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Abstract

:

Poplars are widely distributed in the northern hemisphere and have good adaptability to different living environments. The accumulation of genome and transcriptome data provides a chance to conduct comparative genomics and transcriptomics analyses to elucidate the evolutionary patterns of Populus phylogeny. Transcript sequences of eight Salicaceae species were downloaded from public databases. All of the pairwise orthologues were identified by comparative transcriptome analysis in these species, from which we constructed a phylogenetic tree and estimated the rate of divergence. The divergence times of the phylogenetic clades were mainly estimated during the Middle Miocene Climate Transition (MMCT) to Quaternary Ice Age. We also identified all of the fast-evolving sequences of positive selection and found some resistance genes that were related to environmental factors. Our results suggest that drought-, H2O2- and cold-stress genes are involved in positive selection along with the paleoclimate change. These data are useful in elucidating the evolutionary patterns and causes of speciation in the Populus lineage.
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1. Introduction


Poplars (Genus Populus) are widely distributed in the northern hemisphere, ranging from subtropical to northern forests and are the most important source of wood in forests. Populus has become an excellent model plant along with the completion of genome projects Populus trichocarpa Torr. & A.Gray ex. Hook. [1], Populus euphratica Oliv. [2] and Populus pruinosa Schrenk [3]. Several studies have focused on this genus, particularly with regard to its phylogenetic relationships [4,5], origin and speciation [6,7,8]; the timing of diversification events [9,10,11]; and environmental stress tolerance [12,13]. However, no study explains how poplars have adapted to various climates during its long evolutionary history.



Transcriptome sequencing can rapidly and economically obtain all of the RNA information of organisms at one time, thus playing an important role in identifying molecular markers and functional genes for biology research [14,15]. As the transcriptomes of more species have been generated, comparative transcriptomics has received more attention from researchers [16,17,18,19,20]. Comparative transcriptomics can explain the phylogenetic relationships based on multiple species, as well as determine the functional differences between orthologous genes after species divergence in different living environments.



In this study, the transcript sequences of seven Populus and one Salix species were downloaded from public databases (Table 1). Comparative genomics and transcriptomics were subsequently analyzed in eight Salicaceae species. A number of positive selection genes were found to be related to environmental factors in the Populus lineage.




2. Materials and Methods


2.1. Data Sources


To elucidate the evolutionary pattern of orthologues, the transcript sequences of seven Populus and one Salix (out-group) species were downloaded from the public databases (Table 1). Sequences of P. nigra [21], P. deltoides, P. tremula and P. tremuloides were obtained from PlantGDB [22] and sequence read archive (SRA) of national center for biotechnology information (NCBI) database. The cDNA sequences of P. trichocarpa (v3.1) [1], P. euphratica [2], P. pruinosa [3], and S. purpurea (v1.0) were downloaded from genome projects of GigaDB [23], NCBI and the United States department of energy joint genome institute (JGI) [24]. SRA datasets with FASTQ format were filtered to remove raw reads of low quality. Transcriptome assembly was achieved using the short-read assembly program Trinity (version 2.3) [25]. The assembled transcripts (≥300 bp) and expressed sequence tag (EST) sequences of PlantGDB were combined; Coding sequences (CDS) with amino acid sequences (≥50 bp) were extracted by OrfPredictor [26] and clustered with CD-HIT-EST (version 4.0) [27,28]. Sequences with a clustering threshold of0.95 were divided into one class, and the longest sequence of each class was treated as a unigene during later processing.




2.2. Identification of Orthologues among Eight Salicaceae Species


OrthoFinder software (version 2.3.1) [29] was used to identify the putative orthologues among the eight species. Single copy sequences between every pair-wise species were then used to estimate the substitution rates in the subsequent analyses. Single copy sequences shared among all eight species were used to construct the phylogenic tree. The annotations obtained from the NCBI Non-redundant protein database (Nr) were processed through the BLAST2GO program (version 4.0) [30] to obtain relevant Gene Ontology (GO) terms and these were then analyzed by Web Gene Ontology Annotation Plot (WEGO) software (version 2.0) [31] to assign a GO functional classification and illustrate the distribution of the gene functions. A heatmap of orthologues was drawn using the R language (version 3.0).




2.3. Estimation of Synonymous and Non-Synonymous Substitution Rates


To remove the unigenes without open reading frames, pairwise orthologues were searched against plant protein sequences of GenBank using basic local alignment search tool (BLASTX) as previously described [32]. Clustalw software (version 2.1) [33] was used to align the filtered pairwise orthologues, and the output files were formatted to the NUC format for subsequent analysis. The rates of synonymous substitutions (Ka) and non-synonymous substitutions (Ks) were estimated using phylogenetic analysis by maximum likelihood (PAML) software (version 4.7) [34]. Using the fossil calibrations 45 million years ago (Mya) of genera Salix and Populus [10,11], the rate of substitution (r) was calculated based on the formula (T = K/2r, T is the time of divergence and K is the rate of non-synonymous substitutions Ks) and the average Ks value 0.121 between Salix and Populus.




2.4. Phylogenetic Analysis


There were still some inconsistencies in the phylogenetic relationship in previous studies [4,5]. Single copy genes by OrthoFinder were aligned by multiple sequence comparison by log-expectation (Muscle, version 3.8) [35] and formated by Gblock [36]; the maximum-likelihood method was used to build the phylogenetic tree by molecular evolutionary genetics analysis (MEGA, version 6) [37] (bootstrap is 1000 and Kimura 2-parameter model). S. purpurea was used as an outgroup to root trees.





3. Results


3.1. Transcript Sequences of Eight Salicaceae Species


There were 35,447; 35,395; 54,527; and 37,290 annotated genes in the genomes of P. trichocarpa, P. pruinosa, P. euphratica, and S. purpurea, respectively. These genes respectively made up a total of 37 Mb, 41 Mb, 74 Mb, and 44 Mb cDNA sequences with Contig N50 of 1500 bp, 1668 bp, 1785 bp, and 1581 bp. More than 8153 (23%), 8849 (25%), 16,903 (31%), and 8950 (24%) cDNAs had the length of >1500 bp in P. trichocarpa, P. pruinosa, and S. purpurea (Figure 1). In contrast, there were 62,740; 42,207; 50902; and 45,263 unigenes in the transcriptomes of P. nigra, P. deltoides, P. tremula, and P. tremuloides, which respectively made up a total of 55 Mb, 36 Mb, 40 Mb, and 38 Mb sequences, with Contig N50 of 1344 bp, 1285 bp, 1167 bp, and 1251 bp. In addition, more than 8156 (13%), 5064 (12%), 5090 (10%), and 5431 (12%) unigenes had the length of >1600 bp in the transcriptomes of P. nigra, P. deltoides, P. tremula, and P. tremuloides.




3.2. Orthologue Identification and Functional Characterization among Eight Salicaceae Species


All of the pairwise orthologues were identified by the comparative analysis of eight Salicaceae species (Table 2). The results showed that P. trichocarpa has the highest average number (8198) of orthologous genes, whereas P. tremuloides has the lowest average number (5148). The highest number of orthologous genes (9687) was observed between P. trichocarpa and P. pruinosa, whereas the lowest (4339) was detected between P. tremuloide and S. purpurea. One-thousand-eight-hundred-and-thirty-five shared orthologues were found among the eight Salicaceae species (Figure 2). The orthologues were functionally annotated using GO terms (Table S1 and Figure S1), and 339 orthologues were involved in biological processes (218), cellular components (113) and molecular functions (273).




3.3. Phylogenetic Analysis and Divergence Time


Using S. purpurea as the outgroup, phylogenetic reconstruction of Populus was conducted based on 1835 orthologous transcripts using the maximum likelihood (ML) method (Figure 3). The observed phylogenetic relationship is highly consistent with the phylogenetic tree obtained from single-copy DNA sequences of a previous study [4].



The genetic distance of species was related to the synonymous mutation rate, which was calculated using the orthologous genes, so the synonymous mutation rates of all of the pairs of orthologues were estimated in the eight Salicaceae species (Table 2). The minimum Ks peak is about 0.01 between P. tremula and P. tremuloides and between P. euphratica and P. pruinasa. In addition, P. tricocarpa has a Ks peak (0.02) with P. nigra and P. deltoides; 0.04 Ks peak with P. tremula, P. tremuloides, P. euphratica and P. pruinasa; and the highest Ks peak 0.11 with the outgroup S. purpurea (Figure 4).



In the phylogenetic tree, the average Ks value is 0.121 between the genera Populus and Salix (calculated by Table 2), which is highly consistent with the value of 0.12 in previous studies [9]. Based on existing fossil evidence, the divergence time of the genera Salix and Populus was about 45 million years old (Mya) in the middle Eocene sediments [10,11]. With this time as the separation of the two lineages and K = 0.121, the rate of substitution (r) was calculated to about 1.29 × 10−9 per site and year, which is very close to the previous value of 1.28 × 10−9 [9].



Phylogenetic reconstruction of genus Populus, mainly consists of four sections, namely, Turanga, Populus, Aigeiros, and Tacmahaca. Using the fossil calibrations (45 Mya) of genera Salix and Populus [10,11], the divergence times were estimated to be about 19.9 Mya, 18.9 Mya, and 10.0 Mya, respectively, corresponding to the three separated nodes in the Populus phylogeny. The minimum divergence time was about 9.4 Mya between P. nigra and P. deltoides; P. tremula and P. tremuloides; and P. euphratica and P. pruinasa.




3.4. Evolutionary Pattern of Populus spp. Genes


The Ka/Ks rate of orthologous genes could reflect the evolutionary pattern of species. Ka/Ks > 1 indicates that the gene underwent positive selection during evolution. The fast-evolving sequences of positive selection were identified in the genus Populus (Table 3), and some resistance genes were found to be related to environmental factors (Table 4).



In section Populus, 301 positively selected genes were identified between P. tremula and P. tremuloides, which included one salt stress gene (Nr annotation: P93209.1) by producing the 14–3–3 protein [38,39,40], one drought stress gene (Nr annotation: BAB68268.1) by producing the drought inducible 22 kD protein, and one light stress gene (Nr annotation: NP_565524.1) by producing the SEP protein.



Among various sections, P. tricocarpa of section Tacmahaca identified 523 and 555 positively selected genes with P. nigra and P. deltoides of section Aigeiros, and the cold stress gene (Nr annotation: NP_849749.1) and salt stress gene (Nr annotation: P42652.1) were found between them by producing high responses to osmotic stress [41,42] and 14–3–3 proteins. P. tremula of section Populus harbored 482, 285 and 148 positively selected genes with P. tricocarpa, P. deltoides and P. pruinasa, which included drought stress genes (Nr annotation: AAD11484.1 and NP_566843.1) by producing peroxidase [43,44,45] and SNF1 kinase proteins [46,47]. H2O2 stress genes (Nr annotation: AAG34804.1 and BAC92738.1) were found to be involved in the positive selection between section Turanga (P. euphratica and P. pruinasa) and the other three sections (P. tricocarpa, P. deltoides and P. tremula). These genes produce glutathione S-transferase [48,49] and cytosolic ascorbate peroxidase [50,51,52].





4. Discussion


4.1. Paleoclimate Changes during the Divergence of Populus Phylogeny


The divergence time of the genera Populus and Salix was about 45 Mya in the middle of the Paleogene period (66–23 Mya) [53,54,55]. During the Paleogene period, the global climate went against the hot and humid conditions of the late Mesozoic era and began a cooling and drying trend [56]. As the Earth cooled, tropical plants were restricted to equatorial regions and decreased in number. Deciduous plants became more common as these could survive seasonal climates, during which Populus and Salix diverged.



Miocene (23–5 Mya) was the main period of section divergence in the Populus phylogeny (Figure 3). The divergence times of the four sections Turanga, Populus, Aigeiros and Tacmahaca were respectively 19.9 Mya, 18.9 Mya and 10.0 Mya, corresponding to the beginning and end of the Miocene period. During this period, the climate slowly cooled towards a series of the ice age. Although a long-term cooling trend was well underway, there is evidence of a warm period from 21 to 14 Mya, which was named the Middle Miocene Climate Transition (MMCT) [56], during which sections Turanga and Populus diverged (19.9 and 18.9 Mya). Then, global temperatures decreased and some species became extinct by 14 Mya [57,58,59]; thus plants and animals had to migrate or adapt to survive. In particular, the climate sharply cooled by 8 Mya and this formed the Quaternary Ice Age (2.6–0.1 Mya) [60]. The climate change during the MMCT to Quaternary Ice Age may play an important role in the divergence of the Populus phylogeny.




4.2. H2O2-, Drought-Stress Genes and Speciation of Sections Turanga and Populus


The divergence times of sections Turanga and Populus were about 19.9 Mya and 18.9 Mya during the MMCT, during which the climate was warming. P. euphratica and P. pruinasa of section Turanga are mainly distributed in the deserts of Northern Africa and western China (Table S2). In previous studies, comparisons of the transcriptomes of P. euphratica and P. pruinasa suggest that these may have caused enough genetic divergence and helped them to adapt to these different desert habitats [12,13]. Our results show that the H2O2 stress gene was generally identified to be involved in positive selection between section Turanga and the other three sections. The H2O2 stress gene can help plants develop abiotic resistance to adapt to the complex environment. It is suggested that selective evolution of H2O2 stress genes should play an import role in the speciation of section Turanga. Meanwhile, P. tremula and P. tremuloides of section Populus are mainly distributed in the cooler and drought region of Northern America, Europe and Asia (Table S2). Our results show that drought stress genes are involved in positive selection between P. tricocarpa (section Tacmahaca) and P. tremula (section Populus), and P. deltoides (section Aigeiros) and P. tremula (section Populus). Speciation of the section Populus might be related to selective evolution of the drought stress genes during the MMCT.




4.3. Cold-, Salt-Stress Genes and Speciation of Sections Tacmahaca, Aigeiros


Previous research had suggested that Pleistocene (1.8–0.1 Mya) glacial cycles acted as drivers of speciation of Populus balsamifera and P. tricocarpa [8]. The same results were found in Amborella trichopoda, that two main genetic groups of Amborella were shaped by the divergence of two ancestral populations during the last glacial maximum [61]. In our work, cold stress genes were found to be involved in positive selection between P. nigra (section Aigeiros) and P. tricocarpa (section Tacmahaca), and P. deltoides (section Aigeiros) and P. tricocarpa (section Tacmahaca). In addition, their divergence time was about 10.0 Mya–9.4 Mya at the beginning of cooling period. Our results show that the start time affected by the cooling climate may be earlier than the Quaternary Ice Age (2.6–0.1 Mya) during the divergence of the Populus phylogeny. P. tricocarpa of section Tacmahaca was mainly distributed in coastal western North America. Our results show that salt stress genes were involved in positive selection between P. tricocarpa and P. nigra, between P. tricocarpa and P. deltoides. This may be related to different geographical distribution of these Populus species.





5. Conclusions


In this study, we completed the comparative analysis based on transcript sequences of eight Salicaceae species from public databases. All the pairwise orthologues were identified in these species, from which we constructed a phylogenetic tree and estimated the rate of substitutions. The divergence times were estimated by the comparative transcriptomic analysis, and this suggested the speciation of Populus was involved in the period from the MMCT to Quaternary Ice Age. Furthermore, a number of positive selection genes were found to be related to environmental factors. In particular, cold-, salt-, drought- and H2O2-stress genes may be the driving force of species formation in the Populus phylogeny. The study shows that the paleoclimate change and selective evolution played an important role in the divergence of Populus phylogeny.








Supplementary Materials


The following are available online at http://www.mdpi.com/1999-4907/10/2/163/s1. Table S1. GO annotation of shared orthologues in eight Salicaceae species, Table S2. Main geograhoical distribution of seven Populus, Figure S1. GO classes of shared orthologues in eight Salicaceae species, File S1. Sequences of 1835 shared orthologues in eight Salicaceae species, File S2. Sequences of resistance genes in genus Populus.





Author Contributions


Conceptualization, Y.-j.Z.; analysis, Y.-j.Z. and C.-z.H.; validation, Y.C. and H.Z.; writing—original draft preparation, Y.-j.Z.; writing—review and editing, Y.C. and H.Z.; funding acquisition, C.-z.H.




Funding


This research was funded by Project of National Natural Science Foundation (31560211).




Acknowledgments


We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tuskan, G.A.; DiFazio, S.; Jansson, S.; Bohlmann, J.; Grigoriev, I.; Hellsten, U.; Putnam, N.; Ralph, S.; Rombauts, S.; Salamov, A.; et al. The genome of black cottonwood, Populus trichocarpa (Torr. & Gray). Science 2006, 313, 1596–1604. [Google Scholar]

	



Ma, T.; Wang, J.; Zhou, G.; Yue, Z.; Hu, Q.; Chen, Y.; Liu, B.; Qiu, Q.; Wang, Z.; Zhang, J.; et al. Genomic insights into salt adaptation in a desert poplar. Nat. Commun. 2013, 4, 2797. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yang, W.; Wang, K.; Zhang, J.; Ma, J.; Liu, J.; Ma, T. The draft genome sequence of a desert tree Populus pruinosa. Gigascience 2017, 6, gix075. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Du, S.; Dayanandan, S.; Wang, D.; Zeng, Y.; Zhang, J. Phylogeny reconstruction and hybrid analysis of Populus (Salicaceae) based on nucleotide sequences of multiple single-copy nuclear genes and plastid fragments. PLoS ONE 2014, 9, e103645. [Google Scholar] [CrossRef] [PubMed]

	



Hamzeh, M.; Dayanandan, S. Phylogeny of Populus (Salicaceae) based on nucleotide sequences of chloroplast trnT-trnF region and nuclear rDNA. Am. J. Bot. 2004, 91, 1398–1408. [Google Scholar] [CrossRef] [PubMed]

	



Du, S.; Wang, Z.; Ingvarsson, P.K.; Wang, D.; Wang, J.; Wu, Z.; Tembrock, L.R.; Zhang, J. Multilocus analysis of nucleotide variation and speciation in three closely related Populus (Salicaceae) species. Mol. Ecol. 2015, 24, 4994–5005. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, Z.; Shao, W.; Ye, Z.; Zhang, J. Phylogenetic and taxonomic status analyses of the Abaso section from multiple nuclear genes and plastid fragments reveal new insights into the North America origin of Populus (Salicaceae). Front. Plant Sci. 2017. [Google Scholar] [CrossRef]

	



Levsen, N.D.; Tiffin, P.; Olson, M.S. Pleistocene speciation in the genus Populus (salicaceae). Syst. Biol. 2012, 61, 401–412. [Google Scholar] [CrossRef]

	



Berlin, S.; Lagercrantz, U.; von Arnold, S.; Öst, T.; Rönnberg-Wästljung, A.C. High-density linkage mapping and evolution of paralogs and orthologs in Salix and Populus. BMC Genom. 2010, 11, 129. [Google Scholar] [CrossRef]

	



Manchester, S.R.; Judd, W.S.; Handley, B. Foliage and fruits of early Poplars (Salicaceae: Populus) from the Eocene of Utah, Colorado, and Wyoming. Int. J. Plant Sci. 2006, 167, 897–908. [Google Scholar] [CrossRef]

	



Boucher, L.D.; Manchester, S.R.; Judd, W.S. An extinct genus of Salicaceae based on twigs with attached flowers, fruits, and foliage from the Eocene Green River Formation of Utah and Colorado, USA. Am. J. Bot. 2003, 90, 1389–1399. [Google Scholar] [CrossRef][Green Version]

	



Zhang, J.; Xie, P.; Lascoux, M.; Meagher, T.R.; Liu, J. Rapidly evolving genes and stress adaptation of two desert poplars, Populus euphratica and P. pruinosa. PLoS ONE 2013, 8, e66370. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Feng, J.; Lu, J.; Yang, Y.; Zhang, X.; Wan, D.; Liu, J. Transcriptome differences between two sister desert poplar species under salt stress. BMC Genom. 2014, 15, 337. [Google Scholar] [CrossRef] [PubMed]

	



Vendramin, E.; Dettori, M.T.; Giovinazzi, J.; Micali, S.; Quarta, R.; Verde, I. A set of EST-SSRs isolated from peach fruit transcriptome and their transportability across Prunus species: Primer note. Mol. Ecol. Notes 2007, 7, 307–310. [Google Scholar] [CrossRef]

	



Wang, H.; Jiang, J.; Chen, S.; Qi, X.; Peng, H.; Li, P.; Song, A.; Guan, Z.; Fang, W.; Liao, Y.; et al. Next-generation sequencing of the Chrysanthemum nankingense (Asteraceae) transcriptome permits large-scale unigene assembly and SSR marker discovery. PLoS ONE 2013, 8, e62293. [Google Scholar] [CrossRef] [PubMed]

	



Niu, S.H.; Li, Z.X.; Yuan, H.W.; Chen, X.Y.; Li, Y.; Li, W. Transcriptome characterisation of Pinus tabuliformis and evolution of genes in the Pinus phylogeny. BMC Genom. 2013, 14, 263. [Google Scholar] [CrossRef] [PubMed]

	



Koenig, D.; Jimenez-Gomez, J.M.; Kimura, S.; Fulop, D.; Chitwood, D.H.; Headland, L.R.; Kumar, R.; Covington, M.F.; Devisetty, U.K.; Tat, A.V.; et al. Comparative transcriptomics reveals patterns of selection in domesticated and wild tomato. Proc. Natl. Acad. Sci. USA 2013, 110, E2655–E2662. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Davidson, R.M.; Gowda, M.; Moghe, G.; Lin, H.; Vaillancourt, B.; Shiu, S.H.; Jiang, N.; Buell, C.R. Comparative transcriptomics of three Poaceae species reveals patterns of gene expression evolution. Plant J. 2012, 71, 492–502. [Google Scholar] [CrossRef]

	



Liu, T.; Tang, S.; Zhu, S.; Tang, Q.; Zheng, X. Transcriptome comparison reveals the patterns of selection in domesticated and wild ramie (Boehmeria nivea L. Gaud). Plant Mol. Biol. 2014, 86, 85–92. [Google Scholar] [CrossRef]

	



Zhao, Y.; Cao, Y.; Wang, J.; Xiong, Z. Transcriptome sequencing of Pinus kesiya var. langbianensis and comparative analysis in the Pinus phylogeny. BMC Genom. 2018, 19, 725. [Google Scholar] [CrossRef]

	



Rogier, O.; Chateigner, A.; Amanzougarene, S.; Lesage-Descauses, M.-C.; Balzergue, S.; Brunaud, V.; Caius, J.; Soubigou-Taconnat, L.; Jorge, V.; Segura, V. Accuracy of RNAseq based SNP discovery and genotyping in Populusnigra. BMC Genomics 2018, 19, 909. [Google Scholar] [CrossRef] [PubMed]

	



Duvick, J.; Fu, A.; Muppirala, U.; Sabharwal, M.; Wilkerson, M.D.; Lawrence, C.J.; Lushbough, C.; Brendel, V. PlantGDB: A resource for comparative plant genomics. Nucleic Acids Res. 2008, 36, D959–D965. [Google Scholar] [CrossRef] [PubMed]

	



Sneddon, T.P.; Zhe, X.S.; Edmunds, S.C.; Li, P.; Goodman, L.; Hunter, C.I. GigaDB: Promoting data dissemination and reproducibility. Database 2014, 2014, bau018. [Google Scholar] [CrossRef] [PubMed]

	



Nordberg, H.; Cantor, M.; Dusheyko, S.; Hua, S.; Poliakov, A.; Shabalov, I.; Smirnova, T.; Grigoriev, I.V.; Dubchak, I. The genome portal of the Department of Energy Joint Genome Institute: 2014 updates. Nucleic Acids Res. 2014, 42, D26–D31. [Google Scholar] [CrossRef] [PubMed]

	



Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.; et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644–652. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Min, X.J.; Butler, G.; Storms, R.; Tsang, A. OrfPredictor: Predicting protein-coding regions in EST-derived sequences. Nucleic Acids Res. 2005, 33, W677–W680. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 2006, 22, 1658–1659. [Google Scholar] [CrossRef]

	



Huang, Y.; Niu, B.; Gao, Y.; Fu, L.; Li, W. CD-HIT Suite: A web server for clustering and comparing biological sequences. Bioinformatics 2010, 26, 680–682. [Google Scholar] [CrossRef]

	



Emms, D.M.; Kelly, S. OrthoFinder2: Fast and accurate phylogenomic orthology analysis from gene sequences. BioRxiv 2018. [Google Scholar] [CrossRef]

	



Conesa, A.; Götz, S.; García-Gómez, J.M.; Terol, J.; Talón, M.; Robles, M. Blast2GO: A universal tool for annotation, visualization and analysis in functional genomics research. Bioinformatics 2005, 21, 3674–3676. [Google Scholar] [CrossRef]

	



Ye, J.; Fang, L.; Zheng, H.; Zhang, Y.; Chen, J.; Zhang, Z.; Wang, J.; Li, S.; Li, R.; Bolund, L.; et al. WEGO: A web tool for plotting GO annotations. Nucleic Acids Res. 2006, 34, W293–W297. [Google Scholar] [CrossRef] [PubMed]

	



Blanc, G.; Wolfe, K.H. Widespread paleopolyploidy in model plant species inferred from age distributions of duplicate genes. Plant Cell 2004, 16, 1667–1678. [Google Scholar] [CrossRef] [PubMed]

	



Larkin, M.; Blackshields, G.; Brown, N.; Chenna, R.; McGettigan, P.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.; Lopez, R.; et al. ClustalW and ClustalX version 2.0. Bioinformatics 2007, 23, 2947–2948. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 2007, 24, 1586–1591. [Google Scholar] [CrossRef] [PubMed]

	



Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32, 1792–1797. [Google Scholar] [CrossRef] [PubMed]

	



Castresana, J. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Mol. Biol. Evol. 2000, 17, 540–552. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 2013, 30, 2725–2729. [Google Scholar] [CrossRef]

	



Tian, F.; Wang, T.; Xie, Y.; Zhang, J.; Hu, J. Genome-wide identification, classification, and expression analysis of 14-3-3 gene family in Populus. PLoS ONE 2015, 10, e0123225. [Google Scholar] [CrossRef]

	



Zhou, H.; Lin, H.; Chen, S.; Becker, K.; Yang, Y.; Zhao, J.; Kudla, J.; Schumaker, K.S.; Guo, Y. Inhibition of the Arabidopsis salt overly sensitive pathway by 14-3-3 proteins. Plant Cell 2014, 26, 1166–1182. [Google Scholar] [CrossRef]

	



Tan, T.; Cai, J.; Zhan, E.; Yang, Y.; Zhao, J.; Guo, Y.; Zhou, H. Stability and localization of 14-3-3 proteins are involved in salt tolerance in Arabidopsis. Plant Mol. Biol. 2016, 92, 391–400. [Google Scholar] [CrossRef]

	



Wang, K.; Bai, Z.Y.; Liang, Q.Y.; Liu, Q.L.; Zhang, L.; Pan, Y.Z.; Liu, G.L.; Jiang, B.B.; Zhang, F.; Jia, Y. Transcriptome analysis of chrysanthemum (Dendranthema grandiflorum) in response to low temperature stress. BMC Genom. 2018, 19, 319. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Zhang, L.; Shi, C.; Zhao, L.; Cui, D.; Chen, F. Identification of proteins using iTRAQ and VIGS reveals three bread wheat proteins involved in the response to combined osmotic-cold stress. J. Proteome Res. 2018, 17, 2256–2281. [Google Scholar] [CrossRef] [PubMed]

	



Phimchan, P.; Chanthai, S.; Bosland, P.W.; Techawongstien, S. Enzymatic changes in phenylalanine ammonia-lyase, cinnamic-4-hydroxylase, capsaicin synthase, and peroxidase activities in Capsicum under drought stress. J. Agric. Food Chem. 2014, 62, 7057–7062. [Google Scholar] [CrossRef] [PubMed]

	



Kausar, R.; Hossain, Z.; Makino, T.; Komatsu, S. Characterization of ascorbate peroxidase in soybean under flooding and drought stresses. Mol. Biol. Rep. 2012, 39, 10573–10579. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L. Physiological and molecular responses to drought stress in rubber tree (Hevea brasiliensis Muell. Arg.). Plant Physiol. Biochem. 2014, 83, 243–249. [Google Scholar] [CrossRef] [PubMed]

	



Nakashima, K.; Yamaguchi-Shinozaki, K.; Shinozaki, K. The transcriptional regulatory network in the drought response and its crosstalk in abiotic stress responses including drought, cold, and heat. Front. Plant Sci. 2014, 5, 170. [Google Scholar] [CrossRef] [PubMed]

	



Khodadadi, E.; Fakheri, B.A.; Aharizad, S.; Emamjomeh, A.; Norouzi, M.; Komatsu, S. Leaf proteomics of drought-sensitive and -tolerant genotypes of fennel. Biochim. Biophys. Acta Proteins Proteom. 2017, 1865, 1433–1444. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Yan, M.; Yang, J.; Raman, I.; Du, Y.; Min, S.; Fang, X.; Mohan, C.; Li, Q.Z. Glutathione S-transferase Mu 2-transduced mesenchymal stem cells ameliorated anti-glomerular basement membrane antibody-induced glomerulonephritis by inhibiting oxidation and inflammation. Stem Cell Res. Ther. 2014, 5, 19. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chu, G.; Li, Y.; Dong, X.; Liu, J.; Zhao, Y. Role of NSD1 in H2O2-induced GSTM3 suppression. Cell Signal 2014, 26, 2757–2764. [Google Scholar] [CrossRef] [PubMed]

	



Sofo, A.; Scopa, A.; Nuzzaci, M.; Vitti, A. Ascorbate peroxidase and catalase activities and their genetic regulation in plants subjected to drought and salinity stresses. Int. J. Mol. Sci. 2015, 16, 13561–13578. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhang, Q.; Wu, J.; Zheng, X.; Zheng, S.; Sun, X.; Qiu, Q.; Lu, T. Gene knockout study reveals that cytosolic ascorbate peroxidase 2(OsAPX2) plays a critical role in growth and reproduction in rice under drought, salt and cold Stresses. PLoS ONE 2013, 8, e57472. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimura, K.; Yabuta, Y.; Ishikawa, T.; Shigeoka, S. Expression of spinach ascorbate peroxidase isoenzymes in response to oxidative stresses. Plant Physiol. 2000, 123, 223–234. [Google Scholar] [CrossRef] [PubMed]

	



Naafs, B.D.A.; Rohrssen, M.; Inglis, G.N.; Lähteenoja, O.; Feakins, S.J.; Collinson, M.E.; Kennedy, E.M.; Singh, P.K.; Singh, M.P.; Lunt, D.J.; et al. High temperatures in the terrestrial mid-latitudes during the early Palaeogene. Nat. Geosci. 2018, 11, 766–771. [Google Scholar] [CrossRef]

	



Jenkyns, H.C.; Weedon, G.P. Evidence for rapid climate change in the Mesozoic-Palaeogene greenhouse world. Philos. Trans. A Math. Phys. Eng. Sci. 2003, 361, 1885–1916. [Google Scholar] [CrossRef] [PubMed]

	



Contreras, L.; Pross, J.; Bijl, P.K.; O’Hara, R.B.; Raine, J.I.; Sluijs, A.; Brinkhuis, H. Southern high-latitude terrestrial climate change during the Palaeocene-Eocene derived from a marine pollen record (ODP Site 1172, East Tasman Plateau). Clim. Past 2014, 10, 1401–1420. [Google Scholar] [CrossRef]

	



Zachos, J.; Pagani, H.; Sloan, L.; Thomas, E.; Billups, K. Trends, rhythms, and aberrations in global climate 65 Ma to present. Science 2001, 292, 686–693. [Google Scholar] [CrossRef] [PubMed]

	



Böhme, M. The Miocene climatic optimum: Evidence from ectothermic vertebrates of Central Europe. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2003, 195, 389–401. [Google Scholar] [CrossRef]

	



Herold, N.; You, Y.; Müller, R.D.; Seton, M. Climate model sensitivity to changes in Miocene paleotopography. Aust. J. Earth Sci. 2009, 56, 1049–1059. [Google Scholar] [CrossRef]

	



Pound, M.J.; Haywood, A.M.; Salzmann, U.; Riding, J.B. Global vegetation dynamics and latitudinal temperature gradients during the Mid to Late Miocene (15.97–5.33Ma). Earth-Sci. Rev. 2012, 112, 1–22. [Google Scholar] [CrossRef][Green Version]

	



Gibbard, P.L.; Woodcock, N.H. The Quaternary: History of an Ice Age. In Geological History of Britain and Ireland, 2nd ed.; Wiley Blackwell: Hoboken, NJ, USA, 2012; pp. 409–428. [Google Scholar]

	



Tournebize, R.; Manel, S.; Vigouroux, Y.; Munoz, F.; De Kochko, A.; Poncet, V. Two disjunct Pleistocene populations and anisotropic postglacial expansion shaped the current genetic structure of the relict plant Amborella trichopoda. PLoS ONE 2017, 12, e0183412. [Google Scholar] [CrossRef]








[image: Forests 10 00163 g001 550]





Figure 1. Distribution of coding sequences (CDS) length of eight Salicaceae species. 
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Figure 2. Divergence between orthologues of seven Populus and one Salix species. The heat map is drawn based on the combined sequences of 1835 putative orthologues in eight species. The orthologues were annotated to a different function with Gene Ontology (GO) (Table S1). Sequence similarity was indicated with different colors from red (highly similar) to blue (weakly similar). 






Figure 2. Divergence between orthologues of seven Populus and one Salix species. The heat map is drawn based on the combined sequences of 1835 putative orthologues in eight species. The orthologues were annotated to a different function with Gene Ontology (GO) (Table S1). Sequence similarity was indicated with different colors from red (highly similar) to blue (weakly similar).



[image: Forests 10 00163 g002]







[image: Forests 10 00163 g003 550]





Figure 3. Phylogenetic tree of seven Populus and one Salix species. Phylogram derived from multiple sequence alignments based on the combined 1835 orthologous transcripts using maximum likelihood (ML) method (Sequences in File S1). Paleoclimate change is presented by different colors. 
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Figure 4. Distribution of the rate of non-synonymous substitutions (Ks) values of orthologous pairs between P. trichocarpa and others. 
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Table 1. Coding sequences (CDS) in eight Salicaceae species.
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	Salicaceae Species
	Data Sources
	Number
	N50 (bp)
	Min (bp)
	Max (bp)
	Total (Mb)





	Populus trichocarpa Torr. & A.Gray ex. Hook.
	JGI
	35,447
	1500
	150
	16,356
	36.87



	Populus nigra L.
	PlantGDB, NCBI (SRR7538365)
	62,740
	1344
	150
	13,161
	55.36



	Populus deltoides W.Bartram ex Marshall
	PlantGDB, NCBI (SRR6960264)
	42,207
	1284
	150
	7476
	35.86



	Populus tremula L.
	PlantGDB, NCBI (ERR1352631)
	50,902
	1167
	150
	5238
	40.06



	Populus tremuloides Michx.
	PlantGDB, NCBI (SRR6134157)
	45,263
	1251
	150
	13,071
	37.61



	Populus euphratica Oliv.
	NCBI (PRJNA178692)
	54,527
	1785
	150
	16,377
	73.92



	Populus pruinosa (Greene) O’Kane & Al-Shehbaz
	GigaDB
	35,395
	1668
	150
	15,945
	40.92



	Salix purpurea L.
	JGI
	37,290
	1581
	150
	16,419
	43.57
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Table 2. Number and the rate of non-synonymous substitutions (Ks) peaks of orthologous genes in eight Salicaceae species.
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	P. trichocarpa
	P. nigra
	P. deltoides
	P. tremula
	P. tremuloides
	P. euphratica
	P. pruinosa





	P. trichocarpa
	
	
	
	
	
	
	



	P. nigra
	7532/0.02
	
	
	
	
	
	



	P. deltoides
	8141/0.02
	5773/0.03
	
	
	
	
	



	P. tremula
	7540/0.04
	5428/0.04
	5917/0.04
	
	
	
	



	P. tremuloides
	6679/0.04
	4805/0.04
	5337/0.04
	5131/0.02
	
	
	



	P. euphratica
	9625/0.04
	5623/0.05
	6093/0.05
	5676/0.05
	5032/0.05
	
	



	P. pruinosa
	9687/0.04
	5242/0.05
	5751/0.06
	5362/0.06
	4713/0.05
	7684/0.02
	



	S. purpurea
	8179/0.11
	4836/0.12
	5232/0.12
	4926/0.12
	4339/0.12
	6373/0.13
	6131/0.13










[image: Table]





Table 3. Positive selection orthologues in genus Populus.
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	P. trichocarpa
	P. nigra
	P. deltoides
	P. tremula
	P. tremuloides
	P. euphratica
	P. pruinosa





	P. trichocarpa
	
	
	
	
	
	
	



	P. nigra
	523/HCS
	
	
	
	
	
	



	P. deltoides
	555/DCSL
	312
	
	
	
	
	



	P. tremula
	482/D
	257
	285/D
	
	
	
	



	P. tremuloides
	380/CL
	202
	254
	301/SDL
	
	
	



	P. euphratica
	558H
	185/H
	247/H
	159
	169/H
	
	



	P. pruinosa
	290/H
	134
	151/H
	148/DH
	124
	193
	







S: Salt stress; D: Drought stress; H: H2O2 stress; C: Cold stress; L: Light stress.
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