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Abstract

:

While the progress made in vitro culture of Chinese fir has produced satisfactory results, further improvements are warranted. To understand the mechanism of somatic embryogenesis (SE) in Chinese fir, we conducted phenotypic observations, physiological and biochemical measurements, and transcriptome analysis of embryonic (EC) and non-embryogenic callus (NEC) to provide a scientific basis for SE in this species. We found that EC and NEC showed significant morphological and physiological-biochemical indicators differences. Compared with NEC, EC had higher levels of soluble protein and proline and lower levels of malondialdehyde (MDA), peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT). Callus transcriptome sequencing assembled 152,229 unigenes, and 438 differentially expressed genes (DEGs) were screened, including transcription factor-related (TFs), DNA methylation-related, cell wall component protein, signal transduction-related, and stress response-related. GO and KEGG enrichment analyses of DEGs identified starch and sucrose, glutathione, and cysteine and methionine metabolism as the most representative pathways significantly enriched in EC and NEC genes and were associated with cell proliferation and embryogenesis. For the first time, the specific patterns of gene expression in Chinese fir callus were found through transcriptome comparison between callus, 16-year-old Chinese fir cambium, and drought-stressed tissue culture seedlings. In Chinese fir callus, 75.1% of genes were co-expressed in 16-year-old Chinese fir cambium and drought-stressed tissue culture seedlings, and 24.9% were only specifically expressed in callus. DEGs from EC and NEC indicated that 68.2 and 31.8% were co-expressed and specifically expressed, respectively. These results provided a basis for Chinese fir rapid propagation, which is expected to have theoretical and practical significance.
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1. Introduction


Chinese fir (C. lanceolata) is an endemic species with high economic and ecological values in southern China [1]. At present, the species planted area is about 9 million hectares, representing 30% of China’s national afforestation area. Since the 1960s, Chinese fir genetic improvement activities have followed the traditional recurrent selection approach with breeding and testing and the establishment of genetically improved plantations [2]. This concerted effort resulted in the identification of elite germplasm, which became the focus of mass propagation through SE.



The development of an efficient in vitro regeneration system such as SE for Chinese fir is not only useful for elite germplasm mass propagation but also represents an essential enabling technology for future genetic transformation efforts. SE is considered to be one of the most promising strategies for bulking up elite conifers’ verities (e.g., Picea pungens, Larix principis-rupprechtii, and Pinus koraiensis [3,4,5]. SE is a complex process of embryo development. First, somatic cells under suitable in vitro conditions generate embryogenic tissue. Some of these embryonic cells can further develop into EC or NEC cells on a subculture medium or undergo a series of physiological-biochemical changes to form SE through redifferentiation on a mature medium or eventually to form a whole plant. However, with the long-term proliferation of EC, some EC gradually turns into NEC, thus gradually decreasing and eventually completely losing its propagation potential [6]. In coastal pine and larch, EC lose their SE capacity after six months of proliferation on tissue culture medium [7,8]. However, in Eucalyptus and hybrid larch (Larix eurolepis and Larix marschlinsii), EC maintained their somatic embryo production potential for periods reaching beyond three and nine years of proliferation, respectively [9,10]. It was found in Chinese fir’s SE cultures that EC would partially lose their embryogenic potential and turn into NEC after two years of proliferation and culture [11]. Similar to most conifers, the phenotypic and physiological-biochemical characteristics of EC and NEC of Chinese fir differed. In Chinese fir, EC cells are in an active state of proliferation and differentiation, leading to somatic embryo formation and eventually complete plant development, whereas NEC are disorganized, de-differentiated, and continuously divide in cell masses without embryogenic capacity [11]. Therefore, studies on the molecular mechanisms of EC and NEC formation and their different embryogenic potential are essential to improving the rate of SE initiation.



Recently, transcriptome studies have been used to provide insights into the underlying mechanisms of plant growth and development as well as gene expression profiles [12]. Several conifer species investigations have compared EC and NEC in terms of gene expression, DNA methylation, cytological or biochemical characteristics, miRNA and its target gene prediction (e.g., Larix kaempferi, Picea balfouriana, Pseudotsuga menziesii, Picea abies, and Pinus pinaster [13,14,15,16,17]. Although these studies have successfully identified some marker genes associated with SE, these markers remain to be confirmed.



Here, phenotypic observations, physiological-biochemical indicators, and transcriptomics were carried out on EC and NEC produced in the transdifferentiation process. Additionally, specific expression patterns of EC and NEC differentially expressed genes (DEGs) were analyzed, genes associated with SE development were screened, and functional resolution and co-expression network analysis of these genes were performed. The aim of this study was to explore the differences between EC and NEC of Chinese fir and to further reveal the molecular mechanisms related to embryogenesis. These results provide a scientific basis for improving the proliferation capacity of EC and improving efficient plant regeneration systems of Chinese fir.




2. Materials and Methods


2.1. Plant Material and Physiological-Biochemical Measurements


EC of Chinese fir was induced from immature zygotic embryos following Hu et al. [11]. Two types of callus tissues were used (EC and NEC) after 2 years of subculture with observation and photographic recording with stereo microscopes (Leica M250A). After collecting both callus types into sterile centrifuge tubes, they were immediately frozen with liquid nitrogen and stored at −80 °C for physiological-biochemical indicators measurements and RNA extraction, with at least three biological replicates of each sample.



Soluble protein, peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), malondialdehyde (MDA), and proline (PRO) contents in both EC and NEC callus were measured using the detection kit (http://www.njjcbio.com/ accessed on 28 March 2016, Jiancheng Institute of Bioengineering, Nanjing) according to the manufacturer’s instructions, and tested for differences.




2.2. RNA Sequencing and Functional Annotation


Total RNA was extracted from different callus samples using the magnetic bead enrichment method, and the libraries were sequenced using a HiSeq 2500 (Illumina) sequencer after passing quality control with a NanoDrop ND-2000 spectrophotometer and an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Post-sequencing filtering of the generated raw reads for clean reads was conducted. The final unigene sequence was obtained by splicing the sequencing data of six samples and further compared with UniProt by Blastx, with an e-value threshold of 1e−5 due to the lack of Chinese fir reference genome, including Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups (COG). Fisher test difference test by applying fragments per kilobase of transcript per million mapped reads (FPKM) of each sample with the total expression of each sample as the internal standard, which FDR and the expression difference multiple fold change method was used for differentially expressed genes (DEGs) selection, and the screening conditions were as follows: FDR ≤ 0.01 and |log2| ≥ 2. The GO and KEGG pathway enrichment analysis of DEGs was screened by a hypergeometric test.




2.3. Analysis of Gene-Specific Expression in Chinese Fir Callus


To determine the specific expression pattern of genes in the callus, it was further analyzed how many of the genes expressed in the callus tissue are involved in drought stress and activation of cell growth in the forming layer and which genes differentially expressed in EC, and NEC are expressed only in the callus tissue. We used the callus tissue (EC and NEC) transcriptome as the reference, gene expression profile of 16-year-old Chinese fir cambium [downloaded from the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra, accessed on 1 July 2016) (SRA053525)], including dormant, reactivating, and active cambium [18], the transcriptome of drought-stressed tissue culture seedlings including, 1-year-old normal growing tissue culture seedlings, 5, 10, and 15-day drought stress and rewatering [19], and EC and NEC callus transcriptome. A clean read of 14 samples was mapped against the reference transcriptome, and RPKM values were calculated for each unigene in each sample.



In order to obtain additional DEGs to comprehensively reflect the specific expression pattern of the callus tissue, the screening conditions for EC and NEC differential genes were adjusted to FDR < 0.05, |log2| ≥ 2, and the screened genes were analyzed for GO enrichment.




2.4. Co-Expression Gene Network Construction


The co-expression relationship between the genes was determined by the similarity distance of the expression of unigene in the samples (RPKM), and the Pearson correlation coefficient (Pcc) matrix between genes was calculated using R software, and the co-expression network graph of gene correlations was constructed by R package igraph [20].





3. Results


3.1. Morphological and Physiological-Biochemical Responses in Different Callus Tissues


We sub-cultured Chinese fir EC several times on a subculture medium to produce the two different calluses, namely, EC (Figure 1a) and NEC (Figure 1b). The EC tissue was bright, transparent, and sticky, with a white filamentous structure on the surface, whereas the NEC was yellowish, translucent, and a soft structure. There were significant differences in soluble protein, proline, MDA, POD, SOD, and CAT (Figure 1c–h) among Chinese fir EC, NEC (p < 0.05). Compared with NEC, EC had higher soluble protein and proline contents and lower MDA, POD, SOD, and POD activities.




3.2. Transcriptome Sequencing and Functional Annotation


Six cDNA libraries from the EC and NEC were constructed and sequenced. A total of 396,790,744 raw reads and 380,552,694 clean reads were obtained. The average Q20 values were 97.00% (Table S1). Due to the lack of a Chinese fir reference genome, a total of 152,229 final unigene sequences were obtained, and 39,051 were successfully annotated, with an annotation ratio of 25.62%. Among the 39,051 unigene, 15,046 had COG functional classification (Figure S1). Moreover, the correlation between samples showed high repeatability among the three replicates within groups, as well as significant differences between different types of callus (EC and NEC) (Figure S2).




3.3. DEGs Identification and Enrichment Analysis


A total of 438 significant DEGs were identified between EC and NEC by screening the DEGs with the criteria of FDR ≤ 0.01 and |log2| ≥ 1. Among them, 303 were downregulated, while 135 were upregulated in NEC compared to EC (Figure 2a). The expression of all DEGs was compared in each replicate of EC and NEC, and it was found that the callus tissues of the same type were similar (Figure 2b).



To evaluate the biological functions of DEGs, we used GO and KEGG enrichment analysis to classify their functions. For GO, a total of 219 out of 438 DEGs were enriched for 162 GO terms; the subcategory with the highest enrichment degree was “nucleic acid binding”, followed by “RNA-directed DNA polymerase activity” and “DNA integration”. The number of significantly enriched GO terms obtained in the graphs of the biological process, cellular component, and molecular function category were 5, 8, and 6, respectively. The number of significantly enriched GO terms obtained were 76, 15, and 71 in the graphs of the biological process, cellular component, and molecular function categories, respectively (Figure S3).



According to the KEGG, a total of 107 DEGs were assigned to 140 KEGG pathways, in which the most DEGs were involved in “metabolic pathways” (45 genes), followed by “Biosynthesis of secondary metabolites” (24 genes) and “Biosynthesis of secondary metabolites” (11 genes). The top 28 enriched KEGG pathways (p < 0.05) showed that the most highly enriched KEGG pathway was “DNA replication” (8 genes), “p53 signaling pathway” (6 genes), “Meiosis—yeast” (8 genes) (Figure S4). Additionally, “starch and sucrose metabolism”, “Glutathione metabolism”, and “Cysteine and methionine metabolism” pathways were also represented in our results, and 11, 6, and 5 DEGs were enriched, respectively (Figures S5–S7).




3.4. Key Differentially Expressed Genes in EC and NEC


Transcriptome sequencing of Chinese fir’s EC and NEC revealed significant differences in the expression levels of some SE-related genes (Figure 3, Table S2). These include genes encoding transcription factors (TFs) such as FUS3, TEIL, AP2, BBM, WOX and genes encoding DNA methylation such as chromomethylase, domains rearranged methyltransferase, methionine synthase, and methionine synthase; genes encoding cell wall components such as lipid transport superfamily protein, beta-galactosidase, germin-like protein; and genes encoding signal transduction-related genes such as Leucine-rich repeat receptor-like protein kinase family protein, somatic embryogenesis receptor-like kinase; and genes encoding defense/stress response-related genes such as late embryogenesis abundant protein, peroxidase superfamily protein.




3.5. Gene Expression Pattern in Callus Tissue


Genes (RPKM < 1) with significantly low abundance expression in all callus samples and some data that were highly sensitive to machine error were excluded. A total of 45,960 unigene were obtained (Figure 4a). Among them, 34,517 were expressed in the 16-year-old Chinese fir cambium and the drought-stressed tissue culture seedlings. These unigenes were defined as callus tissues’ co-expressed genes, accounting for 75.1% of all expressed genes. Additional 11,443 unigenes were only expressed in callus, and they were defined as callus, specifically expression genes, accounting for 24.9% of all expressed genes.



A total of 2711 EC and NEC significantly DEGs were selected with FDR < 0.05 and |log2| ≥ 2 screening conditions, among which 1852 were co-expressed, including 597 up- and 1255 downregulated genes, and 861 specifically expressed genes, including 93 up and 768 downregulated genes. The expression patterns of significant DEGs in EC and NEC were analyzed in the 16-year-old Chinese fir cambium, and the drought-stressed tissue culture seedlings (Figure 4b), and genes that are highly expressed in EC and NEC and low expressed in other samples may be important genes involved in determining the EC and NEC nature of the callus.




3.6. GO Enrichment Analysis of Differentially Co-Expressed and Specifically Expressed Genes in Callus


GO enrichment analysis of 1850 differentially co-expressed genes in callus revealed that 1150 were significantly enriched (FDR ≤ 0.05) to 120 GO terms (Figure S8). The number of significantly enriched GO terms obtained in the graphs of the biological process, cellular component, and molecular function category were 44, 21, and 55, respectively. The three most significant GO terms enriched to biological processes were responses to stimulus, stress, and defense; the three most significant GO terms enriched to cellular components were membrane, plasma membrane, and cell part; the three most significant GO terms enriched to molecular functions were catalytic activity, transferase, activity, and oxidoreductase activity.



GO enrichment analysis of 861 differentially specifically expressed genes in callus revealed that 486 genes were significantly enriched (FDR ≤ 0.05) to 73 GO terms (Figure S9). The number of significantly enriched GO terms obtained in the graphs of the biological process, cellular component, and molecular function category were 40, 6, and 27, respectively. The three most significant GO terms of differential specifically expressed genes enriched to cellular components and molecular functions were similar to those of differential co-expression genes. However, the three most significant GO terms enriched to biological processes were more different in the order of post-embryonic development, defense response, and macromolecule modification.




3.7. Functional Elucidation and Co-Expression Network of Embryonic Development-Related Genes


GO enrichment analysis of differentially specifically expressed genes in callus revealed that the most significantly enriched term in the biological process was post-embryonic development, which contained 31 genes whose functions were involved in histone acetylation, ubiquitin, polar auxin transport, kinases, and signal transduction, transcription factors, ribosome (Table S3). The co-expression network of 31 genes showed strong co-expression relationships among several genes (Figure 5), including 17 (green background) and 13 (red background) that were closely co-expressed and clustered together at the upper and lower ends of the network, forming two sub-networks. The two subnetworks are connected by two pathways, one for G26, which controls histone acetylation, and the other for G27 and G31, which regulate gene transcriptional expression. The interconnected networks suggest that all these genes are likely to be involved in Chinese fir embryogenesis.





4. Discussion


Herein, we found that during the long-term subculture of EC of Chinese fir, some EC lost their embryogenic capacity and transformed into NEC, which could not be further matured and developed into somatic embryos. Enhanced DNA methylation during prolonged culture of somatic embryos, resulting in changes in the expression of developmentally relevant genes, may contribute to the loss of regenerative capacity [21]. To gain insight into the causes of SE loss, we compared the physiological differences between EC and NEC tissues, and it became apparent that EC has higher levels of soluble protein and proline. Protein is the product of gene expression and plays an important role in conifers’ SE development, while proline can improve SE adaptation to and protection against stress, an observation similar to previous findings on white pine and sugarcane [22,23]. On the other hand, NEC has high levels of MDA, POD, SOD, and CAT, so it is speculated that the observed high levels of phenolic substances and polyphenol oxidase may be the cause for the SE ability loss. In Pinus koraiensis, it was also found that the phenolic substances in NEC were significantly higher than those in EC, results consistent with our findings [5].



We conducted a transcriptomic analysis of two types of Chinese fir callus tissues (EC and NEC) and obtained 380,552,694 clean reads. In the EC vs. NEC comparison, 438 DEGs were identified and assigned to 162 GO terms and 140 KEGG pathways, with the most representative pathways being the starch and sucrose metabolic pathway, glutathione metabolic pathway, and cysteine and methionine metabolic pathway. During SE, sugars play an important role both as energy substances for embryonic cell differentiation and as osmoregulators in somatic embryo development and maturation. Furthermore, starch, as a polysaccharide, is inseparable from the realization of SE potential [24]. Previous studies have reported that a higher accumulation of starch in cucumber EC may be a necessary prerequisite for further embryonic cell division [25]. In a study of Picea balfouriana and P. mongolica, it was also found that starch and sucrose metabolism are important pathways affecting SE ability [14,26]. In Pinus koraiensis, it has been shown that the production and quality of SE are regulated by glutathione metabolism, and exogenous glutathione was also found to promote SE by increasing intracellular SOD activity, reducing cell death, and promoting intracellular ROS metabolism [27].



Transcription factors (TFs) play an important role in cell dedifferentiation, and many have been identified to transform somatic cells into embryonic totipotent cells, including BBM, WUS, and LEC1 [28,29]. Most transcription factor genes were found to be more highly expressed in EC than in NEC in a study of Japanese larch [30]. In our study, a large number of differentially expressed transcription factor genes were identified, such as contig6072 encoding FUS3 and congtig11407 encoding AP2. In Hybrid Sweetgum (Liquidambar styraciflua × Liquidambar formosana) somatic embryo studies, the AP2/ERF transcription factor gene was similarly screened in EC and NEC for specific expression in different developmental stages or tissues [31]. In the present study, some genes related to DNA methylation were also found to be significantly different in expression levels, and silencing of DNA methylation-regulated genes significantly affects SE. For example, the promoter region of gene LEC1 becomes demethylated prior to somatic embryo induction, yet the methylation level increases during embryo maturation and later nutritional growth [32], and most of the DNA methylation-related genes detected in the present study were downregulated in EC, which may be involved in the expression of Chinese fir embryogenesis.



SE is accompanied by modifications in the cell wall structure and molecular architecture [33], and there are many cell wall-modifying enzymes that are differentially expressed in SE. In Pinus radiata, SE is accompanied by the upregulation of α-d-galactosidase, which regulates cell wall structure and properties [34]. In this study, we found that the expression of genes encoding LTP, SEPR1, and GLPs was significantly higher in NEC than in EC, probably because the proliferation rate of NEC was significantly higher than that of EC. Some functional genes can protect plants from reactive oxygen species (ROS), such as peroxidase, superoxide dismutase, and glutathione S-transferase genes, transferase genes. These genes encode proteins that contribute to cellular stress tolerance, such as late embryogenesis abundant (LEA) proteins, molecular chaperones, reactive oxygen species, and some genes important in maintaining plant osmolarity and protection, such as sucrose, proline, and other biosynthesis-related genes. In this study, a gene encoding LEA was found to be significantly expressed in EC. In addition to the LEA gene, transcript expression of other functional genes, such as those encoding senescence-associated proteins, glutathione peroxidase, and peroxidase-like proteins, were also detected in Chinese fir EC. These functional genes may play an important role in the response of Chinese fir EC to the external environment and in regulating the maturation and development of the somatic embryo.




5. Conclusions


In this study, phenotypic, physiological, and biochemical indices and transcriptomic differences between Chinese fir EC and NEC were analyzed. A total of 152,229 unigenes were obtained by sequencing and assembling the callus transcriptome, of which 438 were screened for significant differences between EC and NEC. The starch and sucrose metabolic, glutathione metabolic, and cysteine and methionine metabolic pathways were the most representative enrichment pathways. Genes related to somatic embryogenesis, including transcription factor genes, DNA methylation-related genes, cell wall component-related protein, signal transduction-related, and stress response-related genes, were significantly different between EC and NEC differentially expressed genes in Chinese fir.



There were specific gene expression patterns in the Chinese fir callus where 75.1% of genes were co-expressed in 16-year-old Chinese fir cambium and drought-stressed tissue culture seedlings, and 24.9% were only specifically expressed in callus. Among the significantly differentially expressed EC and NEC genes, 68.2 and 31.8% were co-expressed and specifically expressed. EC and NEC genes with different specific expressions are most significantly enriched in post-embryonic development terms, with 31 genes. Many genes in the co-expression network constructed by 31 genes showed co-expression relationships with each other, and these genes may be involved in Chinese fir SE. Our research provides valuable information for promoting the long-term culture of EC. Additionally, the screened callus, specifically expression genes, provides a reference for developing new methods of SE propagation.
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Figure 1. Morphological and physiological-biochemical responses of EC and NEC in Chinese fir. (a) EC, (b) NEC, (c) soluble protein content, (d) proline content, (e) MDA content, (f) POD content, (g) SOD content, (h) CAT content. ** p < 0.01, **** p < 0.0001. 






Figure 1. Morphological and physiological-biochemical responses of EC and NEC in Chinese fir. (a) EC, (b) NEC, (c) soluble protein content, (d) proline content, (e) MDA content, (f) POD content, (g) SOD content, (h) CAT content. ** p < 0.01, **** p < 0.0001.



[image: Forests 14 00993 g001]







[image: Forests 14 00993 g002 550] 





Figure 2. Analysis of differentially expressed genes (DEGs) between EC and NEC. (a) Volcano plot of DEGs between EC and NEC, green and red dots represent significantly downregulated and upregulated genes, respectively. (b) Heatmap of DEGs between EC and NEC. 
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Figure 3. Heatmap of 30 DEGs from Chinese fir EC and NEC. The bar represents the expression level of each gene in EC and NEC and acclimation as indicated by blue/white/red rectangles. Low to high expression is indicated by a change in color from blue to white to red. 
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Figure 4. Gene expression pattern in callus. (a) callus co-expressed and specifically expression genes, (b) Heat map of expression abundance of EC and NEC differentially expressed genes (DEGs) in 10 samples of Chinese fir (DC: dormant cambium; AC: active cambium; RC: reactivating cambium; EC: embryonic callus; NEC: non-embryogenic callus; 5D: 5d drought stress; 10D: 10d drought stress; 15D: 15d drought stress; RW: rewatering; AP: annual plantlet). 
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Figure 5. Co-expression network of 31 differentially specifically expressed in callus associated with embryo development. The absolute value of Pcc is greater than 0.75. 
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