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Morphological and Comparative Transcriptome Analysis of Three Species of Five-Needle Pines: Insights Into Phenotypic Evolution and Phylogeny
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Pinus koraiensis, Pinus sibirica, and Pinus pumila are the major five-needle pines in northeast China, with substantial economic and ecological values. The phenotypic variation, environmental adaptability and evolutionary relationships of these three five-needle pines remain largely undecided. It is therefore important to study their genetic differentiation and evolutionary history. To obtain more genetic information, the needle transcriptomes of the three five-needle pines were sequenced and assembled. To explore the relationship of sequence information and adaptation to a high mountain environment, data on needle morphological traits [needle length (NL), needle width (NW), needle thickness (NT), and fascicle width (FW)] and 19 climatic variables describing the patterns and intensity of temperature and precipitation at six natural populations were recorded. Geographic coordinates of altitude, latitude, and longitude were also obtained. The needle morphological data was combined with transcriptome information, location, and climate data, for a comparative analysis of the three five-needle pines. We found significant differences for needle traits among the populations of the three five-needle pine species. Transcriptome analysis showed that the phenotypic variation and environmental adaptation of the needles of P. koraiensis, P. sibirica, and P. pumila were related to photosynthesis, respiration, and metabolites. Analysis of orthologs from 11 Pinus species indicated a closer genetic relationship between P. koraiensis and P. sibirica compared to P. pumila. Our study lays a foundation for genetic improvement of these five-needle pines and provides insights into the adaptation and evolution of Pinus species.

Keywords: five-needle pines, Pinus koraiensis, Pinus sibirica, Pinus pumila, transcriptome sequencing, SSRs, Pinus phylogeny


INTRODUCTION

The five-needle pines are important commercial tree species, belonging to the genus Pinus in the Pinaceae family. They are key components of coniferous and broad-leaved mixed forest (Liu and Biondi, 2020; Goeking and Windmuller-Campione, 2021). There are 28 five-needle pine species, mainly distributed in Eurasia and North America, of which 12 five-needle pines are found in China. Only three pine species inhabit northeast China, which are Pinus koraiensis, Pinus sibirica, and Pinus pumila (Yang, 2014). Pinus koraiensis is distributed in Changbai, Zhangguangcailing, Laoyeling, Wanda, and Xiaoxinganling Mountain areas. Its northernmost boundary is Shengshan Forest Farm in Aihui County, Heihe City (Wu et al., 2021a,b). Pinus sibirica (Siberian pine) is only distributed in Altai, Xinjiang, and Daxinganling, Inner Mongolia. Pinus pumila (Siberian dwarf pine) only found in high-altitude mountain regions such as Daxinganling, Xiaoxinganling, Zhangguangcailing, and Changbai Mountains, scattered in small communities (Yang et al., 2021). These species show zonal distribution with variation in heat, cold, altitude, latitude, and longitude. They have commonalities and specificity in morphology and distribution. For instance, the external morphology and wood properties of P. koraiensis and P. sibirica are very similar, and it is difficult to distinguish them before seed production. Compared with P. koraiensis, P. sibirica had stronger cold resistance (Wang et al., 2019), while the natural distributions overlap. Pinus pumila is a perennial evergreen shrub with no vertical types observed. Its natural distribution overlaps with P. koraiensis and P. sibirica, but the altitude extends higher than that of P. koraiensis and P. sibirica. Furthermore, there is no reproductive isolation between the three five-needle pines species, and hybrid progeny have been obtained through interspecific hybridization (Goroshkevich et al., 2013). Although there are obvious differences between the cones and pine nuts of the three five-needle pine species, some scholars believe that P. koraiensis, P. sibirica, and P. pumila are just closely-related species (Dong et al., 2016).

Compared with other Pinaceae species, five-needle pines only contain one vascular bundle in the cross section of needles, and they are considered to be a relatively primitive and ancient species, which is important for studies of the origin and evolution of the Pinaceae (Liu et al., 2005). In addition, Pinus species are characterized by long life spans, and high levels of genetic diversity (Alicandri et al., 2020; Zeb et al., 2020). There are few reports on the genetic relationships of Pinus species, especially the five-needle pines (Niu et al., 2013; Baker et al., 2018; Zhao et al., 2018). The genetic relationships of P. pumila (Pall) Regel f. hingganensis, P. pumila and P. sibirica in the Daxinganling Mountains were examined based on peroxidase isoenzyme variation, and significant differences among the three five-needle pines was observed, and the genetic relationship between P. pumila and P. sibirica is relatively close (Chen et al., 1997). Using the same molecular makers, another study concluded that P. koraiensis, P. pumila, and P. sibirica were three distinctly different species (Shao et al., 2000). Following the development and application of DNA molecular markers and genome wide surveys, some studies explored the genetic relationship between P. koraiensis P. pumila, and P. sibirica using simple sequence repeats (SSR), and other markers of the nuclear, chloroplast, and mitochondrial genomes (Liu et al., 2005; Syring et al., 2005; Ayijiamali et al., 2013). There was obvious genetic differentiation among the three five-needle pines, but the genetic relationships among the three five-needle pines in Northern China was not clarified. Due to different genetic markers and research purposes, previous studies focused on the identification of Pinus species according to specific type of molecular marker, which cannot systematically identify the evolutionary relationships of species. Comparative transcriptome and ortholog analysis can play a crucial role in studies of plant evolution and can be used to explore genetic relationships of related species (Yang et al., 2017; Hu et al., 2018). At the moment, doubt remains about the genetic relationships among the three five-needle pines species as there is no genomic evidence to support this proposal. Clarifying the genetic relationships and taxonomy among these three five-needle pines would help us to understand the floral composition, origin and evolution of the northeast forest region of China, and would aid in the protection of these germplasm resources.

In this study, we compared the needles variation and transcriptome pattern of three endemic five-needle pines from different regions of northern China. In general, leaf morphological such as shape and size are considered as an important index for analyzing phenotypic genetic variation, which can reflect the adaptability of plants to different habitats and conditions (Guo et al., 2018). Expressed sequence tag-simple sequence repeat markers (EST-SSRs) were also identified and compared in these three five-needle pines. We also investigated the gene-environment correlation of the three species. A total of 11 pine species, including two, three, and five-needle pines were compared to infer evolutionary relationships using transcriptome sequences. These results will contribute to greater understanding of the genetic differentiation and relationships of the three five-needle pines in the Pinus phylogeny.



MATERIALS AND METHODS


Plant Materials

A total of 172 tree samples from six natural populations of three five-needle pines [P. pumila (Pall.) Regel, P. sibirica (Du Tour), and P. koraiensis (Siebold and Zuccarini)] were collected at the mature stage of needles development and used to document phenotypic variation (Table 1). The collected samples were divided into three groups according to the species, and each species has two representative populations including P. pumila (ALS and LJ), P. sibirica (MG and IKT), and P. koraiensis (LS and MES). The altitude of the samples ranged from 231 to 2,052 m. Upon collection, the needles were quickly chilled and held at 4°C in a refrigerator for phenotypic measurement. For each individual, three needles were considered as one mixed sample. Four needle traits were measured, needle length (NL), needle width (NW), needle thickness (NT), and fascicle width (FW). The measurement methods were described in a previous study (Liu et al., 2021). For each species, fresh needle samples were quickly frozen in liquid nitrogen and stored at −80°C refrigerator for RNA extraction and transcriptome sequencing.



TABLE 1. Summary of sampled populations of three Pinus species.
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Collection of Climate Data

To better understand the relationship of species distribution and climate factors, the climate data was downloaded from the WorldClim database.1 The data package was at a resolution of 2.5 arc minutes (about 5 km2), and the climate data was observed from 1950 to 2000. The climate data was imported into the DIVA-GIS software (v.7.5).2 According to the geographic coordinates of the natural populations of the three five-needle pines, 19 bioclimatic variables (bio1 to bio19) including temperature and precipitation, for each population, were obtained. The bioclimatic variables, from bio1 to bio19, were annual mean temperature, diurnal temperature difference, isothermality, seasonal variance of temperature, extreme high temperature, extreme low temperature, temperature year difference, mean temperature in the wettest season, mean temperature in the most dry season, mean temperature in the warmest season, mean temperature in the coldest season, annual precipitation, precipitation in the wettest month, precipitation in the most dry month, variance coefficient of seasonal precipitation, precipitation in the wettest season, precipitation in the most dry season, precipitation in the warmest season, precipitation in the coldest season, respectively. The heatmap and cluster analysis of needle traits and climate variables were performed using TBtools (Chen et al., 2020). The correlation analysis of the needle traits and climate factors of different populations of the three five-needle pines was performed with the Corrplot (v. 0.84) package in R.



Identification of SSRs

The assembled transcriptome data from P. koraiensis, P. sibirica, and P. pumila in this study was employed to identify EST-SSR markers. A total of 58,526, 64,961, and 57,855 unigenes were used to detect the EST-SSRs of P. koraiensis, P. pumila, and P. sibirica using the Simple Sequence Repeat Molecular Marker Developer (SSRMMD),3 respectively (Table 2). The parameters for identifying SSR motifs were set with the minimum repeats of 10 for mononucleotides, seven for di-nucleotides, six for tri-, five for tetra-, four for penta-, and four for hexa-nucleotide motifs. Because of the artifactual biosynthesis of mononucleotide repeats during PCR amplification, the mononucleotide class was removed from the SSR distribution plot.



TABLE 2. Transcriptome sequences from 11 Pinus species.
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Transcriptome Sequencing and Data Processing

Total RNA was extracted from the needle samples using the RNAprep Pure Plant Kit (DP441, Tiangen). The integrated cDNA libraries were constructed using the methods described by Li et al. (2021). The high-quality cDNA libraries were paired-end sequenced using a 2 × 150 bp run on an Illumina HiSeq 2500. For quality control, the raw sequencing reads were processed and checked by fastp (version 0.12; Chen et al., 2018).4 Because of the lack of a reference genome, the clean data were used for de novo transcript assemblies using Trinity (v2.11.0) for each species (Grabherr et al., 2011). To remove redundant transcripts CD-HIT (v4.8.1) was applied (Li and Godzik, 2006; Fu et al., 2012). The TransDecoder tool5 was then employed to predict coding sequences (CDS) from the assembled transcripts. The longest transcript of the isoforms was considered as a unigene for comparative transcriptomic and phylogenetic analysis. The functional annotation of unigenes from each species was based on the uniport6 and pfam7 databases. Based on the common protein ID, differential expression analysis of the three five-needle pine species was performed using the DEseq2 R package (v1.26.0; Love et al., 2014). Gene Ontology (GO) enrichment of differentially expressed genes (DEGs) was carried out using Omicsmart tools.8



Orthologs and Phylogeny of Eleven Pinus Species

Orthologs are set of homologous genes that have the same common ancestral gene after speciation (Koonin, 2005). The transcriptome data of the other eight pine species was obtained from the National Center for Biotechnology Information (NCBI). The accession numbers are: Pinus armandii (SRR13823587), Pinus squamata (SRR13823429), Pinus parviflora (SRR13823491), Pinus morrisonicola (SRR13823506), Pinus yunnanensis (SRR13823627), Pinus elliottii (SRR13823584), Pinus tabuliformis (SRR13823418), and Pinus massoniana (SRR13823530). All of the Illumina sequence data for each species was independently assembled using Trinity. The assembled sequences were screened to remove redundancies and then clustered using CD-HIT (v4.8.1). The CDS were predicted by Transdecoder. To identify the evolutionary relationships of the Pinus species, the orthologs of proteins from 11 species were compared using OrthoFinder (Emms and Kelly, 2015) based on sequence similarity. The parameters were: “-inflation 1.5.,” the phylogenetic tree construction was done with FastTree, and multiple sequences were aligned using DIAMOND (Buchfink et al., 2015).




RESULTS


Phenotypic Differentiation of Needle Traits of Three Five-Needle Pines

The three five-needle pines possessed specific genetic backgrounds and natural distributions, which resulted in their phenotypic differentiation and climatic adaptation. Analysis of phenotypic variation was carried out to quantify the variation of needle traits. Around 172 needle samples from six natural populations (MG, LJ, ALS, IKT, LS and MES; Table 1; Figure 1A) were collected in present study, which showed clear differences (Figure 1B). The needles length of P. koraiensis was the longest with a mean of 110 mm, followed by P. sibirica (94.7 mm), and P. pumila, which was the shortest (77.7 mm), showing significant genetic variation (p < 0.05). In addition to NL/NT and FW/NT, there are significant differences between other needle traits among populations of the three five-needle pine species (p < 0.05; Figures 1C–H; Supplementary Table S1).
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FIGURE 1. Variation of needle traits in natural populations of three five-needle pines. (A) Location of three five-needle pines samples collected in this study. (B) Phenotypes of the three five-needle pines in natural conditions. (C) Needle length (NL). (D) Needle width (NW). (E) Needle thickness (NT). (F) Fascicle width (FW). (G) NL/NT. (H) FW/NT. All data were given as means ± SE. The different lowercase letters above the histogram bars represents significant differences across the two panels (p < 0.05). One-way ANOVA was used to generate the p values. The x-axis represents the populations of Pinus pumila (ALS and LJ), Pinus sibirica (MG and IKT), and Pinus koraiensis (LS and MES). The y-axis indicates the phenotypes. NL, needle length; NW, needle width; NT, needle thickness; and FW, fascicle width.




Correlation of Needle Traits and Climate Factors

To explore the correlations between needle traits and climatic factors, heatmap, cluster, and correlation analyses were performed. The climate data for the six populations of the three five-needle pines was obtained from the WorldClim database using DIVA-GIS as shown in Figure 2A and Supplementary Table S2. The heatmap suggested that the P. sibirica populations (IKT and MG) are mainly distributed in the high latitudes, where there is relatively low annual precipitation (bio12), precipitation in the wettest month (bio13), precipitation in the wettest season (bio16), and precipitation in the warmest season (bio18). For P. koraiensis, the climate factors, including annual mean temperature (bio1), extreme high temperature (bio5), mean temperature in the wettest season (bio8), and mean temperature in the warmest season (bio10) in its natural distribution, were higher than that for P. sibirica and P. pumila. Its average NL, NW, NT, and FW were also the largest compared with the other two five-needle pines. More importantly, these climate factors and needle traits were significantly clustered into the same subgroup in the cladogram, indicating a clear correlation. P. pumila, was naturally distributed in the mountains (high altitude) compared with P. koraiensis and P. sibirica (Table 1). The average values of extreme high temperature (bio5), mean temperature in the wettest season (bio8) and mean temperature in the warmest season (bio10) were all significantly lower than that for P. koraiensis and P. sibirica. Interestingly, The ALS population from P. pumila exhibited the lowest annual mean temperature (bio1), extreme low temperature (bio6), mean temperature in the driest season (bio9), and mean temperature in the coldest season (bio11), which indicated that P. pumila has strong cold resistance, and that it can survive extremely low temperatures down to minus −39°C. Four needle traits and eight temperature factors were grouped into the same subcluster.

[image: Figure 2]

FIGURE 2. Correlation between needle traits and climate factors in the three five-needle pines. (A) Heatmap and cluster analysis of needle traits and climate factors in natural populations of Pinus koraiensis, Pinus sibirica, and Pinus pumila. The number in heatmap indicates the specific size of variables. (B) Correlation analysis of 25 characteristic related to needle traits and climate factors. The analysis was performed using R software. One asterisk (*) indicates the p < 0.05; two asterisks (**) means p < 0.01; and three asterisks (***) means p < 0.001. The circle from small to large indicates the corresponding correlation coefficient from low to high. The color scale of red and blue refers to negative correlations and positive correlations, respectively. NL, needle length; NW, needle width; NT, needle thickness; FW, fascicle width; E, longitude; N, latitude; bio1, annual mean temperature; bio2, diurnal temperature difference; bio3, isothermality; bio4, seasonal variance of temperature; bio5, extreme high temperature; bio6, extreme low temperature; bio7, temperature year difference; bio8, mean temperature in the wettest season; bio9, mean temperature in the most dry season; bio10, mean temperature in the warmest season; bio11, mean temperature in the coldest season; bio12, annual precipitation; bio13, precipitation in the wettest month; bio14, precipitation in the most dry month; bio15, variance coefficient of seasonal precipitation; bio16, precipitation in the wettest season; bio17, precipitation in the most dry season; bio18, precipitation in the warmest season; and bio19, precipitation in the coldest season.


To further understand the correlation between the needle traits of five-needle pines and climate factors, the Corrplot R package was used for correlation analysis (Figure 2B). Needle length was significantly correlated with isothermality (p < 0.05), extreme high temperature (p < 0.01), mean temperature in the wettest season (p < 0.05), and mean temperature in the most dry season (p < 0.05). There were significant correlations between the needle width and annual mean temperature (p < 0.05) and extreme high temperature (p < 0.01), mean temperature in the wettest season (p < 0.01), and mean temperature in the driest season (p < 0.01). No correlation was found between the four needle traits and precipitation as well as longitude and latitude.



Transcriptome Sequencing and de novo Assembly

The expression of genes in needles of the three five-needle pine species was different. Using the DEseq2 software, we investigated the DEGs of three pairs of species (PK_vs_PP, PP_vs_PS, and PK_vs_PS). From the Venn diagram, we could see that 292, 130, and 62 DEGs were identified from the PK_vs_PP, PP_vs_PS, and PK_vs_PS (Figure 3A). Nineteen genes were common to the three pairs. GO function annotation reveled that all of the DEGs were divided into 44 level-2 functional classifications, including 18 terms of biological processes (BPs), 14 terms of cellular components, and 12 terms of molecular functions (MFs). The top terms were cellular processes, metabolism, cell components (CCs), and catalytic activity (Figure 3B). To investigate more precisely the functions of the identified DEGs, GO enrichment analysis of different pairs of species was performed. For PK vs. PP, the identified DEGs were enriched in genes for photosynthesis (GO:0015979), homeostasis (GO:0042592 and GO:0048878), and isoprenoid metabolism (GO:0006720; Figure 3C). Furthermore, carbohydrate biosynthesis (GO:0016051), morphogenesis (GO:0022603), encapsulating structural organization (GO:0045229), and cell wall organization (GO:0071555) were enriched in PP vs. PS (Figure 3D). For PK vs. PS, the DEGs were enriched in protein phosphorylation (GO:0006468), the tricarboxylic acid cycle (GO:0006099), citrate metabolism (GO:0006101), and porphyrin catabolism (GO:0006787; Figure 3E).
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FIGURE 3. Analysis of differentially expressed genes (DEGs) in the three five-needle pines. (A) Venn diagram of DEGs for PK vs. PP, PK vs. PS, and PP vs. PS. (B) Gene Ontology (GO) analysis of DEGs for PK vs. PP, PK vs. PS, and PP vs. PS in three main categories. GO enrichment analysis of the DEGs between PK vs. PP (C), PP vs. PS (D), and PK vs. PS (E). The x-axis indicates GO terms belonging to three categories [biological process (BP), cellular component (CC), and molecular function (MF)], the y-axis on the left represents the gene numbers for each term, while the y-axis on the right represents the percent of genes for each term.




Identification and Distribution of SSRs

Microsatellite marker is a widely distributed repeat sequence of 1–6 bases in plants with high level of genetic variation. To investigate the difference of SSRs from three five-needle pines, microsatellite marker analysis was performed, all unigenes from the de novo assembly were surveyed to find EST-SSRs. The number of identified unigenes with paired-end reads from P. koraiensis, P. sibirica, and P. pumila was 58,526, 64,961, and 57,855, with a total assembled length of 43,077,328, 59,629,185, and 55,416,491 bp, respectively. The mean length of unigenes was 736, 918 and 958 bp, with a contig N50 length of 1,190, 1,561, and 1,662 bp, respectively. Of the 4,936 (8.43%), 4,749 (7.31%), and 5,528 (9.55%) unigene sequences of P. koraiensis, P. sibirica, and P. pumila contained 5,410, 5,147, and 5,928 putative EST-SSRs, respectively. The most abundant motif type was AT/TA (7.63%), followed by CT/GA (1.40%), AG/TC (1.39%), CAG/GTC (0.92%), CCT/GGA (0.87%), CTC/GAG (0.85%), and AGG/TCC (0.78%; Figure 4A; Supplementary Table S3). The remaining motifs accounted for 13.16%. In addition to mononucleotide repeats, trinucleotide repeats (719, 13.29%) were the most abundant EST-SSRs in P. koraiensis, followed by dinucleotides (614, 11.93%) and hexanucleotides (406, 6.85%). EST-SSRs with 10 tandem repeats (31.1%) were the most frequent type, followed by 11 (12.8%), six (9.83%), four (9.54%), and seven (6.95%; Figure 4B; Supplementary Table S4). For P. sibirica, the dominant motif type was CT/GA (5.34%), followed by CTT/GAA (1.22%), CAG/GTC (1.17%), CTC/GAG (1.11%), CAC/GTG (1.05%), AAC/TTG (0.97%), and ACT/TGA (0.95%; Figure 4C; Supplementary Table S5). The mononucleotide, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats were of 3,233 (62.81%), 451 (8.76%), 691 (13.43%), 78 (1.52%), 223 (4.33), and 471 (9.15%), respectively. Among them, the largest number of tandem repeats was 10 (33.57%), 11 (12.59%), four (11.13%), 18 (9.25%), 12 (6.02%), and seven (3.67%; Figure 4D; Supplementary Table S6). According to the microsatellite sequences of P. pumila, we found that the most abundant motifs of the repeat units was AG/TC (4.64%), followed by CTC/GAG (1.91%), CT/GA (1.48%), AC/TG (1.03%), CAA/GTT (1.01%), and CTT/GAA (0.88%; Figure 4E; Supplementary Table S7). The mononucleotide (3,615, 61.0%) motif was the most abundant, followed by trinucleotide (691, 11.7%), hexanucleotides (471, 7.95%), and dinucleotide (451, 7.61%). The number of repeated SSR units ranged from 4 to 24. Ten (33.6%) repeated units were predominant, followed by 11 (12.6%), four (11.1%), 18 (9.25%), and 12 (6.02%) tandem repeats (Figure 4F; Supplementary Table S8).
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FIGURE 4. The simple sequence repeat (SSR) distribution of three five-needle pines. SSRs length distribution across different motif classes in Pinus koraiensis (A), Pinus sibirica (C), and Pinus pumila (E). The number of repeats in each different motif length in P. koraiensis (B), P. sibirica (D), and P. pumila (F).




Ortholog Identification and Functional Characterization of the Three Five-Needle Pine Species

To further investigate the genetic variation of the three five-needle pine species, we identified unique and shared gene families and inquired about their biological functions using OrthoFinder. The Venn diagram indicates that 13,134, 15,864, and 15,419 gene families were identified among P. koraiensis, P. pumila, and P. sibirica, respectively (Figure 5A). Of these putative gene families, the largest number of unique gene families were found in P. pumila with 1,604, followed by P. sibirica (1,280), while P. koraiensis (818) possessed the lowest number of unique gene families. The common gene families between the three five-needle pines were 10,153, accounting for a large proportion of the total of 18,983 families. The number of unique gene families for each species was used and mapped to the GO database for enrichment analysis. The results were divided into three groups, (1) MF, (2) CC, and (3) BP. For P. koraiensis, the unique gene families were significantly enriched in translation (GO:0006412), cytoplasmic translation (GO:0002181), antibiotic biosynthetsis (GO:0017000), ATP synthesis coupled proton transport (GO:0015986), and protein deglycosylation (GO:0006517; Figure 5B). For P. sibirica, the families were enriched in GO terms for RNA modification (GO:0009451), signal transduction (GO:0007165), response to water deprivation (GO:0009414), oxidoreductase activity (GO:0016705), and plant-type primary cell wall biogenesis (GO:0009833; Figure 5C). In P. pumila, the top-eight enriched GO terms were related to signal transduction (GO:0007165), defense response to oomycetes (GO:0002229), RNA modification (GO:0009451), regulation of anion channel activity (GO:0010359), response to ozone (GO:0010193), terpene synthase activity (GO:0010333), cellulose catabolism (GO:0030245), and chloroplast organization (GO:0009658). Stomatal complex formation (GO:0010376) could also be noted, suggesting a specific function during the evolution of this species (Figure 5D).
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FIGURE 5. Gene Ontology enrichment analysis of orthologous gene families in the three five-needle pines. (A) Venn diagram depicting the shared and specific gene families in Pinus koraiensis, Pinus sibirica, and Pinus pumila. Orthologous clusters were evaluated for 59,412 concatenated coding sequences (CDS) shared and unique gene families. The counts in the Venn diagram represent the number of unique and shared families between P. koraiensis, P. sibirica, and P. pumila. Around 10,153 gene families were conserved across P. koraiensis, P. pumila, and P. sibirica. GO enrichment analysis of the specific gene families in P. koraiensis (B), P. sibirica (C), and P. pumila (D). The x-axis indicates GO terms belonging to BPs and MFs, and the y-axis represents the percent of genes.




Phylogenetic Analyses

To identify the gene families and their evolution of P. koraiensis (18,221 proteins), P. sibirica (19,337 proteins), and P. pumila (21,854 proteins) and other eight Pinus species, a comparative analysis of the orthologous sets was carried out (Table 3). The public transcriptome data of the other eight confer species was obtained from the NCBI database. The number of gene families in P. massoniana (17,367) was the highest, while P. parviflora (13,284) contains the lowest number of gene families between the 11 pine species. Additionally, the largest number of single copy genes was found in P. morrisonicola (7,082), followed by P. massoniana (4,673), P. koraiensis (3,808), P. pumila (3,720), and P. yunnanensis (2,955). To clarify the evolutionary status of the five-needle pines, phylogenetic analysis was conducted using orthologous genes. The results were in good agreement with classical taxonomy of Pinus species. In a phylogenetic tree, the candidate 11 Pinus species were grouped into two clear subsections, which consists of a two/three-needle pine group I, including P. yunnanensis, P. elliottii, P. tabuliformis, and P. massoniana and a five-needle pine group II including P. koraiensis, P. pumila, P. sibirica, P. armandii, P. squamata, P. parviflora, and P. morrisonicola according to the orthologous genes (Figure 6). Of these species, the three five-needle pines (P. koraiensis, P. sibirica, and P. pumila) of our interest were clustered, showing a close relationship. P. koraiensis and P. sibirica possess a high level of genetic relatedness, both showing a tall tree form, while they specifically separate from P. pumila (showing a shrub like form) at the species level.



TABLE 3. Statistical information of proteins, clusters, and singletons in 11 genus Pinus species.
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FIGURE 6. Phylogenetic relationships of Pinus koraiensis, Pinus sibirica, Pinus pumila, and eight other Pinus species. A phylogenetic tree of all 11 Pinus species was constructed based on orthologous genes. Two subsections of Pinus species are listed with Roman numerals. I represents the subsection Pinus for the two/three-needle pines. II indicates the subsection Strobus for the five-needle pines.





DISCUSSION


Phenotypic Variation and Environmental Adaptation of Three Five-Needle Pines

Plant leaf/needle traits have phenotypic plasticity due to climate change (Asao et al., 2020). Previous studies found phenotypic traits of P. koraiensis differed significantly between and within different populations (Tong et al., 2019). Also, the leaf fresh weight, dry weight, and moisture content of trees in different populations of P. pumila show significant (p < 0.01) differences (Wei et al., 2018). However, the relationship between genetic variation and environmental adaptation for needle traits among P. koraiensis, P. sibirica, and P. pumila was still unclear. In the present study, there are significant differences in needle length and needle width among these three five-needle pines. The needle length of P. koraiensis was the longest, followed by P. sibirica and P. pumila, which may be related to their specific geographic distribution during recent evolution. In the natural range of P. koraiensis, high precipitation and high temperature occur in the summer, forming suitable climatic conditions, for its needle growth and development. A high annual mean temperature and extreme high temperature were also found. In contrast to P. koraiensis, P. sibirica, and P. pumila are mainly distributed in alpine or high latitude areas, characterized by relatively low temperatures, which may be limiting factors for the species distribution. Correlation analysis also confirmed these results and indicated that the genetic variation of needle traits significantly correlated with temperature. Although P. sibirica and P. pumila can grow in the regions with relatively low temperature, P. pumila was mainly distributed in the alpine areas with high precipitation and high average latitude of 1,689 m. Thus, climate factors, especially temperature and altitude, may appear to be the main factors controlling the growth and development of needles and thereby determine the species distribution of P. koraiensis, P. sibirica, and P. pumila.



The Mechanisms of Adapting to Habitat Conditions

Although plants grow in specific geographical environments, their physiology and metabolism need to take place under appropriate temperature, light, water, and rhizosphere environments. To further understand the regulatory mechanisms controlling the variation of needles in these three five-needle pines, transcriptome analysis was performed.

In the present study, the DEGs of PK_vs_PP specifically were assigned to photosynthetic and homeostatic terms in GO enrichment analysis, suggesting that the DEGs involved in needle morphogenesis of P. koraiensis and P. pumila participate in complex metabolic processes. Previous studies have confirmed that light intensity, photoperiod and light composition affect many characteristics of plant development (Zhang et al., 2019; Jan et al., 2021). The GO analysis indicates a role for genes acting in isoprenoid metabolism, which regulates primary and secondary metabolism in plants (Lange et al., 2020; Mahmoud et al., 2021). The correlation may be the result of plant adaptation to the environment during evolution (Pulido et al., 2012), possibly to plant-environment interactions (Tadjouate et al., 2021). The upregulated DEGs in the needles of P. pumila, may therefore be related to its adaptation to an alpine habitat, determining needle growth and development (Figure 7A; Supplementary Table S9).

[image: Figure 7]

FIGURE 7. The expression heatmap of DEGs enriched in the first four GO terms. (A) The heatmap of enriched DEGs in PK_vs_PP. (B) The heatmap of enriched DEGs in PK_vs_PS. (C) The heatmap of enriched DEGs in PS_vs_PP. (D) Schematic diagram of the mechanism of needle adaptation.


Pinus koraiensis and P. sibirica are five-needle pines (subgroup Strobus) of the single vascular bundles with similar morphology. In this study, the GO enrichment analysis of DEGs between P. koraiensis and P. sibirica showed that these genes are mainly related with primary metabolism through the tricarboxylic acid cycle, citrate metabolism, and porphyrin catabolism and involved in respiration and chlorophyll formation. The expression of one gene (SGR_CAPAN) in P. koraiensis was higher than that in P. sibirica, and it mainly triggers chlorophyll degradation during leaf senescence (Figure 7B). The distribution pattern of chlorophyll content in needles and response to water stress of P. koraiensis and P. sibirica display significant differences, supporting the results reported here (Ayijiamali et al., 2013). In addition, The GO terms “protein phosphorylation” were also identified in enrichment analysis of PK vs. PS. Protein phosphorylation plays an important role in plant signal transduction, epigenetic regulation, and growth and development (Li et al., 2020). The heatmap and correlation analysis from needle traits and climate data indicated that there are relatively high temperatures and high precipitation in natural populations of P. koraiensis compared with that of P. sibirica, perhaps related to leaf development.

Pinus sibirica and P. pumila are important conifer trees in Daxinganling Mountains of China. Presumably, owing to the difference in altitude, the morphology and chemical composition of the needles show clear differentiation. Although the needle length of P. pumila was the lowest in the present study, P. pumila possesses strong low temperature tolerance compared with P. sibirica, which may be related to biosynthesis of cryoprotective compounds, similar to results previously reported (Jin et al., 1998). Carbohydrate biosynthesis was a major GO term in PP vs. PS, presumably due to the involvement of starch and sugar in leaf/needle development. Similar results were also found in other plants such as Vitis vinifera (Gao et al., 2021), Hevea brasiliensis (Gersony et al., 2020), and Pinus thunbergia (Zhang et al., 2020). Additionally, regulation of morphogenesis, organization of external encapsulating structures and cell wall biosynthesis GO terms were identified, which may be related to the difference in stem morphology (apical dominance) between P. sibirica and P. pumila. Pinus sibirica is a perennial tall tree, while P. pumila is a creeping shrub, and to date, there is no erect type for this species. Therefore, we presume that the DEGs are probably involved in plant morphogenesis including stem and leaf development, especially the formation of cell wall organization (such as BC10_ORYSJ and MNS3_ARATH) as they show high expression on the heatmap (Figure 7C). Similar results were also found in the GO enrichment of gene families of P. pumila, especially for cellulose catabolism. One gene (BRH1_ARATH), involved in the brassinosteroid (BRs) signaling pathway was identified, which specifically regulates the growth and development of rosette leaves and can be a candidate target gene for needle development (Figure 7D).



Identification of Evolutionary Status

Owing to ecological and economical values, P. koraiensis, P. sibirica, and P. pumila were widely employed for reforestation and industrial uses. Investigating the genetic relationship and taxonomic status among these three species is significant for elucidating their evolutionary relationships and accelerating genetic improvement. Due to the limited amount of genomic information, the identification and extent of functional gene relationships of the present five-needle pines remains confusing. Transcriptome sequence has become a powerful tool for functional gene mining, estimation of genetic diversity, and identification of gene specific relationships (Estelle et al., 2021; Yu et al., 2021). Using RNA-seq technology, analysis of orthology for phylogenetic relationships and evolution between different species, have been carried out (Peng et al., 2019). In the present study, pairwise orthologs from different transcriptomes from 11 Pinus species were identified and used for estimation of evolutionary distance. Phylogenetic analysis showed that P. koraiensis, P. sibirica, and P. pumila in the present study belong to the same Pinus subsection (Strobus), displaying a close genetic relationship, consistent with the existing taxonomy. We observed that P. koraiensis and P. sibirica maintain relatively close genetic relationship compared with P. pumila. Similar results were reported in previous study of spatiotemporal evolution of global pines (Jin et al., 2021). Furthermore, in subgroup II, P. pumila and P. parviflora were divided into the same group of five-needle pines, which may correspond to the traits of short needles among them. The genetic relationships based on the EST-SSRs are highly consistent with the results of a neighbor-joining (NJ) tree inferred from chloroplast and mitochondrial DNA fragments in previous studies (Yang, 2014). As a whole, there is a close genetic relationship between P. koraiensis and P. sibirica, but their biological characteristics changed to adapt to variation in temperature, precipitation, and location.

Currently, there is limited genetic information available for the study of phenotypic variation, environmental adaptation, and evolution of these three pine species. In this study, we have systematically investigated the phenotypic and genetic differentiation of these three pine species combining morphological, climatic, and transcriptome data. These results provide new insights into gene evolution and contribute to the future genetic improvement of these three pine species.




DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://ngdc.cncb.ac.cn/search/?dbId=&q=PRJCA006786, PRJCA006786.



AUTHOR CONTRIBUTIONS

XZ, RS, and WM conceived and designed the research. XL and KC performed the experiments. QZ, HL, and XW analyzed the data. XL wrote the manuscript. MT and RS revised the manuscript. XZ provided the funding. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the Fundamental Research Funds for the Central Universities (No. 2572020AW07), the Fundamental Research Funds of Chinese Academy of Forestry (CAFYBB2020ZB003), the Innovation Project of State Key Laboratory of Tree Genetics and Breeding (Northeast Forestry University; No. 2021A01), and the Cooperative Forestry Science and Technology Project for the Zhejiang Province and Academy (No. 2021SY02).



ACKNOWLEDGMENTS

The authors would like to thank the members of the State Key Laboratory of Tree Genetics and Breeding for their assistance during laboratory works and for fruitful discussions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.795631/full#supplementary-material



FOOTNOTES

1http://www.worldclim.org

2http://www.diva-gis.org/

3https://github.com/GouXiangJian/SSRMMD

4https://github.com/OpenGene/fastp

5https://github.com/TransDecoder/TransDecoder/releases

6https://www.uniprot.org/

7http://pfam.xfam.org/

8https://www.omicsmart.com/



REFERENCES

 Alicandri, E., Paolacci, A. R., Osadolor, S., Sorgonà, A., Badiani, M., and Ciaffi, M. (2020). On the evolution and functional diversity of terpene synthases in the Pinus species: a review. J. Mol. Evol. 88, 253–283. doi: 10.1007/s00239-020-09930-8 

 Asao, S., Hayes, L., Aspinwall, M. J., Rymer, P. D., Blackman, C., Bryant, C. J., et al. (2020). Leaf trait variation is similar among genotypes of Eucalyptus camaldulensis from differing climates and arises in plastic responses to the seasons rather than water availability. New Phytol. 227, 780–793. doi: 10.1111/nph.16579 

 Ayijiamali, K., Wang, H. F., Bao, L., and Ge, J. P. (2013). Molecular proofs for genetic relationship between Pinus koraiensis and Pinus sibirica. J. Beijing Norm. Univ. Nat. Sci. 49, 599–602.

 Baker, E. A. G., Wegrzyn, J. L., Sezen, U. U., Falk, T., Maloney, P. E., Vogler, D. R., et al. (2018). Comparative transcriptomics among four white pine species. G3 8, 1461–1474. doi: 10.1534/g3.118.200257 

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176 

 Chen, C. J., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y. H., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009 

 Chen, F. Y., Zeng, K. W., Xiao, X. H., Zhao, G. Y., Zhao, B. S., and Liu, W. J. (1997). Consanguineous relationship of three species of sect. Cembre Spach of Pinus from Daxing’am mountians in China-a comparative study on the POD isonzyme zymogram. J. Northeast For. Univ. 25, 49–52.

 Chen, S. F., Zhou, Y. Q., Chen, Y. R., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560 

 Dong, W. L., Wang, R. N., Yan, X. H., Niu, C., and Li, Z. H. (2016). Characterization of polymorphic microsatellite markers in Pinus armandii (Pinaceae), an endemic conifer species to China. Appl. Plant Sci. 4:1600072. doi: 10.3732/apps.1600072 

 Emms, D. M., and Kelly, S. (2015). OrthoFinder: solving fundamental biases in whole genome comparisons dramatically improves orthogroup inference accuracy. Genome Biol. 16:157. doi: 10.1186/s13059-015-0721-2 

 Estelle, B., Isidore, D., Yolande, C., Renaud, D., Frédérique, B., Anis, D., et al. (2021). Genetic diversity of tomato response to heat stress at the QTL and transcriptome levels. Plant J. 107, 1213–1227. doi: 10.1111/tpj.15379 

 Fu, L. M., Niu, B. F., Zhu, Z. W., Wu, S. T., and Li, W. Z. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152. doi: 10.1093/bioinformatics/bts565 

 Gao, Z., Tong, Y. J., Zheng, C. C., Zhai, H., Yao, Y. X., and Du, Y. P. (2021). Dark inhibits leaf size by controlling carbohydrate and auxin catabolism in grape. Sci. Hortic. 288:110377. doi: 10.1016/j.scienta.2021.110377

 Gersony, J. T., Hochberg, U., Rockwell, F. E., Park, M., Gauthier, P. P. G., and Holbrook, N. M. (2020). Leaf carbon export and nonstructural carbohydrates in relation to diurnal water dynamics in mature oak trees. Plant Physiol. 183, 1612–1621. doi: 10.1104/pp.20.00426 

 Goeking, S. A., and Windmuller-Campione, M. A. (2021). Comparative species assessments of five-needle pines throughout the western United States. For. Ecol. Manag. 496:119438. doi: 10.1016/j.foreco.2021.119438

 Goroshkevich, S. N., Popov, A. G., and Vasilieva, G. V. (2013). Ecological and morphological studies in the hybrid zone between Pinus sibirica and Pinus pumila. Ann. For. Res. 51, 43–52.

 Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., et al. (2011). Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 29, 644–652. doi: 10.1038/nbt.1883 

 Guo, R., Bai, Z. Z., Zhou, J., Zhong, X. L., Gu, F. X., Liu, Q., et al. (2018). Tissue physiological metabolic adaptability in young and old leaves of reed (Phragmites communis) in Songnen grassland. Plant Physiol. Biochem. 128, 99–105. doi: 10.1016/j.plaphy.2018.05.012 

 Hu, Q., Wang, Q., Meng, Y., Tian, H., and Xiao, H. (2018). Comparative transcriptome reveal the potential adaptive evolutionary genes in Andrias davidianus. Hereditas 155:18. doi: 10.1186/s41065-018-0056-6 

 Jan, N., Martin, Č., Jeanne, R., Jan, S., Iñigo, S., Markéta, L., et al. (2021). Limited light intensity and low temperature: can plants survive freezing in light conditions that more accurately replicate the cold season in temperate regions? Environ. Exp. Bot. 190:104581. doi: 10.1016/j.envexpbot.2021.104581

 Jin, W. T., Gernandt, D. S., Wehenkel, C., Xia, X. M., Wei, X. X., and Wang, X. Q. (2021). Phylogenomic and ecological analyses reveal the spatiotemporal evolution of global pines. Proc. Natl. Acad. Sci. U. S. A. 118:e2022302118. doi: 10.1073/pnas.2022302118 

 Jin, Q., Guo, Y. T., Zhao, G. Y., Shi, D. Y., and Markku, R. (1998). Comparative study on the essential oils of needles from the three kinds of subsect cembrae of Pinus from Daxing'anling mountains in China. J. Northeast For. Univ. 26, 53–56.

 Koonin, E. V. (2005). Orthologs, paralogs, and evolutionary genomics. Annu. Rev. Genet. 39, 309–338. doi: 10.1146/annurev.genet.39.073003.114725 

 Lange, I., Lange, B. M., and Navarre, D. A. (2020). Altering potato isoprenoid metabolism increases biomass and induces early flowering. J. Exp. Bot. 71, 4109–4124. doi: 10.1093/jxb/eraa185 

 Li, L. Q., Deng, M. S., Lyu, C. C., Zhang, J., Peng, J., Cai, C. C., et al. (2020). Quantitative phosphoproteomics analysis reveals that protein modification and sugar metabolism contribute to sprouting in potato after BR treatment. Food Chem. 325:126875. doi: 10.1016/j.foodchem.2020.126875 

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

 Li, X., Li, Y., Zhao, M., Hu, Y., Meng, F., Song, X., et al. (2021). Molecular and metabolic insights into anthocyanin biosynthesis for leaf color change in chokecherry (Padus virginiana). Int. J. Mol. Sci. 22:10697. doi: 10.3390/ijms221910697 

 Liu, X. S., and Biondi, F. (2020). Transpiration drivers of high-elevation five-needle pines (Pinus longaeva and Pinus flexilis) in sky-island ecosystems of the north American great basin. Sci. Total Environ. 739:139861. doi: 10.1016/j.scitotenv.2020.139861 

 Liu, G. F., Dong, J. X., Jiang, Y., Lv, Y. F., Jiang, J., and Zhao, G. Y. (2005). Analysis of genetic relationship in 12 species of section Strobus with ISSR markers. J. For. Res. 16, 213–215. doi: 10.1007/BF02856817

 Liu, X. T., Wei, J. T., Wu, P. L., Wu, L., Xu, Q. S., Fang, Y. L., et al. (2021). Phenotypic variation and diversity of natural Pinus koraiensis populations in Jilin Province of northern China. J. Beijing For. Univ. 43, 25–34. doi: 10.12171/j.1000-1522.20200250

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 31–46. doi: 10.1186/s13059-014-0550-8 

 Mahmoud, S. S., Maddock, S., and Adal, A. M. (2021). Isoprenoid metabolism and engineering in glandular trichomes of Lamiaceae. Front. Plant Sci. 12:699157. doi: 10.3389/fpls.2021.699157 

 Niu, S. H., Li, Z. X., Yuan, H. W., Chen, X. Y., Li, Y., and Li, W. (2013). Transcriptome characterisation of Pinus tabuliformis and evolution of genes in the Pinus phylogeny. BMC Genomics 14:263. doi: 10.1186/1471-2164-14-263 

 Peng, M. J., Di, H. Z., Jing, H., Yi, L. T., Hu, C. J., and Wei, H. S. (2019). Identification, expression, and phylogenetic analyses of terpenoid biosynthesis-related genes in secondary xylem of loblolly pine (Pinus taeda L.) based on transcriptome analyses. PeerJ 7:e6124. doi: 10.7717/peerj.6124 

 Pulido, P., Perello, C., and Rodriguez-Concepcion, M. (2012). New insights into plant isoprenoid metabolism. Mol. Plant 5, 964–967. doi: 10.1093/mp/sss088 

 Shao, Z. H., Li, C. H., Zhang, C. G., and Zhou, D. (2000). Phenotypic analysis of peroxidase isozyme of four five-needle pines. Biotechnology 19–22. doi: 10.16519/j.cnki.1004-311x.2000.01.007

 Syring, J., Willyard, A., Cronn, R., and Liston, A. (2005). Evolutionary relationships among Pinus (Pinaceae) subsections inferred from multiple low-copy nuclear loci. Am. J. Bot. 92, 2086–2100. doi: 10.3732/ajb.92.12.2086 

 Tadjouate, N. R. D., Paul, N., Mbaveng, A. T., Simo, M. J. D., Mbahbou, B. G. T., Badawe, G., et al. (2021). Prenylated flavonoids and C-15 isoprenoid analogues with antibacterial properties from the whole plant of Imperata cylindrica (L.) Raeusch (Gramineae). Molecules 26:4717. doi: 10.3390/molecules26164717 

 Tong, Y. W., Tang, Y., Chen, H., Zhang, T., Zuo, J., Wu, J., et al. (2019). Phenotypic diversity of Pinus koraiensis populations in a seed orchard. Acta Ecol. Sin. 39, 6341–6348. doi: 10.5846/stxb201805161087

 Wang, F., Liang, D. Y., Pei, X. N., Zhang, Q. H., Zhang, P., Zhang, J. Q., et al. (2019). Study on the physiological indices of Pinus sibirica and Pinus koraiensis seedlings under cold stress. J. For. Res. 30, 1255–1265. doi: 10.1007/s11676-018-0833-0

 Wei, R., Yu, H. Y., Liu, L., Shen, F. Y., Zhou, X., Ye, T. Y., et al. (2018). Analysis of the growth traits and seed setting of Pinus pumila. J. Temp. For. Res. 1, 48–55.

 Wu, H. B., Yin, D. S., Rodríguez, C. J., Zhang, J. Y., Gil, L., Zhang, P., et al. (2021a). Cone-bearing effects on photosynthetic traits do not change with needle age in Pinus koraiensis trees. New For. 1–20. doi: 10.1007/s11056-021-09874-x

 Wu, H. B., Yin, D. S., Salomón, R. L., Rodríguez, C. J., Zhang, J. Y., Zhang, P., et al. (2021b). Cone-bearing branches of Pinus koraiensis are not carbon autonomous during cone development. Forests 12:1257. doi: 10.3390/f12091257

 Yang, C. (2014). Molecular Identification of Species from Pinus Sect. strobus [Master]. Lanzhou: Lanzhou university.

 Yang, J. W., Cooper, D. J., Zhang, X., Song, W. Q., Li, Z. S., Zhang, Y. D., et al. (2021). Climatic controls of Pinus pumila radial growth along an altitude gradient. New For. 1–17. doi: 10.1007/s11056-021-09858-x

 Yang, Q. Y., Shohag, M. J. I., Feng, Y., He, Z. L., and Yang, X. E. (2017). Transcriptome comparison reveals the adaptive evolution of two contrasting ecotypes of Zn/Cd hyperaccumulator Sedum alfredii hance. Front. Plant Sci. 8:425. doi: 10.3389/fpls.2017.00425 

 Yu, X. L., Wang, W. X., Yang, H., Ying, Z. X., Wang, D., and Tian, X. X. (2021). Transcriptome and comparative chloroplast genome analysis of Vincetoxicum versicolor: insights Into molecular evolution and phylogenetic implication. Front. Genet. 12:602528. doi: 10.3389/fgene.2021.602528 

 Zeb, U., Dong, W. L., Zhang, T. T., Wang, R. N., Shahzad, K., Ma, X. F., et al. (2020). Comparative plastid genomics of Pinus species: insights into sequence variations and phylogenetic relationships. J. Syst. Evol. 58, 118–132. doi: 10.1111/jse.12492

 Zhang, Y., Lin, L., Long, Y., Guo, H., Wang, Z., Cui, M., et al. (2019). Comprehensive transcriptome analysis revealed the effects of the light quality, light intensity, and photoperiod on phlorizin accumulation in Lithocarpus polystachyus Rehd. Forests 10:995. doi: 10.3390/f10110995

 Zhang, P., Wen, Y. X., Wang, L., Zhang, H., Wang, G. G., and Wu, T. G. (2020). Leaf structural carbohydrate decreased for Pinus thunbergii along coast–inland gradients. Forests 11:449. doi: 10.3390/f11040449

 Zhao, Y. J., Cao, Y., Wang, J., and Xiong, Z. (2018). Transcriptome sequencing of Pinus kesiya var. langbianensis and comparative analysis in the Pinus phylogeny. BMC Genomics 19:725. doi: 10.1186/s12864-018-5127-6 


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

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

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

OPS/images/fpls-13-795631-g005.jpg
) Grebomueta
i o
o
H
EH -
o
" S
= , =5
Fr—wa = . e,
(45 sois 10 s L —
@ {34) s2uaD Jo o2y -
o

Pinus pumila

Pinus sibirica

Size of each list

Pinus sibirica
Pinus pumila

Pinus koraiensis

Pinus koraiensis





OPS/images/fpls-13-795631-g006.jpg
Pinus elliottii

Pinus massoniana

L N ki

Pinus tabuliformis

[ Pinus armandi

Pinus morrisonicola

i

Pinus sibirica

Pinus parviflora

Tree scale: 0.01 +———

1I





OPS/images/fpls-13-795631-g003.jpg
PK_

P

/
4

vs_PP
I8

PK_vs_PS

Sice o each s

/W
Ty
/' a

o f/!/// 2 “/ i fl!!//
“wi

;f%ff}”

PP_vs_PS

photosyrihesis

homeosiatc process

hemical homeostasis

isoprencid metabaii process:

isoprencid biosynihetc process

respanso o meta ion-

metallon ransport

ER-assaciated ubiquiin-dependent protein catabolc process
Fosponso 1 ondoplasmic otculu siross-
ERAD pathway.

extemal encapsulaing sruciure organization
protsin maturation

cellwal organization

carbohycrate matabolc posess
polysaccharda matabolic process:
carbonycrate biosyntretcprocess-

cellar catabolic process

singlo-organism catabolc prosess-
catabolicprocess

cofactor matabolc process

carbohydrats biosyntheti process.
requlaton o anatomical siructure morphogenssis-
extemal encapsulating stucture organizaton-
collwal organization

monosaceharice melaboli process:

(ranslationsl ntiston

Planttype cal el arganization

carbon iation

educive pertose-phosphate cycle
protosynthesis dark eacton

colldar metabolc compound sabvage.

planiypo collwall organization or bioganosis-
polysaceharice metabolic procass
polysaceharida bosyrithelic process:

cellar lucen metabolc process

pigment metabolicprocess-

clucen metabolc process

collar polysaccharice metabolc process:
ollwall organization or bioganesis
ibonucieoprolsn complex suburitorganization

prosin phosphoriaton

carboryic acd cyce:

ciate metabolic process

porphyrin-containing compound catabolic process-
chlorophyl catabolc process

tetrapyoe catabolc process-

plament catabolc process.

cofactorcatabolic process.

rcarboxyic acd metaboli process-

dstonso rosponso-

osponse to aurin

respanse 10 stimulus-

porohyin-containing compound metabolc process
oot rospraon

response 10 giberelin:

chlorophyl metabolc process-

‘etrapytole metabolc process.

nogatie raguiaton of molecular fuscion

dstonse response t fungus-

aromatic compound catabolc process






OPS/images/fpls-13-795631-g004.jpg
SSR number

SSR number

450
400
350
300

413

% 7
I S0 47 46 42 38 35 33 3 29 29 28 27
M

D Cﬁ A

BS
Mam mouf m:e

O &
@‘f'«a&
S8

275

54 50
855 5 5 5w g0 gens

o
S LEFEEL TS LS
\‘-’ Oy.c«&dé 6(y><z,®0\ &00 5 vds@&
5 S
6‘ Lk v
Mam motlf!)« pe
300 1275
250
200
£
Rl B
S 100 B
. i 60
Z . 3250 50 41 4 40 37 36 35 35
0
C 8 T T EO S S S
SFEELS s
& FESEE o

Main motif type

= Dinucleotide
= Trinucleotide

= Tetranucleotide
= Pentanucleotide
= Hexanucleotides

I

SSR number

45678 9 0115 1617 18 192021 2223 24028
Repeats number
a Hoxanuclcotides

= Dinucleotide
= Trinucleotide

= Tetranucleotide
= Pentanucleotide

SSR number

Lln..-_ | ..

47567 8 9 0112131415 16 17 18 1920 21 22 23 2420
Repeats number

= Dinucleatide

= Trinucleotide

" Tetranucleotide
= pentanucleotide.
= Hexanucleotides

|

47576 78 9 01 12131415 16 17 18 1920 21 22 23 2452
Repeats number





OPS/images/fpls-13-795631-t002.jpg
Species

Pinus koraiensis
Pinus pumia
Pinus sibirica

Pinus armandi
Pinus squamata
Pinus parvifiora
Pinus mortisonicola
Pinus yunnanensis
Pinus elfotti

Pinus tabulformis
Pinus massoniana

Number of
needles per
fascicle

Five
Five
Five

Five

Five

Five

Five

Three

Two or three
Two

Two

Data source

lllumina
sequencing
lumina
sequencing
lllumina
‘sequencing
NCBI

NCBI

NCBI

NCBI

N8I

NCBI

NCBI

NCBI

Number of
unigenes

58,526
64,961
57,855

50,006
32,707
32314
70,078
74,407
43,454
58,530
134,048

Total assembled
bases (bp)

43,077,328
59,629,185
55,416,491

49,853,441
34,243,002
32,282,129
51,717,661
57,899,050
42,227,373
49,833,986
82,033,458

Mean length (bp)

736
917
957

843
1,046
999

778
o71
851
611

GC content (%)

Contig N50 (bp)





OPS/images/fpls-13-795631-g007.jpg





OPS/images/fpls-13-795631-t001.jpg
Species Population Location Sample size Latitude (N) Longitude (E) Attitude (m)
Pinus pumia ALS Genghe, China 30 51°4856.38" 122°0052.66" 13265
(W] Linjiang, China 30 41°42'05.39" 127°50'09.8 2,052
Pinus sibirica MG Genghe, China 30 52°1407.08" 121°46:27 8¢ 7034
KT kutsk, Russia 2 3 105°5416.6: 667
Pinus koraiensis s Yichun, China 30 128°5512 231
MES Shangzhi, China 30 45°1622" 127°3014.40" 536





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Morphological and Comparative Transcriptome Analysis of Three Species of Five-Needle Pines: Insights Into Phenotypic Evolution and Phylogeny



		Introduction



		Materials and Methods



		Plant Materials



		Collection of Climate Data



		Identification of SSRs



		Transcriptome Sequencing and Data Processing



		Orthologs and Phylogeny of Eleven Pinus Species









		Results



		Phenotypic Differentiation of Needle Traits of Three Five-Needle Pines



		Correlation of Needle Traits and Climate Factors



		Transcriptome Sequencing and de novo Assembly



		Identification and Distribution of SSRs



		Ortholog Identification and Functional Characterization of the Three Five-Needle Pine Species



		Phylogenetic Analyses









		Discussion



		Phenotypic Variation and Environmental Adaptation of Three Five-Needle Pines



		The Mechanisms of Adapting to Habitat Conditions



		Identification of Evolutionary Status









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References



















OPS/images/fpls-13-795631-g001.jpg
A B
£
i e gy
13 © Pinus sibirica || £
e T "
e e crres
o T e st s Pirus i
c
140 a E 1
a 0 a
120 1 b b Wi a
c ¢ b
€06 c
7 ¢ ¢ &
£ Lo
E £ 04
2 303
%02
o o1
o o
18 MEs MG KT ALS L s MES MG KT ALS 5] LS MES. MG KT ALS u
Pohorsensis Psibirica P punila Pkoiensis  Posbirica P pumila P koraiensis P.sibirica P pumila
F oy, a ) i
al
1 b " g N a
“rb b b b p
b ab ab i
Zis I I I I I I
!
0s
. o
L s Mo e as L s M MG KT As U s ms Mo ms w
P T P, PN P gl N T





OPS/images/fpls-13-795631-g002.jpg
it
e

T

i it s

do o S yﬁww‘wﬁ;&&vy‘ v*;»*:m &





OPS/images/fpls-13-795631-t003.jpg
Species Proteins Clusters Singletons
Pinus koraiensis 18,221 18,487 3,808
Pinus pumia 21,854 16,787 3,720
Pinus sibirica 19,337 16,523 2632
Pinus armandii 19,532 15,517 2,833
Pinus squamata 17,259 14,210 1,866
Pinus parvifora 15,741 18,284 1,530
Pinus 27,302 16,383 7,082
morrisonicola

Pinus yunnanensis 20,826 16,786 2,955
Pinus elotti 17,626 14,664 2221
Pinus tabulformis 18514 16,528 2119
Pinus massoniana 23,200 17,367 4673





OPS/images/cover.jpg
? frontiers
in Plant Science

Morphological and Comparative
Transcriptome Analysis of Three
Species of Five-Needle Pines:
Insights Into Phenotypic Evolution
and Phylogeny









OPS/images/crossmark.jpg
©

2

i

|





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





