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Abstract

:

Miscanthus interspecific hybrids have been proved to have better adaptability in marginal lands than their parents. Miscanthus sacchariflorus and Miscanthus lutarioriparius were used as the parents to develop hybrids. We performed the transcriptome for 110 F1 hybrids of Miscanthus sacchariflorus × Miscanthus lutarioriparius and their parents that had been established on the Loess Plateau mine area, to estimate the population’s genetic expression variation, and illuminate the adaptive mechanism of the F1 population. The result speculated that the F1 population has mainly inherited the stress response metabolic pathway of its female parent (M. sacchariflorus), which may be responsible for its higher environmental adaptability and biomass yield compared with male parents. Based on PopART, we assembled a leaf reference transcriptome for M. sacchariflorus (LRTMS) and obtained 8116 high-quality transcripts. When we analyze the differential expression of genes between F1 population and parent, 39 and 56 differentially expressed genes were screened out in the female parent and male parent, respectively. The enrichment analysis showed that pathways of carbohydrate metabolism, lipid metabolism, biosynthesis of secondary metabolites and circadian rhythm-plant played a key role in resisting the harsh environment. The carbohydrate metabolism and lipid metabolism were also significantly enriched, and the synthesis of these substances facilitated the yield. The results provided an insight into breeding Miscanthus hybrids more suited to the harsh environment of the Loess Plateau.
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1. Introduction


In terms of the increase in demand for renewable energy and environmental improvement, developing perennial bioenergy plants on marginal land provides a feasible solution. The Loess Plateau has more than 60 Mha of marginal land, and covers a semiarid to semi-humid transitional zone. If people plant plentiful bioenergy crops in these regions, this would have positive environmental impacts with little carbon debt [1,2,3].



Miscanthus is considered as a C4 perennial grass with high water use efficiency and adaptability to harsh conditions, which have played a vital role in developing this bioeconomy, along with its ecological functions such as soil restoration [4,5]. M. lutarioriparius and M. sacchariflorus are species belonging to Poaceae, Miscanthus Anderson. M. sacchariflorus has a high level of genetic diversity and adaptation. Literature has also suggested that the two species had been transplanted on the Loess Plateau of northwestern China, which demonstrated that they had great potential to serve as suitable progenitors in perennial energy crop breeding programs [6,7,8]. Compared to M. sacchariflorus, M. lutarioriparius has lower heritability of traits such as cold and drought tolerance, and lower establishment rates in the Loess Plateau. On the other hand, higher photosynthetic and water use efficiency led to better biomass yield in M. lutarioriparius than M. sacchariflorus in the Loess Plateau [6,9,10,11,12].



Heterosis/hybrid vigor is a biological phenomenon which can produce offspring with superior characteristics, such as biomass yield, stature and stress management, than either parent. It can produce better cultivars if the biomass heterosis and the stress tolerance heterosis are combined, which has already been investigated by some researchers in the Miscanthus species [13,14,15,16]. The F1 population resulting from a cross between M. sacchariflorus and M. lutarioriparius was developed [15,16], which had significant heterosis/hybrid vigor and performed well in the marginal soil in Liuyang City, Hunan Province. In order to select fine individuals from the F1 population with outstanding characteristics, such as high biomass yield and strong stress resistance, 110 hybrids together with their parents were transplanted at Xiaoyi in Shanxi Province on the Loess Plateau of China.



Given the improvement of high next-generation sequencing, RNA-Seq has been used for the comparative analyses of gene expression, and applied to study systems without a reference genome sequence. The mature leaves in the growing period of “M. sacchariflorus × M. lutarioriparius” F1 population were cut in order to study and analyze the differences in adaptive gene expression between hybrids and their parents in the Loess Plateau at the transcriptome. The expression and transcriptional regulation of adaptable genes of the hybrid comparing M. sacchariflorus and M. lutarioriparius, transplanted to the Loess Plateau, and how this changed according to the marginal land is not reported. Furthermore, the analysis of transcriptome characteristics can give a new perspective to the hybrids’ adaptation mechanisms under different stress conditions.



We carried out the population genetic expression variation on the Loess Plateau to understand the genetic basis of the higher biomass and adaptation in the hybrid Miscanthus. Studies on the transcriptome of Miscanthus hybrids are concentrated on M. sinensis × M. sacchariflorus, but research on M. sacchariflorus × M. lutarioriparius has rarely been reported [17,18]. By analyzing the genome-wide comparative transcriptome, DEGs, gene expression patterns, and the biological pathways that mediate adaptation and biomass vigor in hybrid Miscanthus were identified. The result gave a better understanding of the advantages in growth, stress resistance and adaptability in heterosis. In addition, in the future these data resources will be important to find candidate genes for biomass vigor in hybrid Miscanthus.




2. Results


2.1. De Novo Assembly of Reference Sequence of Leaf Transcripts of M. sacchariflorus


RNA sequences of M. sacchariflorus obtained 2.127 × 1010 100-bp paired-end reads after data filtering and quality control. Based on RNA-seq, we developed a PopART workflow to assemble leaf reference transcripts of M. sacchariflorus. The Scaffolds formed an assembly group by combining Scaffolds and CAP3, which was obtained from SOAP-Trans, resulting in 8116 sequences, with more than 50 amino acid residues in each sequence. The combination of identity > 70% and overlap > 60% was selected as the clustering threshold, and it was speculated that the number of the transcriptome was close to that of the leaf. The comparison of sequence identity with BOSZ was reasonable.



BLASTP was used to compare these clusters in the BOSZ protein database and obtained 8116 sequences with the best results (Table 1).




2.2. Analysis of Gene Expression in Hybrid Population


The distribution and quantity of Ep value in the F1 population were calculated, and compared with the FPKM value of two parents. It was found that the distribution of the Ep value of hybrid progenies and their parents was roughly the same, and their correlation coefficient was 0.96 and 0.95, respectively (Figure 1). According to the FPKM distribution of the F1 population and its two parents, the EP value of the F1 population was higher than that of its parents, and the FPKM value of M. sacchariflorus was higher than that of M. lutarioriparius.



These results indicates that the gene response of F1 population was more active than its parents in the Loess Plateau, which suggests that the F1 population had better adaptability to the marginal land environment than its parents, and the female parent (M. sacchariflorus) was more adaptable than the male parent (M. lutarioriparius).




2.3. Screening of Differential Genes and Gene Expression Analysis


Screened by EBSeq, there were 39 DEGs inDEG1, which included 12 down-regulated genes and 27 up-regulated genes; there were 56DEGs in DEG2, which included 11 downregulated genes and 45 up-regulated genes; there were 1614 DEGs in DEG3, which included 734 down-regulated and 880 up-regulated genes (Figure 2).



Analyzing the differential genes, we found that DEG3 contained most of DEG2 and DEG1, and there were 33 specific response genes (RRDEG1) and 50 specific response genes (RRDEG2) in the F1 population relative to female parent and male parent, respectively (Figure 3). According to the hierarchical cluster analysis of Spearman rank correlation, the differentially expressed genes in the F1 population relative to parents could be clustered into five groups (Figure 4 and Figure 5).



The gene expression multiples (DEG (log2 (FC)) of different genes (Table S2) analyzed, and some discoveries, were found as following:



(1) The down-regulated genes of RRDEG1 (log2 (FC)) were up-regulated in DEG3 (log2 (FC)), and the up-regulated genes of RRDEG1 (log2 (FC)) were down-regulated in DEG3 (log2 (FC)), but the values of RRDEG1 (log2 (FC)) were all mostly lower than those of DEG 3 (log2 (FC)).



(2) The regulation of DEG2 (log2(FC) was consistent with that of DEG3 (log2(FC), but the value of DEG2 (log2(FC) was lower than that of DEG3 (log2(FC).



The results suggested that some traits controlled by DEGs of the F1 population generation were stronger than that of M. lutarioriparius, but weaker than that of M. sacchariflorus.




2.4. GO Functional Annotation and Enrichment Analysis of Differential Genes


2.4.1. GO Functional Annotation and Enrichment Analysis of Differential Gene


DEG1 were enriched and annotated with GO (Figure 6), and 185 GO terms were enriched and associated with the biological process; of these, 10 terms were statistically significantly different.



It was found that none of the GO terms were statistically significantly different, which was associated with cellular compartment and molecular function.



There are five kinds of functions in the biological process: localization, biological process regulation, metabolic process, cell metabolic process, and a single a biological process (Table S3).



Comparing the GO enrichment and annotation of DEG3 with DEG1, the function of phosphorus and phosphate metabolism regulation were lacking.



Meanwhile, DEG2 were enriched and annotated with GO (Figure 7). We found that none of the GO terms associated with the biological process, cellular compartment and molecular function were statistically significantly different.



There are six kinds of functions in the biological process, including biological process regulation, etc. Comparing the GO enrichment and functions annotation of DEG2 with DEG1, the function of phosphorus, phosphate and phosphate metabolism, enzyme activity and protein phosphorylation were added, while the functions of cell location regulation, small molecule metabolism and cellular amine were lacking (Table S3).



To sum up, three groups of differentially expressed genes, GO annotated and enriched, were significantly different in the biological process, but there were no significant differences in cell composition and molecular function.



The enrichment and annotation functions of DEG2 were the greatest, which were similar in type and quantity to DEG1, including regulation of phosphate, phosphate metabolism, regulation of enzyme activity and regulation of protein modification process. In contrast, the enrichment and functions annotation of DEG2 were the least, only including location regulation, and phosphorus and nucleoside diphosphate metabolism. The result indicated that some traits of F1 population associated with the biological process were more similar to the female parent (M. sacchariflorus) than to the male parent (M. lutarioriparius).




2.4.2. Functions Annotation and Enrichment Analysis of KEGG Metabolic Pathway


In DEG3, we obtained 49 significantly different metabolic pathways from a total of 109 KEGG metabolic pathways, which distributed five categories of A class pathway: metabolism, genetic information, environmental information processing, cell process and biological system. There were 33 metabolic pathways of B class, including sugar metabolism, lipid metabolism, amino acid metabolism and biosynthesis of secondary metabolites. These metabolic pathways account for 82.5% of the total (Table S3).



The results suggest that the differences in agronomic traits between female and male parent might be related to carbohydrate metabolism and lipid metabolism, while the differences in adaptability in Loess Plateau mining areas might be related to amino acid metabolism and biosynthesis of secondary metabolites. Moreover, the MAPK signaling pathway in the environmental information processing pathway, plant and plant hormone signal transduction, peroxisome in cell process, plant circadian rhythm and plant pathogen interaction pathway in the biological system are all reasons for the different adaptability between female and male parents.



There were seven significantly different metabolic pathways in a total of 16 KEGG metabolic pathways (Figure 8), enriched and annotated in DEG1. (Table S3). Among significantly different metabolic pathways, overall there are six, of which the glucose metabolism pathway and lipid metabolism pathway account for 85.7%.



It was reported that there were small differences in agronomic traits between the F1 population and the female parent (M. sacchariflorus), which might be related to the metabolism of starch and sucrose in the C class of glucose metabolism pathway, or fatty acid extension and steroid biosynthesis of the C class of lipid metabolism pathway. The differences in adaptability in the experimental areas might be related to the biosynthesis of secondary metabolites and metabolic pathway of the C class of the overall pathway, or the RNA polymerase of the third layer of the genetic information processing pathway.



There were 11 significantly different metabolic pathways which were DEG2 enriched and annotated (Figure 9), in which the quantity and the up-down regulation condition of genes were different (Table S3).



There were eight significantly different metabolic pathways of the B class, accounting for 90.9% of all pathways. This is relevant for the glucose metabolism pathway, lipid metabolism, terpenoids and poly-ketones metabolism pathway, etc. This refers to the differences in agronomic traits between the F1 population and the male parent, possibly because of the metabolism of starch and sucrose in the C class of glucose metabolism pathway, fatty acid extension of the lipid metabolism pathway, metabolism of coenzymes and metabolic vitamins in the C class of coenzyme and vitamin metabolism pathway, and the differences in adaptability to the experimental areas, possibly because of the biosynthesis of amino acid metabolism, biosynthesis in the secondary metabolites, and plant circadian metabolic processes in the biological system pathway.



In conclusion, there was no significant difference in the metabolic pathway of stress resistance between the F1 population and M. sacchariflorus, while there were some differences in starch and sucrose metabolism in the carbohydrate synthesis pathway and fatty acid prolongation pathway, and steroid biosynthesis in the lipid metabolism pathway, when comparing the F1 population and M. sacchariflorus.



The results showed that there were many differences in the metabolic pathways of stress resistance between the F1 population and M. lutarioriparius. All of the DEGs were enriched in the amino acid metabolism and the biosynthesis of secondary metabolites in the metabolic pathway, the plant circadian rhythm in the biological system pathway, starch and sucrose metabolism in the carbohydrate synthesis metabolism pathway, and fatty acid prolongation in the lipid metabolism pathway.






3. Discussion


Stress induces the expression of related genes in plants, which leads to the synthesis of small signal molecules through the relevant metabolic pathways, so that plants can make adaptive response to the stress environment.



Intraspecific hybrids usually show concomitant enhancement in both growth and stress tolerance through a regulatory network [19]. In recent years, transcriptome sequencing technology has been used to study the gene regulation of Miscanthus plants under a stress environment. A large number of stress response genes have been identified and some response mechanisms have been elaborated [20,21,22,23].



The transcriptome level investigation for M. sacchariflorus, M. lutarioriparius and their F1 populations under stress conditions in the Loess Plateau was explored for the first time as part of this study.



3.1. Genetic Basis at Transcriptional Level of Heterosis for Miscanthus


Heterosis utilization is an effective way to create new plant germplasm. The Miscanthus hybrid plants compared with their parents have greater advantages in stress resistance, ecological adaptability and biomass yield. In this experiment, the distant geographical and interspecific discrepancy between the two parents resulted in a better heterosis in the F1 population. Compared with their parents in the barren land of Liuyang, Hunan Province, the F1 population showed better adaptability to drought. Moreover, M. sacchariflorus has performed better than M. lutarioriparius in the mining area of Luliang in Shanxi Province, which is close to the native area of M. sacchariflorus. The F1 population has a similar overwintering rate, planting rate, higher survival rate, and higher biomass yield compared with M. sacchariflorus (result to be published).



The quantity of DEG2 (56) was lower than that of DEG1 (39). DEG2 was mainly enriched and annotated in 4 KEGG pathways, including starch and sucrose metabolism, fatty acid elongation, steroid biosynthesis and RNA polymerase. DEG1 was mainly enriched and annotated in 7 KEGG pathways, including starch and sucrose metabolism, fatty acid elongation, histidine metabolism, cyano-amino acid metabolism, one carbon pool by folate, monoterpenoid biosynthesis, phenylpropanoid biosynthesis and circadian rhythm. The number of DEGs showed that the gene expression of the F1 population was more similar to the female parent (M. sacchariflorus) than to the male parent. From this it can be deducted that the female parent (M. sacchariflorus) contributed more and achieved more genetic advantage in the F1 population in terms of high adaptability. Some studies have found that the difference in genes between F1 population and their parents are significantly enriched in the carbohydrate metabolism pathway [24,25,26], which indicates that the metabolism of carbohydrate, energy, and amino acids is closely related to plant growth and development. In this study, the DEGs in the comparison between F1 population parents were also enriched in starch and sucrose metabolism and the fatty acid prolongation metabolism pathway, which could provide material and energy for growth and development.



In conclusion, the transcriptome analysis of the F1 population and its parents indicted that the hybrid population inherited its superior stress resistance from the female parent (M. sacchariflorus). Furthermore, the significant differences in starch and sucrose metabolism and the fatty acids elongation metabolism might result in F1 population’s higher adaptability and biomass yield in the Loess plateau environment than that of its parents.




3.2. Metabolic Pathways in F1 Population and Parents in Response to Combined Stress


Metabolic pathway of significant enrichment of genes in the F1 population compared with their parents, including biosynthesis of secondary metabolites, fatty acid metabolism, carbohydrate metabolism, RNA polymerase and amino acid metabolism, and cofactors and vitamins metabolism, were identified as relevant to the ability of plants to tolerate stress in a large number of studies.



For instance, some organic metabolites (such as free amino acids, soluble sugars, etc.) were synthesized and accumulated by plants through carbohydrate metabolism to maintain cell osmotic pressure [27,28,29] to tolerate stress conditions. The fatty acid extension pathway of leaves is activated under drought stress, and cuticle deposition and cell elongation occur simultaneously. The accumulation of wax in the cuticle of plants can prevent chlorophyll leaching, reduce water retention on leaf surface, protect plants from enhanced ultraviolet radiation, and protect plants against air pollution and weathering during growth in order to overcome drought conditions. However, cells begin to stop elongation when a large amount of wax is deposited [30,31,32,33].



In this experiment, we found wax powder on the leaf sheath and stem surface of the hybrid, and at the transcriptome level the DEGs were significantly enriched in the fatty acid extension pathway, which suggested that cuticle wax biosynthesis of the hybrid may be one reason for better resistance to the harsh environment than that of its parents.



Furthermore, secondary metabolites (including flavonoids, lignin, coumarin, etc.) are synthesized and accumulated through flavonoid biosynthesis and the phenyl-propionic acid biosynthesis pathway [34], which increased the cell wall hardness and formed the vascular tissue, protective tissue and mechanical tissue, which can enhance drought resistance and aluminum stress [35,36].Thus the biomass yield of plants and their adaptability to adversity can be improved by circadian rhythm regulation [37].



These metabolic pathways lead to the change of chemical components in functional organs of plants and improve the adaptability of plants to adversity, which reveal the reasons why the F1 population group can be more adaptive to the harsh environment in the Loess Plateau than its parents.




3.3. Relationship between Cell Wall Changes and Adaptability of Miscanthus in Loess Plateau


Plant cell walls have highly complex and dynamic structures, which are composed of polysaccharides, structural proteins and other polymers, and not only provide mechanical support, but also support plant growth. These structural components play an active defense role in biological and abiotic stresses in response to various environments. Cell walls are usually divided into primary wall and secondary walls. The primary cell wall is the dynamic structure supporting the growth of plant cells, and its expansion is the basis of plant morphology. The secondary cell wall is deposited after the cell expansion, and finally provides the plant support and hardness. The secondary wall provides most of the plant biomass, mainly composed of cellulose, hemicellulose and lignin. Some diverse genotypes in Miscanthus species significantly reduced cell wall and cellulose content when they suffered drought stress [21,38]. Saccharification efficiency is often negatively correlated to cell wall content [38]. Carbohydrate metabolism accelerates cellulose conversion into permeable substance (such as soluble sugar, proline, etc.) to maintain cell osmotic pressure which leads to improved drought resistance capability. Compared with their parents, the differential genes between the parents and the hybrids were enriched in the carbohydrate metabolism pathway, and the differential gene expression multiple (DEG (log2 (FC)) was up-regulated, which may be one of the main reasons why the hybrids were superior to their parents in stress resistance. The phenylalanine metabolism pathway is related to drought, which can synthesize lignin. The lignin, which is deposited in the secondary cell wall, has the function of water transport and enhancing cell compression and tension [39,40], which can subsequently improve drought tolerance. However, there is insufficient evidence to establish that a mechanistic relationship between drought stress and lignin exists. It has been reported that lignin content increased under drought stress [41,42], whereas in another study it was found that drought had little effect on lignin content of the cell wall [38].



The M. sinensis, M. sacchariflorus and M. lutarioriparius were cultivated and evaluated in the Yellow River Delta, and M. lutarioriparius had the highest content of lignin [43]. In another study it was reported that the drought tolerant genotypes accumulated more lignin than the sensitive ones under drought stress [38]. Compared with the male parent (M. lutarioriparius), the phenylalanine metabolic pathway of the hybrid population was significantly enriched, and the one carbon pool by folate associated with the phenylalanine metabolism pathway was also significantly enriched and up-regulated.



The results suggested that the phenylalanine metabolic pathway of the hybrid was more active than that of M. lutarioriparius under stress, which resulted in the production of more lignin and high resistance to drought stress.




3.4. Relationship between Circadian Rhythm and Adaptability of Miscanthus in the Loess Plateau


Circadian rhythm refers to the movement of life activities in a certain period of time [44], which is related to plant carbon metabolism, stress adaptation, hormonal signals, light morphogenesis and defense signals. It is influenced by environmental signals (such as light, temperature and nutritional status), and controls the biological processes of plants through transcription and post transcriptional regulation of many output processes [45,46,47,48,49]. The changes of gene expression in circadian rhythm have effects on photosynthesis, carbohydrate and accumulation of chlorophyll, starch and sugar, which can improve biomass yield and adaptability to stress [37,45,50]. The difference between the original habitat and the ecological environment in the Loess Plateau led to the enrichment of the differential genes in the female parent (M. sacchariflorus) and the F1 population in the plant circadian rhythm, which may be the reason for better adaptability to stress of the F1 population than that of the male parent (M. lutarioriparius). The DEGs between F1 population and the male parent were also enriched in histidine metabolism, starch and sucrose metabolism, and both showed upregulation, which may be the positive effect of circadian rhythm on photosynthesis and distribution of organic products in the F1 population.



In conclusion, the F1 population inherited the partial characteristics of metabolism, including genetic information processing, environmental information processing, cellular process and biological system metabolic pathway. The metabolic pathway including carbohydrate and sucrose, fatty acid elongation, phenylpropanoid biosynthesis and plant circadian rhythm may have contributed towards better adaptability under harsh conditions in hybrids than male parent (M. lutarioriparius). Furthermore, this would also be the reason for the higher biomass yield compared with the female parent (M. sacchariflorus).





4. Materials and Methods


4.1. Establishment of Hybrid Population and Collection of Samples


The hybrid seeds were bred naturally in Hunan Agricultural University from M. sacchariflorus and M. lutarioriparius. M. sacchariflorus (NO. A0405), whose native habitat is Yaodian, Jingchuan Town, Pingliang City, Gansu Province (PG), China, was used as female parent. M. lutarioriparius (NO. A0107), whose native habitat is Hunan Province (CH) of China, was used as male parent. F1 population from a manmade interspecific cross between M. sacchariflorus and M. lutarioriparius was obtained in Changsha City, Hunan Province (CH), and then transplanted to mine recovery area in Yangquanqu village, Xiaoyi County, Lvliang City, Shanxi Province (LS). The temperature in this region varies greatly, the average annual rainfall was 460.7 mm and the annual average evaporation was 1866.9 mm. It is an ideal area for screening hybrid varieties with high stress resistance due to cold, drought, barren soil and heavy metal stress. The specific locations of Pingliang, Changsha and Luliang are marked in Figure 10.



In May 2018, F1 population and their parents were bred with cloned rhizomes and 10 randomly clonal rhizomes to Xiaoyi. On the basis of the random design, cloned rhizomes of each F1 hybrid were transported to the plots of 1 m × 1 m in the experiment field. Plots were irrigated once on the first day after planting, and no longer irrigated.



The fourth mature leaf from the top of each individual plant, including 110 hybrid descendants and their parents, were cut and placed into liquid nitrogen immediately, then stored for RNA extraction, at noon from 2 to 4 September 2018.




4.2. RNA-Seq Processing and Assembly of Reference Transcriptome of M. sacchariflorus


Split the total RNA of each leaf sample with Trizol reagent and purify (Invitrogen, Waltham, MA, USA) with the RNeasy Mini kit (Qiagen, Hilden, Germany) respectively. Utilize the isolated mRNA to construct the 100 bp paired-end library NEBNext mRNA Library Prep Reagent Set for Illumina (NEB) and perform the sequencing on Illumina HiSeq 2500.



In order to control the quality of raw reads, FASTQC [51] and the FASTX-Toolkit [52] were used to filter and trim the RNA-Seq data. Sequentially, the first 9 bases were identified and trimmed for unstable sequence content. The data were trimmed for all samples, and generated a total of 518.12 Gb of sequence (Table S1). A pipeline of RNA-seq to assemble reference transcriptome of M. sacchariflorus was developed by referring to the method in [53]. Including female parent of hybrid, the reference transcriptome was formed from 6 individuals of M. sacchariflorus.



Sequentially, the group was performed using SOAP denovo-Trans [54], with parameters set “max_rd_len = 80, rd_len_cutof = 80, avg_ins = 200, reverse_seq = 0, asm_flags = 3 map_len = 32”, and three kmer values, including 41, 51, and 61, were used in each assembly group. The resulting scaffolds were pooled and merged. Some missing sequences were filled with GapClose [55], and the overlap length set at 25. The results from GapClose were merged and extended by CAP3 [56] program, and the value of p was set at six conditions: 99, 98, 97, 96, 95 and 94. The results of gapcloser and cap3 were combined. The EMBOSS package was utilized to predict the open reading frames (ORFs) of all these sequences, which combined the results of GapColser and CAP3, and the scaffold were retained, which sequences with ORFs larger than 150 bp and making up at least 30% [57]. The protein cluster analysis of Bosz protein database composed of four species of the grass family (including B. distachyon, O. sativa, S. bicolor, and Z. mays) was carried out by the program CD-HIT-2D.



The clustered sequences were sought in M. sacchariflorus and the BOSZ protein database using reciprocal BLASTP search [58]. The transcripts of M. sacchariflorus, which is the best reciprocal BLASTP combination pairs, were selected as reference sequences.




4.3. Expression Analysis of Hybrid Population


The M. lutarioriparius [59] and M. sacchariflorus reference transcript sequences were combined to form a new comprehensive reference transcript. The trimmed reads were mapped to the Bowtie-build index of the reference transcript, and the default setting was used in TopHat [60,61]. Cufflinks (v2.2.1) was used to describe the expression abundance of each gene. In order to select the extremum, we added the FPKM value of each gene (the expected number of fragments per million fragments per thousand base transcripts), and then transformed into log2 [53]. Next, quartile analysis is performed on the converted values to filter out values larger than 1.5 times the quartile range. Finally, 8116 transcripts were obtained by quartile analysis.



Ep was denoted as population gene expression, which was calculated as the average of FPKM values of the individuals sampled from the population, with the formula as follows:


   E p  =     ∑   i = 1  n   E i   n  .  








where n represents the number of individuals sampled from the population and Ei represents the FPKM of a given gene of the ith individual in the population [59].




4.4. Analysis and Classification of Differential Genes


The empirical Bayes hierarchical model (EBSeq) [62] was applied to screen the different genes (DEGs) by analyzing the gene expression. The DEG1 and DEG2 were screened by comparing the hybrids with the M. sacchariflorus and M. lutarioriparius, respectively. TheDEG3 were screened by comparing the M. sacchariflorus against the M. lutarioriparius.



The false discovery rate (FDR) of each transcript was calculated and the fold change (FC) was estimated. If the FDR of gene expression between the two groups is less than 0.05 and log2(FC) ≥ 1 or ≤ −1, it is considered that there is significant difference between the two groups. At the same time, we regarded Log2 (FC) ≥ 0 as upregulation and log2 (FC) ≤ 0 as downregulation.



The DEGs existing in DEG1 and DEG2 simultaneously were defined as shared responsive genes (SRDEG), the others defined as specific responsive genes (RRDEG).




4.5. Function Annotation and Metabolic Pathway Enrichment Analysis of Differential Genes


Agrigo [63] was used to classify the differentially expressed genes with p value less than 0.01 for GO function classification. KOBAS3.0 was used for annotation and enrichment of KEGG pathway in Arabidopsis thaliana database [64]. FDR value less than 0.05 was considered to be statistically significantly different. KOBAS3.0 was used to annotate and enrich the metabolic pathways associated with DEGs among male and female parents in F1 population. The metabolic pathways with significant difference were analyzed.





5. Conclusions


By transcriptome analyzing, the reason why the F1 population was able to adapt to various stresses in the Loess Plateau and had higher biomass yield than their parents were concluded, which are as follows: (1) the DEGs between the F1 population and its female parent (M. sacchariflorus) annotated the functions of the carbohydrate metabolism, lipid metabolism, biosynthesis of secondary metabolites and circadian rhythm-plant, which may lead it to be more adaptable for the harsh environment of the Loess Plateau than the male parent (M. lutarioriparius); (2) the DEGs between the F1 population and its male parent (M. lutarioriparius) annotated the functions of the carbohydrate metabolism and lipid metabolism response to the Loess Plateau, which may lead to be more higher biomass yield of the hybrid population compared with the female parent(M. sacchariflorus); (3) the DEGs between the F1 population and its male parent (M. lutarioriparius) annotated the functions of the carbohydrate metabolism pathway, and the fatty acid elongation pathway, which may have greater influence on yield and adaptability than other metabolic pathways.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants11121568/s1, Table S1: The RNAseq data after being filtered and trimmed; Table S2: List of Gene Differential Expression Multiples of Three Groups of Differential Genes; Table S3: The Metabolism Pathways Annotations and Up-down Regulated Differential Genes in Three Groups.





Author Contributions


H.F. and C.L. performed the experiments, analyzed the data, and wrote the manuscript. X.Z. performed the experiments and W.L. analyzed the data. L.X., L.K., and X.L. performed the experiments. T.S. and Z.Y. designed the experiment and revised the manuscript. J.Y. and H.H. designed the experiment, analyzed the data, and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The work was funded by the National Natural Science Foundation of China (No. 31971566).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data are available from the corresponding author upon reasonable request.




Acknowledgments


We thank ShiCheng Li for his technical assistance with the experimental work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sang, T.; Zhu, W. China’s bioenergy potential. GCB Bioenergy 2011, 3, 79–90. [Google Scholar] [CrossRef]

	



Gelfand, I.; Sahajpal, R.; Zhang, X.; Izaurralde, R.C.; Gross, K.L.; Robertson, G.P. Sustainable bioenergy production from marginal lands in the US Midwest. Nature 2013, 493, 514–517. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Peng, C.; Chen, Z.; Liu, Y.; Yan, J.; Li, J.; Sang, T. Sustainable bioenergy production with little carbon debt in the loess plateau of china. Biotechnol. Biofuels 2016, 9, 161. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Zheng, C.; Liang, L.; Yi, Z.; Xue, S. Quantitative assessment of the potential for soil improvement by planting Miscanthus on saline-alkaline soil and the underlying microbial mechanism. GCB Bioenergy 2021, 13, 1191–1205. [Google Scholar] [CrossRef]

	



He, Y.; Jaiswal, D.; Liang, X.-Z.; Sun, C.; Long, S.P. Perennial biomass crops on marginal land improve both regional climate and agricultural productivity. GCB Bioenergy 2022, 14, 558–571. [Google Scholar] [CrossRef]

	



Yan, J.; Chen, W.L.; Luo, F.; Ma, H.Z.; Meng, A.P.; Li, X.W.; Zhu, M.; Li, S.S.; Zhou, H.F.; Zhu, W.X.; et al. Variability and adaptability of Miscanthus species evaluated for energy crop domestication. GCB Bioenergy 2012, 4, 49–60. [Google Scholar] [CrossRef]

	



Yan, J.; Zhu, C.Y.; Liu, W.; Luo, F.; Mi, J.; Ren, Y.J.; Li, J.Q.; Sang, T. High photosynthetic rate and water use efficiency of Miscanthus lutarioriparius characterize an energy crop in the semiarid temperate region. GCB Bioenergy 2015, 7, 207–218. [Google Scholar] [CrossRef]

	



Zhao, X.H.; Kang, L.; Wang, Q.; Lin, C.; Liu, W.; Chen, W.; Sang, T.; Yan, J. Water Use Efficiency and Stress Tolerance of the Potential Energy Crop Miscanthus lutarioriparius Grown on the Loess Plateau of China. Plants 2021, 10, 544. [Google Scholar] [CrossRef]

	



Yan, J.; Zhu, M.D.; Liu, W.; Xu, Q.; Zhu, C.Y.; Li, J.Q.; Sang, T. Genetic variation and bidirectional gene flow in the riparian plant Miscanthus lutarioriparius, across its endemic range: Implications for adaptive potential. GCB Bioenergy 2016, 8, 764–776. [Google Scholar] [CrossRef]

	



Zong, J.Q.; Chen, J.B.; Nie, D.Y.; Li, S.; Liu, J.X. Preliminary evaluation on salinity tolerance of Miscanthus sinensis and M. sacchariflorus (Maxim.) Benth. of China. Acta Agrestia Sin. 2011, 19, 803–807. (In Chinese) [Google Scholar]

	



Li, Q.; Li, J.P.; He, M. Study on the adaptability of Miscanthus sacchariflorus biological components to soil water stress. Pratacultural Sci. 2013, 30, 893–897. (In Chinese) [Google Scholar]

	



Sun, P.; Chen, Y.Y. Physiological response of Triarrherca sacchariflora under heavy saline-alkali stress in coastal region. Period. Ocean. Univ. China 2015, 45, 115–120. (In Chinese) [Google Scholar]

	



Suraj, K.; Tzu-Ya, W.; Taiken, N.; Antonio, V.; Ryan, S.J.; Sacks, E.J.; Yoshifumi, T.; Toshihiko, Y. Field performance of Saccharum × Miscanthus Intergeneric hybrids (Miscanes) under cool climatic conditions of northern japan. Bioenergy Res. 2020, 13, 132–146. [Google Scholar]

	



Rusinowski, S.; Krzyżak, J.; Pogrzeba, M.; Clifton-Brown, J.; Jensen, E.; Mos, M.; Webster, R.; Sitko, K.; Pogrzebaa, M. New miscanthus hybrids cultivated at a polish metal-contaminated site demonstrate high stomatal regulation and reduced shoot pb and cd concentrations. Environ. Pollut. 2019, 252, 1377–1387. [Google Scholar] [CrossRef] [PubMed]

	



Xin, A.; Jian-Xiong, J.; Zhi-Yong, C.; Jing-Ping, Q.; Zi-Li, Y. Heterosis, genetic and correlation analysis of main agronomic traits in F1 population derived from crossing between M. sacchariflorus and M. lutarioriparius. Acta Prataculturae Sin. 2017, 26, 111–122. (In Chinese) [Google Scholar]

	



Xin, A.; Jian-Xiong, J.; Zhi-Yong, C.; Jing-Ping, Q.; Zi-Li, Y. Genetic and Correlation Analysis of Main Agronomic Traits in F1 Population Derived from Crossing between M. sacchariflorus and M. floridulus. Acta Prataculturae Sin. 2017, 25, 814–822. (In Chinese) [Google Scholar]

	



De Vega, J.J.; Peel, N.; Purdy, S.J.; Hawkins, S.; Donnison, L.; Dyer, S.; Farrar, K. Differential expression of starch and sucrose metabolic genes linked to varying biomass yield in Miscanthus hybrids. Biotechnol Biofuels 2021, 14, 98. [Google Scholar] [CrossRef]

	



Maddison, A.L.; Camargo-Rodriguez, A.; Scott, I.M.; Jones, C.M.; Elias, D.M.O.; Hawkins, S.; Massey, A.; Clifton-Brown, J.; McNamara, N.P.; Donnison, I.S.; et al. Predicting future biomass yield in Miscanthus using the carbohydrate metabolic profile as a biomarker. GCB Bioenergy 2017, 9, 1264–1278. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhao, Y.; Zhu, J.K. Thriving under Stress: How Plants Balance Growth and the Stress Response. Dev. Cell 2020, 55, 529–543. [Google Scholar] [CrossRef]

	



Qian, W.; Lifang, K.; Cong, L.; Zhihong, S.; Chengcheng, T.; Wei, L.; Tao, S.; Juan, Y. Transcriptomic evaluation of miscanthus photosynthetic traits to salinity stress. Biomass Bioenergy 2019, 125, 123–130. [Google Scholar]

	



da Costa, R.M.F.; Simister, R.; Roberts, L.A.; Timms-Taravella, E.; Cambler, A.B.; Corke, F.M.K.; Han, J.; Ward, R.J.; Buckeridge, M.S.; Gomez, L.D.; et al. Nutrient and drought stress: Implications for phenology and biomass quality in miscanthus. Ann. Bot. 2019, 124, 553–566. [Google Scholar] [CrossRef] [PubMed]

	



Xing, S.L.; Tao, C.C.; Song, Z.H.; Liu, W.; Yan, J.; Kang, L.F.; Lin, C.; Sang, T. Coexpression network revealing the plasticity and robustness of population transcriptome during the initial stage of domesticating energy crop Miscanthus lutarioriparius. Plant Mol. Biol. 2018, 97, 489–506. [Google Scholar] [CrossRef] [PubMed]

	



Zhihong, S.; Qin, X.; Cong, L.; Chengcheng, T.; Tao, S. Transcriptomic characterization of candidate genes responsive to salt tolerance of miscanthus energy crops. Global Change Biology. Bioenergy 2017, 9, 1222–1237. [Google Scholar]

	



Li, S.; Xu, Z.; Guo, J.; Zhang, E.; Jiang, J.; Shi, W. Comparative heterosis analysis of cabbage based on transcriptome data of cabbage heads leaves. Acta Hortic. Sin. 2019, 46, 1079–1092. (In Chinese) [Google Scholar]

	



Yang, H.; Wang, X.C.; Wei, Y.X.; Deng, Z.; Liu, H.; Chen, J.S.; Dai, L.J.; Xia, Z.H.; He, G.M.; Li, D.J. Transcriptomic analyses reveal mechanisms underlying growth heterosis and weakness of molecular rubber tree seedlings. BMC Plant Biol. 2018, 18, 10. [Google Scholar] [CrossRef]

	



Zhang, T.F.; Li, B.; Zhang, D.F.; Jia, G.Q.; Li, Z.Y.; Wang, S.C. Genome-wide transcriptional analysis of yield and heterosis-associated genes in maize (Zea Mays L). J. Integr. Agric. 2012, 11, 1245–1256. [Google Scholar] [CrossRef]

	



Kamanga, R.; Mbega, E.; Ndakidemi, P. Drought tolerance mechanisms in plants: Physiological responses associated with water deficit stress in Solarium lycopersicum. Adv. Crop Sci. Technol. 2018, 6, 362. [Google Scholar] [CrossRef]

	



Guo, R.; Shi, L.; Jiao, Y.; Li, M.; Zhong, X.; Gu, F.; Liu, Q.; Xia, X.; Li, H. Metabolic responses to drought stress in the tissues of drought-tolerant and drought-sensitive wheat genotype seedlings. AoB Plants 2018, 10, ply016. [Google Scholar] [CrossRef]

	



Prinsi, B.; Negri, A.S.; Failla, O.; Scienza, A.; Luca, E. Root proteomic and metabolic analyses reveal specific responses to drought stress in differently tolerant grapevine rootstocks. BMC Plant Biol. 2018, 18, 126. [Google Scholar] [CrossRef]

	



Kapoor, D.; Bhardwaj, S.; Landi, M.; Sharma, A.; Ramakrishnan, M.; Sharma, A. The impact of drought in plant metabolism: How to exploit tolerance mechanisms to increase crop production. Appl. Sci. 2020, 10, 5692. [Google Scholar] [CrossRef]

	



Ni, Y.; Guo, N.; Zhao, Q.; Guo, Y. Identification of candidate genes involved in wax deposition in Poa pratensis by RNA-seq. BMC Genom. 2016, 17, 314. [Google Scholar] [CrossRef] [PubMed]

	



Bernard, A.; Joubès, J. Arabidopsis cuticular waxes: Advances in synthesis, export and regulation. Prog. Lipid Res. 2013, 52, 110–129. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Yang, K.; Lee, M.; Kim, S.; Kim, J.; Lim, S.; Kang, G.-H.; Min, S.R.; Kim, S.-J.; Park, S.U.; et al. Differentiated cuticular wax content and expression patterns of cuticular wax biosynthetic genes in bloomed and bloomless broccoli (Brassica oleracea var. italica). Process Biochem. 2015, 50, 456–462. [Google Scholar] [CrossRef]

	



Fraser, C.M.; Chapple, C. The phenylpropanoid pathway in arabidopsis. Arab. Book 2011, 9, e0152. [Google Scholar] [CrossRef]

	



Lewis, N.G.; Yamamoto, E. Lignin: Occurrence, biogenesis and biodegradation. Annu. Rev. Plant Physiol Plant Mol. Biol. 1990, 41, 455–496. [Google Scholar] [CrossRef]

	



Heidarabadi, M.D.; Ghanati, F.; Fujiwara, T. Interaction between boron and aluminum and their effects on phenolic metabolism of linum usitatissimum L. roots. Plant Physiol. Biochem. 2011, 49, 1377–1383. [Google Scholar] [CrossRef]

	



Dodd, A.N.; Salathia, N.; Hall, A.; Kévei, E.; Tóth, R.; Nagy, F.; Hibberd, J.M.; Millar, A.J.; Webb, A.A.R. Plant circadian clocks increase photosynthesis, growth, survival, and competitive advantage. Science 2005, 309, 630–633. [Google Scholar] [CrossRef]

	



van der Weijde, T.; Huxley, L.M.; Hawkins, S.; Sembiring, E.H.; Farrar, K.; Dolstra, O.; Visser, R.G.F.; Trindade, L.M. Impact of drought stress on growth and quality of miscanthus for biofuel production. GCB Bioenergy 2017, 9, 770–782. [Google Scholar] [CrossRef]

	



Lenk, I.; Fisher LH, C.; Vickers, M.; Akinyemi, A.; Didion, T.; Swain, M.; Jensen, C.S.; Mur, L.A.J.; Bosch, M. Transcriptional and metabolomic analyses indicate that cell wall properties are associated with drought tolerance in Brachypodium distachyon. Int. J. Mol. Sci. 2019, 20, 1758. [Google Scholar] [CrossRef]

	



Shtein, I.; Bar-Ona, B.; Popper, Z.A. Plant and algal structure: From cell walls to biomechanical function. Physiol. Plant 2018, 164, 56–66. [Google Scholar] [CrossRef]

	



Jiang, Y.; Yao, Y.; Wang, Y. Physiological response, cell wall components, and gene expression of switchgrass under short-term drought stress and recovery. Crop. Sci. 2012, 52, 2718–2727. [Google Scholar] [CrossRef]

	



Meibaum, B.; Riede, S.; Schr€oder, B.; Manderscheid, R.; Weigel, H.-J.; Breves, G. Elevated CO2 and drought stress effects on the chemical composition of maize plants, their ruminal fermentation and microbial diversity in vitro. Arch. Anim. Nutr. 2012, 66, 473–489. [Google Scholar] [CrossRef]

	



Zheng, C.; Iqbal, Y.; Labonte, N.; Sun, G.; Feng, H.; Yi, Z.; Xiao, L. Performance of switchgrass and Miscanthus genotypes on marginal land in the yellow river delta. Ind. Crops Prod. 2019, 141, 111773. [Google Scholar] [CrossRef]

	



McClung, C.R. Plant circadian rhythms. Plant Cell 2006, 18, 792–803. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, K.; Araki, T.; Endo, M. Circadian clock during plant development. J. Plant Res. 2018, 131, 59–66. [Google Scholar] [CrossRef]

	



Bhattacharya, A.; Khanale, V.; Char, B. Plant circadian rhythm in stress signaling. Indian J. Plant Physiol. 2017, 22, 147–155. [Google Scholar] [CrossRef]

	



Pokhilko, A.; Mas, P.; Millar, A.J. Modelling the widespread effects of TOC1 signalling on the plant circadian clock and its outputs. BMC Syst. Biol. 2013, 7, 23. [Google Scholar] [CrossRef]

	



Graf, A.; Smith, A.M. Starch and the clock: The dark side of plant productivity. Trends Plant Sci. 2011, 16, 169–175. [Google Scholar] [CrossRef]

	



Harmer, S.L. The circadian system in higher plants. Annu. Rev. Plant Biol. 2009, 60, 357–377. [Google Scholar] [CrossRef]

	



Shahzad, K.; Zhang, X.; Guo, L.; Qi, T.; Tang, H.; Zhang, M.; Xing, C. Comparative transcriptome analysis of inbred lines and contrasting hybrids reveals overdominance mediate early biomass vigor in hybrid cotton. BMC Genom. 2020, 21, 140. [Google Scholar] [CrossRef]

	



FASTQC. Available online: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 12 May 2022).

	



FASTX-Toolkit. Available online: http://hannonlab.cshl.edu/fastx_toolkit/ (accessed on 12 May 2022).

	



Xu, Q.; Xing, S.; Zhu, C.; Wei, L.; Fan, Y.; Qian, W.; Song, Z.; Yang, W.; Fan, L.; Fei, S.; et al. Population transcriptomics reveals a potentially positive role of expression diversity in adaptation. J. Integr. Plant Biol. 2015, 57, 284–299. [Google Scholar] [CrossRef] [PubMed]

	



SOAPdenovo-Trans-bin-v1.03. Available online: https://sourceforge.net/projects/soapdenovotrans/files/SOAPdenovo-Trans/example/v1.03/ (accessed on 12 May 2022).

	



GapClose. Available online: http://sourceforge.net/projects/soapdenovo2/files/GapClose (accessed on 12 May 2022).

	



Huang, X.; Madan, A. CAP3: A DNA sequence assembly program. Genome Res. 1999, 9, 868–877. [Google Scholar] [CrossRef] [PubMed]

	



Rice, P.; Longden, I.; Bleasby, A. EMBOSS: The European molecular biology open software suite. Trends Genet. 2000, 16, 276–277. [Google Scholar] [CrossRef]

	



Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and applications. BMC Bioinform. 2009, 10, 421. [Google Scholar] [CrossRef]

	



Xu, Q.; Zhu, C.; Fan, Y.; Song, Z.; Xing, S.; Liu, W.; Yan, J.; Sang, T. Population transcriptomics uncovers the regulation of gene expression variation in adaptation to changing environment. Sci. Rep. 2016, 6, 25536. [Google Scholar] [CrossRef]

	



Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 2009, 10, R25. [Google Scholar] [CrossRef]

	



Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-seq. Bioinformatics 2009, 25, 1105–1111. [Google Scholar] [CrossRef]

	



Leng, N.; Dawson, J.A.; Thomson, J.A.; Ruotti, V.; Kendziorski, C. EBSeq: An empirical bayes hierarchical model for inference in RNA-seq experiments. Bioinformatics 2013, 29, 1035–1043. [Google Scholar] [CrossRef]

	



Tian, T.; Yue, L.; Hengyu, Y.; Qi, Y.; Xin, Y.; Zhou, D.; Wenying, X.; Zhen, S. agriGO v2.0: A GO analysis toolkit for the agricultural community. Nucleic. Acids Res. 2017, 45, W122–W129. [Google Scholar] [CrossRef]

	



Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for annotation and identification of enriched pathways and diseases. Nucleic. Acids Res. 2011, 39, W316–W322. [Google Scholar] [CrossRef]








[image: Plants 11 01568 g001 550] 





Figure 1. The FPKM Distribution Comparing F1 Population and Parents. The red line demonstrates the range of the FPKM distribution between 0 and 50 in the hybrid. The green line demonstrates the range in the FPKM distribution between 0 and 50 in M. sacchariflorus. The blue line demonstrates the range of the FPKM distribution between 0 and 50 in M. lutarioriparius. 
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Figure 2. The Volcano Plots of Differential Expression Genes. Blue dots on the right represent up-regulated DEGs and blue dots on the left represent down-regulated DEGs. 
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Figure 3. The Analysis of Differential Expression Genes in Three Differential Groups. The sum of the numbers in each large circle represents the total number of DEGs between combinations. The overlapping part of the circles represents DEGs for the treatment combinations. “DEG1”: number of DEGs between M. sacchariflorus and M. lutarioriparius; “DEG2”: number of DEGs between hybrids and M. lutarioriparius; “DEG3”: number of DEGs between hybrids and M. sacchariflorus. 
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Figure 4. Clustering of Expression of Differential Expression Genes between F1 vs. M. sacchariflorus. 
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Figure 5. Clustering of Expression of Differential Expression Genes between F1 vs. Male parent. 
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Figure 6. GO Enrichment of Expression of Differential Expression Genes between F1 vs. Female parent. The statistically significant difference of GO enrichment of expression of differential expression genes is marked as  [image: Plants 11 01568 i001]. 
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Figure 7. GO Enrichment of Expression of Differential Expression Genes between F1 vs. Male parent. The statistically significant difference of GO enrichment of expression of differential expression genes is marked with  [image: Plants 11 01568 i001]. 
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Figure 8. KEGG Enrichment of Expression of Differential Expression Genes between F1 vs. Female parent. 
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Figure 9. KEGG Enrichment of Expression of Differential Expression Genes between F1 vs. Male parent. 
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Figure 10. Locations of Pingliang City in Gansu Province (PG, red pot, 37.12° N, 111.45° E), Changsha City in Hunan Province (CH, green pot, 28.12° N, 112.59° E) and Lvliang City in Shanxi Province (LS, yellow pot, 35.19° N, 107.23° E) of China. 
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Table 1. Transcript length distribution of the assembled leaf reference transcriptome of M. sacchariflorus.
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	Length
	Number
	Frequency





	100–500
	377
	4.65



	500–1000
	2271
	27.98



	1000–1500
	2501
	30.82



	1500–2000
	1549
	19.09



	2000–2500
	757
	9.33



	2500–3000
	311
	3.83



	3000–3500
	184
	2.27



	3500–4000
	73
	0.90



	4000–4500
	38
	0.47



	4500–5000
	23
	0.28



	≥5000
	32
	0.39



	Total
	8116
	100
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