation of palisade tissue and sponge tissue of leaves in WT and GL plants. (* p < 0.05, two-sided t-test). The abbreviations indicated by the arrows in the ultrastructure chart are CP: Chloroplast; GL: Grana Lamella; TH: Thylakoid; and St: Starch Granule. 
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Figure 2. Heat map of sample correlation. Both X and Y axes represent each sample. Color represents the correlation coefficient (darker color represents higher correlation, lighter color represents lower correlation). 
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Figure 3. Venn diagram and Box-plot of genes in WT-vs-GL. (A) Venn diagram of GL and WT plants; (B) Box-plot of genes in WT-vs-GL. 
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Figure 4. Heatmap of differentially expressed genes (DEGs) (GL/WT). The horizontal axis represents the log2 (FPKM + 1) value of the sample, and the vertical axis represents the gene. The more red the color block is, the stronger the expression, and the more blue the color is, the weaker the expression. 
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Figure 5. GO_CFP and GO pathway analysis of differentially expressed genes. (A) GO_CFP analysis of DEGs in WT and GL plants; (B) GO pathway analysis of of DEGs in WT and GL plants. 
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Figure 6. KEGG pathway and network analysis. (A) KEGG enrichment bubble plot of genes differentially expressed between GL and WT. Note: Rich Ratio: enrichment ratio; and the larger the bubble is, the greater the number of genes. (B) KEGG pathway network analysis. Different shapes represent different contents (nodes, nodes) where squares represent KEGG pathways, dots represent mRNAs, etc. Both color and size indicate the number of genes or transcripts connected to that node. Darker colors and larger squares indicate more genes or transcripts connected to that node. 
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Figure 7. Expression patterns of genes in tomato leaf samples were analyzed via WGCNA. (A) Gene cluster tree and module classification. (B) Module-sample association. The X-axis represents the phenotype (sample), and the Y-axis represents the different coexpressed gene modules. The heatmap color indicates high and low correlations. The Pearson correlation coefficient represents the correlation coefficient between the module and the sample, and the p-value represents the significance of the correlation coefficient. 






Figure 7. Expression patterns of genes in tomato leaf samples were analyzed via WGCNA. (A) Gene cluster tree and module classification. (B) Module-sample association. The X-axis represents the phenotype (sample), and the Y-axis represents the different coexpressed gene modules. The heatmap color indicates high and low correlations. The Pearson correlation coefficient represents the correlation coefficient between the module and the sample, and the p-value represents the significance of the correlation coefficient.



[image: Agronomy 14 00828 g007]







[image: Agronomy 14 00828 g008] 





Figure 8. The protein complexes of photosynthesis-antenna proteins. 
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Figure 9. Comparison of RNA-seq and qRT-PCR. Error bars indicate the SD of three biological replicates. The asterisk indicates significant differences compared to WT (** p < 0.01, *** p < 0.001, two-sided t-test). 
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Table 1. Quality statistics of filtered Reads.






Table 1. Quality statistics of filtered Reads.





	Sample
	Total Raw Reads (M)
	Total Clean Reads (M)
	Total Clean Bases (Gb)
	Q20 (%)
	Q30 (%)
	Ratio (%)





	GL_1
	47.19
	44.89
	6.73
	97.84
	93.27
	95.13



	GL_2
	47.19
	45.03
	6.76
	97.86
	93.19
	95.44



	GL_3
	47.19
	45.27
	6.79
	97.94
	93.52
	95.93



	WT_1
	47.19
	45.16
	6.77
	98.08
	93.9
	95.71



	WT_2
	47.19
	45.13
	6.77
	97.93
	93.39
	95.64



	WT_3
	47.19
	45.33
	6.8
	98.02
	93.7
	96.07
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