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			Long noncoding RNAs (lncRNAs) are involved in various biological regulatory processes, but their roles in plants resistance to salt stress remain largely unknown. To systematically explore the characteristics of lncRNAs and their roles in plant salt responses, we conducted strand-specific RNA-sequencing of four tissue types with salt treatments in two closely related poplars (Populus euphratica and Populus alba var. pyramidalis), and a total of 10,646 and 10,531 lncRNAs were identified, respectively. These lncRNAs showed significantly lower values in terms of length, expression, and expression correction than with mRNA. We further found that about 40% and 60% of these identified lncRNAs responded to salt stress with tissue-specific expression patterns across the two poplars. Furthermore, lncRNAs showed weak evolutionary conservation in sequences and exhibited diverse regulatory styles; in particular, tissue- and species-specific responses to salt stress varied greatly in two poplars, for example, 322 lncRNAs were found highly expressed in P. euphratica but not in P. alba var. pyramidalis and 3,425 lncRNAs were identified to be species-specific in P. euphratica in response to salt stress. Moreover, tissue-specific expression of lncRNAs in two poplars were identified with predicted target genes included Aux/IAA, NAC, MYB, involved in regulating plant growth and the plant stress response. Taken together, the systematic analysis of lncRNAs between sister species enhances our understanding of the characteristics of lncRNAs and their roles in plant growth and salt response.
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			Introduction

			Salinity is one of the most important environmental factors limiting plant growth and development and results in crop loss in semiarid and arid areas (Boyer, 1982). The molecular mechanisms underlying the response to salt stress in plants have been well characterized, and most studies have mainly focused on the functional study of protein-coding genes, such as HKT1, Na+/H+ exchanger (NHX), and SALT OVERLY SENSITIVE (SOS, also known as NHX7) (Shi et al., 2002; Venema etal., 2003; Byrt et al., 2007). In the past decade, an increasing number of noncoding RNAs (ncRNA) have been identified to function as precursors of microRNAs (miRNAs) and other small RNAs or as miRNA target mimics, and involved in plant response to salt stress. For example, 7,361 and 7,874 long ncRNAs (lncRNAs) were identified from salt stress-treated the leaf and root of Medicago truncatula (Wang etal., 2015). Salt stress can also alter the accumulation of lncRNAs in Arabidopsis (Ben Amor et al., 2009). However, the regulatory mechanism of lncRNAs underlying the response to salt stress remains largely unknown. 

			ncRNAs are a set of RNAs that have no capacity to code for proteins. They used to be considered inconsequential transcriptional “noise” because of the limited amount of information regarding their functions (Ponjavic et al., 2007; Struhl, 2007). However, recently, many studies have shown that ncRNAs play important regulatory roles in a wide range of biological processes (Wilusz et al., 2009; Kim et al., 2011). In general, based on their sequence lengths, ncRNAs are divided into small RNAs and lncRNAs. Small RNAs can be further grouped into miRNAs and small interfering RNAs (siRNAs) (Brosnan and Voinnet, 2009), which are less than 50 nucleotides in length. On the other hand, lncRNAs are defined as a group of ncRNAs that are more than 200 nucleotides in length (Rinn and Chang, 2012). Unlike mRNAs, the expression of lncRNA is usually exhibited in a tissue- and cell-specific manner, at low levels, and with the transcripts being localized to subcellular compartments (Wilusz et al., 2009; Cabili et al., 2011). On the basis of their genomic localizations with respect to protein-coding genes, lncRNAs can be classified as long noncoding natural antisense transcripts (lncNATs), long intergenic ncRNAs (lincRNAs), long intronic noncoding RNAs and overlapping lncRNAs, which partially overlap with protein-coding genes (Bazin et al., 2017). lncRNAs can affect gene expression by binding specific regions in the target genes and cooperating with proteins or transcriptional elements to regulate transcription. There are two models for how lncRNAs regulate gene expression: those acting in close proximity (acting in cis) and those acting at a distance (acting in trans) to their position in the genome (Ponting et al., 2009). The varied regulation styles of lncRNAs depend not only on their specific structures and sequences but also on their binding to transcriptional elements (Quan et al., 2015). Contrary to protein-coding genes, most lncRNAs lack strong conservation of nucleotide sequences among species (Necsulea et al., 2014).

			In recent years, numerous studies have shown that ncRNAs act as regulatory molecules in various developmental processes and respond to biotic or abiotic stress in plants (Zhang and Chen, 2013; Liu et al., 2015a) and are thus considered to be potential regulators of plant responses to the environment. For example, plant lncRNAs have been found to be involved in numerous biological regulatory processes including gene silencing (Franco-Zorrilla et al., 2007; Wu et al., 2013), flowering time (Liu et al., 2010; Heo and Sung, 2011; Wang et al., 2014b), fruit development and ripening (Tang et al., 2016), responses to biotic and abiotic stress (Ben Amor et al., 2009; Zhu et al., 2014; Cui et al., 2017), wood formation (Chen et al., 2015), the secondary growth of plants (Zhou et al., 2017), and other important developmental pathways. Among them, lncRNA can not only regulate gene transcription and epigenetics in the nucleus (Gosai et al., 2015; Bazin et al., 2017) but is also associated with mRNA stability and translation in the cytoplasm (Gong and Maquat, 2011). However, the regulatory function of the majority of lncRNAs in plants remains largely unknown. Therefore, systematic identification of lncRNAs with specific function that were involved in plant adaptation, diversity, and even speciation is necessary.

			Populus euphratica Oliv is a well-known halophyte tree, which is distributed mainly in arid or semi-arid regions of western China and central and western Asia. P. euphratica trees have a high tolerance to salt and drought stress and are a model tree for studying salt tolerance in plants (Ma et al., 2013; Ma et al., 2018b). P. alba var. pyramidalis is a variety of P. alba and well known for its fast growth (Yang et al., 1992). Both poplars have diversified recently and are closely related species phylogenetically, P. alba var. pyramidalis exhibits a salt sensitive phenotype compared with P. euphratica. Therefore, a comparative analysis of the expression patterns from salt treatment between the two closely related poplar species will contribute to deciphering the regulatory pathways that respond to salt stress. Here, we systemically identified and characterized lncRNAs from four tissue types (leaf, phloem, xylem, and root). Further analysis aimed to explore the conservation of sequences and expression patterns of lncRNAs between two closely related species as well as the roles of lncRNAs in plant growth and responses to salt stress in the two poplars. The comparison will allow us to better understand the characteristics of lncRNAs and will provide insights into the roles of lncRNAs in the salt response and plant growth.

			Materials and Methods

			Plant Materials 

			P. alba var. pyramidalis and P. euphratica saplings (2 years old) were collected and grown in a greenhouse with a photoperiod of 16 h light/8 h darkness (6:30-22:30) and 60% humidity at 25°C. The saplings were treated for 7 days with a solution containing 0, 150, or 300 mM NaCl, of them, 0 mM NaCl solution treatment was the control. Three replicates from three individual saplings were treated with the same salt concentration. The treatment has been descripted in Yu et al. (2017), and the leaf, phloem, xylem, and root tissues were collected from similar stages at 14:00 to 15:00 for RNA sequencing (RNA-Seq). For K+ and Na+ contents measurement, the tissues from leaf and root, respectively, were collected from similar stages and dried at 65°C for 2 days. Dried tissues (0.1 g) were extracted with 10 ml, 0.1M HNO3 for 2h, After filtering by 0.45 μm filter membranes, the contents of K+ and Na+ were determined using Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Optima 4300DV/5300DV; Perkin-Elmer) as described in Baxter et al. (2010).

			RNA Sequencing

			Total RNA was extracted from four tissue types (leaf, phloem, xylem, and root) from each sample for RNA sequencing using a CTAB procedure (Porebski et al., 1997). Each sample was performed in triplicate using three individual saplings treated under the same conditions. A total of 36 samples were used for the subsequent experiments with RNA integrity number (RIN) values over 8.0 for each poplar. Whole-transcriptome libraries were constructed, and deep sequencing was performed by the Annoroad Gene Technology Corporation (Beijing, China). Whole-transcriptome libraries were constructed using NEB Next Ultra Directional RNA Library Prep Kit for Illumina (NEB, Ispawich, USA) according to the manufacturer’s instructions. Libraries were controlled for quality and quantified using the BioAnalyzer 2100 system and qPCR (Kapa Biosystems, Woburn, MA, USA). To identify antisense transcripts, a strand-specific RNA-seq strategy was adopted, and RNA-seq libraries were generated using the SOLiD™ Whole Transcriptome Analysis Kit (ABI). The resulting libraries were initially sequenced on a HiSeq 2500 instrument that generated paired-end reads of 125 nucleotides. All sequencing data have been submitted to the NCBI Sequence Read Archive (SRA accession numbers SRX3504248-SRX3504283).

			Prediction of lncRNAs and Identification of Salt-Response lncRNAs

			The quality of the paired-end RNA-seq reads was determined using FASTX-Toolkit version 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/index.html) with default parameters through removing low-quality reads, adaptor sequences, and sequences shorter than 20 nucleotides. The clean reads were aligned to the P. alba var. pyramidalis (http://bigd.big.ac.cn/gwh) (Ma et al., 2018a) and P. euphratica genomes (Ma et al., 2013) using Tophat (Trapnell et al., 2014), allowing for three base mismatches. Reads with no more than three mismatches were used to separately assemble the transcripts of each sample using Cufflinks (Trapnell et al., 2014) and based on the two-reference genomes. Expression levels of the assembled transcripts were calculated and normalized using fragments per kilobase of transcript per million fragments (FPKM) by Cufflinks (Trapnell et al., 2014). The prediction of lncRNAs from RNA-seq data was performed according to Sun etal. (2012), and the pipeline is shown in Supplementary FigureS1. Transcripts with FPKM<1 in each sample were removed. Any transcripts that were shorter than 200 bp were discarded. The coding potential of the remaining transcripts was evaluated using coding potential calculator (CPC) software (http://cpc.cbi.pku.edu.cn/) (Kong et al., 2007) and Coding Noncoding Index (CNCI) software (https://github.com/www-bioinfo-org/CNCI) (Sun et al., 2013). When using CPC, we used the NCBI protein data base as a reference. All transcripts with CPC scores >0 or a CNCI>0 were discarded. The lncRNAs were classified into intergenic, intronic, antisense, and sense lncRNAs using the cuffcompare program in the Cufflinks suite (Roberts etal., 2011; Trapnell etal., 2014). The change of lncRNA expression was calculated as the fold change (FC) in two samples (0 vs 150, 0 vs 300 and 150 vs 300 mM NaCl) in each tissue. Only the lncRNAs that met the criteria of log2 FC ≥1 or ≤−1 with Pvalues < 0.05 were considered to be salt responsive.

			Prediction of Target Gene

			The potential target genes of salt-responsive lncRNAs were predicted according to their regulatory effects, which were divided into cis- and trans-acting. Two independent algorithms were used. The first algorithm searched for potential cis target genes that are physically close to lncRNAs (within 10 kb) by using genome annotation. The genes transcribed within a 10-kb window upstream or downstream of lncRNAs were considered to be potential cis target genes (Jia et al., 2010; Tian et al., 2016). The criteria used for the prediction of potential cis targets are described in Jia et al. (2010). The second algorithm searched for potential trans targets in the Populus mRNA database and is based on mRNA sequence complementarity and RNA duplex energy prediction, assessing the impact of lncRNA binding on complete mRNA molecules. First, we used BLAST to select target sequences that were complementary to the lncRNA, setting the E value at <1e−5 and identity at ≥95%. Then, RNAplex software was used to calculate the complementary energy between two sequences for further screening and to select potential trans-acting target genes (RNAplex −e−60) (Tafer and Hofacker, 2008).

			Conserved Elements and Specific Expression of Populus lncRNAs

			The expression of RNAs was regulated by RNA-binding proteins, motifs or elements were the regions recognized by these RNA-binding proteins (Ray et al., 2013). These motifs displayed deep evolutionary conservation and were associated with distinct functional role (Wuchty et al., 2003). Conserved elements in lncRNAs were identified using DREME online software specially designed to find relatively short motifs with E values < 0.05 (Bailey, 2011). The tissue specificity of lncRNA expression was evaluated according to the tissue-specific index, which ranges from 0 for housekeeping genes to 1 for tissue-restricted genes, as described by Yanai et al. (2005). The index was calculated as: tissue-specific [image: ], where n is the number of tissues;Exp i is the expression value of each lncRNA in the tissue, i;and Exp max is the maximum expression value of each lncRNA among all tissues. Only the lncRNAs showing a tissue-specific index > 0.9 were considered to be tissue-specific. The reliability of the RNA-Seq analyses has been verified by quantitative real-time PCR analysis in previous and current studies (Yu et al., 2017). An 18S RNA was used for the internal reference gene to normalize the relative expression levels of thelncRNAs.

			Gene Ontology (GO) Enrichment Analysis and Identification of Homologous lncRNAs

			Before GO and pathway enrichment analysis, the predicted target genes were annotated by Blast2GO (Conesa et al., 2005). Then, GO terms were identified using suggested backgrounds, and the p-value value cutoff was set as 0.05. Homologous lncRNAs were identified using the BLAST method. Only the BLAST results of individual lncRNAs to themselves were identified as beinghomologous.

			Results

			Salt Treatment of the Two Poplars and Identification of lncRNAs

			To examine the effects of salt on the growth of P. alba var. pyramidalis and P. euphratica, the two poplars saplings were treated with NaCl at different concentrations (0, 150, and 300 mM). We found that P. alba var. pyramidalis (10 of all 10 saplings) showed an obvious phenotype of losing water after 7 days of 300 mM NaCl treatment, whereas P. euphratica (9 of all 9 saplings) had no phenotype, confirming that P.euphratica has more tolerance to salt stress than P. alba var. pyramidalis. Besides, more K+ contents in root and leaf, more Na+ contents in root were found in P. euphratica under 0 mM NaCl treatment (Figure1), indicating that P. euphratica could hold more K+ and Na+ compared with P. alba var. pyramidalis. We further examined the K+ and Na+ contents in the leaves and roots to estimate the accumulation of and transportation of ions when treated with salt. The results showed that the K+ and Na+ contents elevated at 0 and 150 mM NaCl treatment but decreased at 300 mM NaCl treatment in the leaves of P.euphratica (Figures 1A, B), whereas both increased greatly in the leaves of P.alba var. pyramidalis (Figures 1A, B). In the roots, the K+ content decreased, the Na+ content decreased at 0 and 150 mM NaCl treatment in the P. euphratica samples (Figures 1D, E), and the Na+ content increased significantly in P. alba var. pyramidalis (Figure 1E). As a result, the ratio of K+/Na+ decreased in the leaves and roots in both poplars under salt stress with the ratio in P. alba var. pyramidalis decreasing more significantly than that in P. euphratica, indicating a different response level or salt response mechanism in the two poplars (Figures 1C, F).
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			Figure 1 | The contents of Na+ and K+ in the leaf and root under different salt concentrations in P. euphratica and P. alba var. pyramidalis. (A) The contents of K+ in the leaf under different salt concentrations. (B) The contents of Na+ in the leaf under different salt concentrations. (C) The ratio of K+/Na+ in the leaf under different salt concentrations. (D) The contents of K+ in the root under different salt concentrations. (E) The contents of Na+ in the root under different salt concentrations. (F)The ratio of K+/Na+ in the root under different salt concentrations. * indicated significance difference between the two poplars.

		



			Based on the salt treatment, the four tissues from two poplars saplings were used to perform high-throughput RNA-seq (stand-specific) and identify lncRNAs in a systematic genome-wide. In total, we identified 10,646 and 10,531 lncRNAs with FPKM >1 in at least one library of P. euphratica and P. alba var. pyramidalis, respectively (Figures 2A, B; Supplementary Data S1-3). These lncRNAs were further classified into 4,423 long intronic noncoding RNAs, 1,014 overlapping lncRNAs, 4,761 lincRNAs and 448 lncNATs in P. euphratica, and 4,221 long intronic noncoding RNAs, 1,184 overlapping lncRNAs, 4,615 lincRNAs, and 394 lncNATs in P. alba var. pyramidalis, with most lncRNAs being classified as long intronic noncoding RNAs or overlapping lncRNAs that partially overlap with protein-coding genes. There were 3,671 and 3,555 lncRNAs expressed in all four tissue types of P. euphratica and P. alba var. pyramidalis, respectively, and at least 400 lncRNAs were unique among the four tissue types of the both poplars (Figures 2A, B). We further found that the lengths, expression levels, and exon numbers of the lncRNAs were all shorter or lower than those of the mRNAs of both poplars (Figures 2C–H). Additionally, clustering analysis suggested that the lncRNAs displayed a low relationship between the four tissue types compared with mRNAs (Supplementary Figure S2), indicating a tissue-specific expression pattern. 
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			Figure 2 | Identification and characteristics of lncRNAs in two species of poplar. (A–B) Distribution of identified lncRNAs in the four tissue types of the two poplars. (C–E) Boxplot of the transcript length, exon number, and FPKM value of lncRNA and mRNA in P. euphratica. (F–H) Boxplot of the transcript length, exon number and FPKM value of lncRNA and mRNA in P. alba var. pyramidalis.

		


			Tissue-Specific Expression of lncRNAs and Their Putative Roles in Plant Growth

			The lncRNA expression profiles of both poplar species in terms of the four tissue types and salt stress conditions were studied. We found that most lncRNAs were expressed in more than one tissue, whereas 562 and 1,117 lncRNAs showed tissue-specific expression in P. euphratica and P. alba var. pyramidalis using the tissue-specific expression index (Figures 3A, B). Nearly half of these lncRNAs were preferentially expressed in the leaf. Classification analysis indicated that about half (47.5%) of these tissue-specific lncRNAs belonged to the lincRNAs in the two poplars. To explore whether these lncRNAs had conserved elements, 9 and 27 conserved elements were identified among these tissue-specific lncRNAs in P. euphratica and P. alba var. pyramidalis, respectively (Supplementary Data S4). 
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			Figure 3 | Tissue-specific expression of lncRNAs and their roles in plant growth. (A) Tissue-specific expression of lncRNAs and their roles in plant growth in phloem and xylem in P. euphratica. (B) Tissue-specific expression of lncRNAs and their roles in plant growth in phloem and xylem in P. alba var. pyramidalis. LncRNAs specifically expressed in different tissues were clustered together and marked on the left with different colors. The number on the left means the number of tissue-specific expressed lncRNAs.

		


			A previous study indicated that lncRNA can regulate plant growth by regulating the Aux/IAA gene family (Liscum and Reed, 2002). We found that there were 29 lncRNAs regulating the expression of Aux/IAA gene family members in both poplars. Additionally, specifically expressed lncRNAs in phloem or xylem were found to be involved in “cellulose synthase” and “auxin response” and were predicted to regulate plant growth transcriptional factors, such as WRKY, NAC, and MYB to promote plant growth (Eulgem et al., 2000; Cassan-Wang et al., 2013; Jervis et al., 2015) (Figures 3A, B). 

			Differentially Expressed (DE) lncRNAs Under Salt Stress

			We identified 4,199 (39.4% of the total; 5.3% belonging to lncNATs; 49.2% belonging to lincRNAs; 36.7% belonging to long intronic noncoding RNAs, 8.8% belonging to overlapping lncRNAs), and 6,048 (60.8% of total; 4.8% belonging to lncNATs; 45.7% belonging to lincRNAs; 38.8% belonging to long intronic noncoding RNAs; 10.8% belonging to overlapping lncRNAs) lncRNAs that responded to salt stress in P. euphratica and P. alba var. pyramidalis, respectively (Figures4A, B, Supplementary Data S5–6). 38 and 53 conserved elements were identified in these DE lncRNAs in two poplars (Supplementary Data S4). Four of these DE lncRNAs were further confirmed by qRT-PCR analysis (Supplementary Figure S3). Because lncRNAs play important roles in regulating gene expression, identification and analysis of their target genes may help us to explore their potential functions. Computational prediction identified a set of 6,840 and 9,838 potential target genes (PTGs), including 8,171 and 12,361 lncRNA-target pairs, for these DE lncRNAs in P. euphratica and P. alba var. pyramidalis, respectively (Supplementary Data S7–8). We then analyzed the relationship between the expression of the lncRNAs and the PTGs under salt stress among the four tissue types. Only approximately 5% of the lncRNA-target pairs showed the same or opposite expression trends among the four tissue types and under different salt concentrations in both poplars (Supplementary Figure S4).
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			Figure 4 | LncRNAs in response to salt stress. (A–B) Distribution of DE lncRNAs in the four tissue types under salt stress in the two poplars. (C–D) Expression conditions of one lncRNA and its potential target gene HKT1 under salt stress. (E–F) Expression conditions of one lncRNA and its potential target gene NHX under salt stress. (G)Examples of lncRNAs response to salt stress in P. euphratica and P. alba var. pyramidalis. * indicated significance difference expressed under 300 mM NaCl treatment.

		


			Further functional enrichment analysis suggested that these PTGs were representatively enriched in the “intrinsic and integral component of membrane,” “transcription factor complex,” and “oxidoreductase activity” categories. Additionally, there were 367 and 481 PTGs belonging to ion transporter proteins in the two poplars, including the HKT1 and NHX genes, which play important roles in the balancing of the Na+ and K+ contents. For instance, the potential target HKT1 gene located downstream of Peu_00167161 showed opposite expression patterns, and Pal_00041124 located in the intron of NHX gene showed similar expression patterns in the leaf (Figures 4C–G; Supplementary Figure S3A). There were 598 and 771 PTGs belonging to the category of transcriptional factors, which also play important roles in salt resistance. For example, Pal_00225247 showed similar expression patterns with its potential target salt response factor PalWRKY33 in the leaf (Supplementary Figure S3B) and xylem and showed opposite expression patterns with WRKY33 inphloem (Figure 4G) (Zhou et al., 2015). We also identified target genes related to oxidoreductase activity and osmotic balance (Figure 4G). All these results indicate that lncRNAs in the two species of poplar are involved in the response to salt stress not only by regulating structural proteins related to ion homeostasis and transportation, such as HKT family and NHX family proteins, but also by regulating the expression of transcription factors. 

			lncRNA Responses to Stress by Different Salt Concentrations

			A total of 1,836, 2,702, and 2,569 lncRNAs were differentially expressed (log2 FC >1 or < −1 and P < 0.05) between samples treated with 0 and 150 mM, 0 and 300 mM, and 150 and 300 mM NaCl in P. euphratica (Figure 5A; Supplementary Data S9–10), whereas the numbers in P. alba var. pyramidalis were 2,781, 3,995, and 3,049, respectively (Figure 5B). We found that lncRNA was primarily differentially expressed under high salt concentrations, and functional annotation indicated that DE lncRNAs under different salt concentrations showed different functions. As shown in Figure 5C, using P. euphratica as an example, DE lncRNAs between 0 and 150 mM NaCl were mainly enriched in “catalytic complex” and “transmembrane transport,” whereas DE lncRNAs between 0 and 300 mM NaCl were mainly enriched in “ATP binding,” “adenyl nucleotide binding,” and “protein phosphorylation.” In addition, the response to salt stress of lncRNAs and PTGs also varied under different salt concentrations. For example, we found that at concentrations under 150 mM NaCl, Peu_00073541 with its trans target SAD2, which is involved in ABA signaling and the drought response in the root, differently expressed (Verslues et al., 2006), while most other lncRNAs and their potential target genes, such as NHX7, INT1, and HRD (Sakamoto et al., 2008; Abogadallah et al., 2011; Pehlivan et al., 2016) only differently expressed at 300mM NaCl treatment, indicating specific responses to different saltconcentrations.
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			Figure 5 | LncRNAs response to different salt concentrations. (A) lncRNAs response to different salt concentrations in P. euphratica. (B) lncRNAs response to different salt concentrations in P. alba var. pyramidalis. (C) GO enrichment of lncRNAs responses to different salt concentrations in P. euphratica.

		


			Tissue-Specific DE lncRNAs Under Salt Stress

			Compared with mRNAs, most DE lncRNAs showed high tissue specificity, and only 153 and 80 of them were found to be differentially expressed between all four tissue types in the two poplars, respectively. We further identified 2,406 lncRNAs in P. euphratica and 3,356 lncRNAs in P. alba var. pyramidalis to be tissue-specific DE lncRNAs (Supplementary Data S11–12). These tissue-specific DE lncRNA numbers and functions also varied greatly between the four tissue types and between the two species of poplar (Figure 6). In P. euphratica, we found that the functions of “oxidoreductase activity” were only enriched in the root and that other tissues were mainly enriched in “ion transport.” However, in P. alba var. pyramidalis, the functions of “oxidoreductase activity” and “salt response” could be found in almost all tissues, except for the xylem. The enriched functions of these lncRNAs in the different tissue types indicated that different tissue types have evolved different salt stress response mechanisms and that the salt stress response mechanisms in the two poplars are varied.
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			Figure 6 | Tissue-specific DE lncRNAs and their enriched functions in the four tissue types of the two species of poplar.

		


			Comparison of lncRNAs in the Two Poplars

			Although the numbers of lncRNAs identified in the two sister poplars do not have remarkable differences, only 2,054 lncRNAs (nearly 20% of all identified lncRNAs) were identified as being homologous to each other, and the remaining lncRNAs (over 80% of the lncRNAs) were specific to each poplar species (Figure 7A). We further explored the expression patterns of homologous lncRNAs by using the Spearman correlation coefficient. Only 293 pairs showed similar expression patterns in the four tissue types, and these pairs showed a highly specific expression pattern of lncRNAs between the two poplars (Figure 7B, Supplementary Data S13). The results indicated that the lncRNAs diverged greatly, even between closely related species.
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			Figure 7 | Comparison analysis of lncRNAs in the two species of poplar. (A) Homologous lncRNAs in two poplars. (B) Spearman correlation coefficient of homologous lncRNAs. (C) Distribution of lncRNAs with high expression level in P. euphratica but not in P. alba var. pyramidalis in four tissues. (D) Distribution of species-specific DE lncRNAs in P. euphratica in four tissues. (E) The expression patterns of homologous tissue-specific expressed lncRNAs. lncRNAs with red color indicate homologous lncRNAs expressed in different tissues.

		


			Among these identified homologous lncRNA pairs, 322 pairs were identified to be highly expressed in P. euphratica compared with P. alba var. pyramidalis (FC > 4), including 92 pairs in leaf, 104 pairs in phloem, 111 pairs in xylem, and 107 pairs in root (Figure7C, Supplementary Data S14). Functional analysis implied these lncRNAs might be involved in regulating the expression of salt-responsive genes, such as cystatin B, annexin5, and calcium-dependent protein kinase 32 (CPK32). There were 8,592 lncRNAs identified to be specifically expressed in P.euphratica with 3,425 lncRNAs showed different expressed under salt stress (Supplementary Data S15). For these 3,425 lncRNAs, more than half showed tissue-specific differently expressed (Figure 7D) and were predicted to regulate the expression of salt-responsive genes, such as osmotin 34, NHX7, RARE-COLD-INDUCIBLE 2B, and WRKY 33. Functional enrichment analysis also implied these lncRNAs involved in “regulation of hydrolase activity” and“response to oxidative stress,” which might contribute to the salt tolerance of P. euphratica.

			We then compared these tissue-specific lncRNAs with the two poplars, and 33 lncRNA pairs were found to be homologous. However, only 20 of them were found to be expressed in the same tissue, whereas the remaining 11 lncRNAs might have had diversified expression patterns between the two species of poplar (Figure 7E). We further identified 33 and 19 housekeeping lncRNAs in P. euphratica and P. alba var. pyramidalis, respectively, by filtering using a tissue-specific index of <0.1. The expression patterns of these lncRNAs were not regulated by salt stress and appeared to be consistent among the four tissue types (Supplementary Data S16).

			Among the DE lncRNAs, 522 lncRNAs were identified as being homologous in the two species of poplar. About 24% of the PTGs of these homolog lncRNAs were also found to be homologous. In addition, only 5% of the lncRNA-target pairs showed similar expression patterns (Spearman test > 0.9). Similar expression patterns usually indicate similar functions. We further investigated the expression patterns under different salt concentrations in the four tissue types. We set four patterns for this analysis. In P. euphratica, we found that the leaf and root showed similar expression patterns, with most genes being slightly downregulated at a concentration of 150 mM NaCl and being obviously upregulated at 300 mM NaCl. The phloem and xylem showed similar patterns with most genes being upregulated with both 150 and 300 mM NaCl (Supplementary Figure S5). These results indicate the presence of similar salt response mechanisms between the leaf and root and the phloem and xylem. In P. alba var. pyramidalis, the expression patterns varied among the four tissue types, which differed from P. euphratica (Supplementary Figure S5), indicating a totally different salt response level or mechanism in the two poplars.

			We then investigated the similarity of tissue-specific DE lncRNAs between the two poplars. One hundred forty-eight lncRNAs were found to be homologous among the four tissue types, indicating that the most tissue-specific DE lncRNAs were not homologous between the two species of poplars. For instance, we found that one lncRNA, Pal_00132209, which was similar to a salt response lncRNA DRIR in Arabidopsis (Qin et al., 2017), showed differential expression in the xylem of P.alba var. pyramidalis (Supplementary Figure S3C), whereas no similar lncRNAs were found in P. euphratica. This lncRNA located approximately 1 kb upstream of a target kinase protein gene, namely, PAYT016969.1. The tissue-specific responses to salt stress from lncRNA might greatly contribute to the accurate and complex response mechanisms in plants. All these results indicated the tissue and species-specific response to salt stress oflncRNAs.

			Discussion

			P. euphratica and P. alba var. pyramidalis are two closely related poplars and have recently diversified in phylogeny. However, P.alba var. pyramidalis exhibits a salt sensitive phenotype, whereas P. euphratica displays a high tolerance to salt. Comparison analysis between the two closely related species would help to explain the genetic mechanisms of their differentiation. In the study, we identified and characterized lncRNAs from four tissue types in the two species of poplar and explored their roles in the salt response. Our results demonstrated that lncRNAs exhibited weak evolutionary conservation in sequence, type, expression patterns, and regulatory models between the two closely related poplar species, which would provide flexible and different regulatory mechanisms to salt stress. 

			To date, a number of lncRNAs have been identified in various plants, it is difficult to reveal the functions of lncRNAs because most of the lncRNAs are weakly conserved and are expressed at low levels (Marques and Ponting, 2009; Ulitsky etal., 2011). In this study, lncRNAs showed low levels of similarity in length, expression, exon number, and relationship among the four tissue types compared with mRNAs. The comparison of lncRNAs between the two species of poplar showed a very low conservation of sequence, with only 20% of the lncRNAs found to be homologous. However, the percentage was higher than that compared with other species, such as Arabidopsis and rice (Wang et al., 2014a). These lncRNAs with similar cis-function across species may have conserved synteny with their target genes (Ulitsky et al., 2011, Herzog et al., 2014). Additionally, only 14% of these homologous lncRNAs were found to have similar expression patterns in all four tissue types. Finally, the PTGs of homolog lncRNAs were also found to have low similarity (only 24% were found to be homologous), and the regulation of lncRNAs to PTGs was very flexible. These results indicated that lncRNAs have a great variety not only in sequence similarity but also in expression patterns and target gene regulation, which would result in the diverse regulatory functions of lncRNAs in different species.

			LncRNAs showed varied expression patterns in the two poplars. In P. euphratica, the leaf and root showed similar expression patterns, and phloem and xylem showed similar expression patterns. However, in P. alba var. pyramidalis, the expression patterns varied among the four tissue types and were different from those observed in P. euphratica. The highly tissue specific and induced by numerousbiotic and/or abiotic stressors of lncRNAs would contribute toward improving the tolerance of the plant to various stressors (Liu et al., 2015b). The significant differences in lncRNAs expression patterns between the closely related species also suggest their rapid evolution (Marques and Ponting 2009; Ulitsky et al., 2011), which may contribute to the diversity among species, such as the differences in tolerance to salt stress between P. euphratica and P. alba var. pyramidalis. In P. euphratica, the contents of Na+ in the leaf and root did not change significantly, whereas the Na+ content of P. alba var. pyramidalis changed greatly, which indicated that P. euphratica could transport excess ions between its tissues, such as the root and leaf, maintaining ionic homeostasis and providing developmental plasticity through lncRNA regulation (Bazin and Bailey-Serres, 2015).

			Differential expression of tissue-specific lncRNAs is another feature that may allow them to execute their functions in a more flexible manner. In P. alba var. pyramidalis, lncRNAs were found to be involved in oxidoreductase activity in almost all of the tissue types, whereas in P. euphratica, lncRNAs involved in the regulation of oxidoreductase activity were only found in the root. These results were highly related to the expression patterns of the target genes, such as members of the HKT family (high-affinity K+ transporters), an expanded gene family in P. euphratica genome (Ma et al., 2013). Among them, PeuHKT1;1 was expressed mainly in the root, whereas PeuHKT1;3 was expressed mainly in the leaf. Interestingly, we found that a lncRNA (Peu_00167161) showed similar expression trend with HKT1; 1 in the leaf but showed opposite expression trend in the root. The divergence of duplicated HKT genes in the expression patterns is beneficial to P. euphratica either through the exclusion of Na+ by the root or through decreasing the accumulation of Na+ in the leaf and can further contribute to maintaining ion homeostasis (Maser et al., 2002; Byrt et al., 2007; Yu et al., 2017). However, in P. alba var. pyramidalis, HKT1 did not show diverse expression patterns. Pal_00184400 and its predicted target gene, HKT1, were primarily differentially expressed in xylem (Supplementary Figure S3D). These results showed that DE lncRNAs in different tissues can help plants respond to salt stress with different regulationary manners.

			Some conserved elements related to lncRNAs may be associated with plant growth and the salt response (Zhang et al., 2014). In this study, we found that lncRNAs in both poplar species have conserved elements related to plant growth and showed similar or opposite expression trend with genes that play core roles in plant growth, such as Aux/IAA, NAC3, and WRKY8, to promote plant development. Transcription factors, NAC3 and WRKY8, were also identified as responding to salt stress in P. euphratica and function in the drought or salt stress response (Nakashima et al., 2012; Hu et al., 2013; Qin et al., 2017). A lncRNA (Pal_00132209) was identified as a homolog of DRIR in Arabidopsis, which could improve the tolerance of the plant to salt stress by affecting the activity of fucosyltransferase or NAC3 or by regulating the redox status (Qin et al., 2017). This result indicated that lncRNAs with conserved elements may regulate their target genes to further control plant growth and the response to salt stress.

			In summary, we identified and characterized lncRNAs in two closely related poplars by using stand-specific RNA-seq methods. We found that lncRNAs in both sister poplars showed varied regulation styles in terms of target genes, expression with high tissue specificity, low evolutionary conservation, and low expression levels. However, conserved elements related to lncRNAs were also found in the two sister poplar species. Taken together, tissue-specific expression and the unconservative gene sequences of lncRNAs provide multiple strategies to improve tolerance to salt stress, whereas conserved elements of lncRNAs might be involved in regulating the important processes of plant growth and development.

			Author Contributions

			DW supervised the project. JM, YF and XB analyzed and interpreted data. WL and XS participated in design and drafting of the manuscript. YF, QB, SS, and QL performed the experiments during this study. All authors read and approved the final manuscript.

			Funding

			The research was supported by the National Science Foundation of China (31870580) and the Fundamental Research Funds for the Central Universities (lzujbky-2017-k14).

			Supplementary Material

			The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00777/full#supplementary-material

			References

			Abogadallah, G. M., Nada, R. M., Malinowski, R., and Quick, P. (2011). Overexpression of HARDY, an AP2/ERF gene from Arabidopsis, improves drought and salt tolerance by reducing transpiration and sodium uptake in transgenic Trifolium alexandrinum L. Planta 233, 1265–1276. doi: 10.1007/s00425-011-1382-3

			Bailey, T. L. (2011). DREME: motif discovery in transcription factor ChIP-seq data. Bioinformatics 27, 1653–1659. doi: 10.1093/bioinformatics/btr261

			Baxter, I., Brazelton, J. N., Yu, D., Huang, Y. S., and Lahner, B. (2010). A coastal cline in sodium accumulation in Arabidopsis thaliana is driven by natural variation of the sodium transporter athkt1; 1. PLoS Genet. 6, e1001193. doi: 10.1371/journal.pgen.1001193

			Bazin, J., Baerenfaller, K., Gosai, S. J., Gregory, B. D., Crespi, M., and Bailey-Serres,J. (2017). Global analysis of ribosome-associated noncoding RNAs unveils new modes of translational regulation. Proc. Natl. Acad. Sci. U.S.A. 114, E10018–E10027. doi: 10.1073/pnas.1708433114

			Bazin, J., and Bailey-Serres, J. (2015). Emerging roles of long non-coding RNA in root developmental plasticity and regulation of phosphate homeostasis. Front. Plant Sci. 6, 400. doi: 10.3389/fpls.2015.00400

			Ben Amor, B., Wirth, S., Merchan, F., Laporte, P., D’aubenton-Carafa, Y., Hirsch,J., etal. (2009). Novel long non-protein coding RNAs involved in Arabidopsis differentiation and stress responses. Genome Res. 19, 57–69. doi: 10.1101/gr.080275.108

			Boyer, J. S. (1982). Plant productivity and environment. Science 218, 443–448. doi: 10.1126/science.218.4571.443

			Brosnan, C. A., and Voinnet, O. (2009). The long and the short of noncoding RNAs. Curr. Opin. Cell Biol. 21, 416–425. doi: 10.1016/j.ceb.2009.04.001

			Byrt, C. S., Platten, J. D., Spielmeyer, W., James, R. A., Lagudah, E. S., Dennis, E.S., etal. (2007). HKT1;5-like cation transporters linked to Na+ exclusion loci in wheat, Nax2 and Kna1. Plant Physiol. 143, 1918–1928. doi: 10.1104/pp.106.093476

			Cabili, M. N., Trapnell, C., Goff, L., Koziol, M., Tazon-Vega, B., Regev, A., et al. (2011). Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses. Genes Dev. 25, 1915–1927. doi: 10.1101/gad.17446611

			Cassan-Wang, H., Goue, N., Saidi, M. N., Legay, S., Sivadon, P., Goffner, D., et al. (2013). Identification of novel transcription factors regulating secondary cell wall formation in Arabidopsis (vol 4, 189, 2013). Front. Plant Sci. 4, 189. doi: 10.3389/fpls.2014.00246

			Chen, J. H., Quan, M. Y., and Zhang, D. Q. (2015). Genome-wide identification of novel long non-coding RNAs in Populus tomentosa tension wood, opposite wood and normal wood xylem by RNA-seq. Planta 241, 125–143. doi: 10.1007/s00425-014-2168-1

			Conesa, A., Gotz, S., Garcia-Gomez, J. M., Terol, J., Talon, M., and Robles, M. (2005). Blast2GO: a universal tool for annotation, visualization and analysis in functional genomics research. Bioinformatics 21, 3674–3676. doi: 10.1093/bioinformatics/bti610

			Cui, J., Luan, Y. S., Jiang, N., Bao, H., and Meng, J. (2017). Comparative transcriptome analysis between resistant and susceptible tomato allows the identification of lncRNA16397 conferring resistance to Phytophthora infestans by co-expressing glutaredoxin. Plant J. 89, 577–589. doi: 10.1111/tpj.13408

			Eulgem, T., Rushton, P. J., Robatzek, S., and Somssich, I. E. (2000). The WRKY superfamily of plant transcription factors. Trends Plant Sci. 5, 199–206. doi: 10.1016/S1360-1385(00)01600-9

			Franco-Zorrilla, J. M., Valli, A., Todesco, M., Mateos, I., Puga, M. I., Rubio-Somoza,I., et al. (2007). Target mimicry provides a new mechanism for regulation of microRNA activity. Nat. Genet. 39, 1033–1037. doi: 10.1038/ng2079

			Gong, C. G., and Maquat, L. E. (2011). lncRNAs transactivate STAU1-mediated mRNA decay by duplexing with 3’ UTRs via Alu elements. Nature 470, 284–28+. doi: 10.1038/nature09701

			Gosai, S. J., Foley, S. W., Wang, D. X., Silverman, I. M., Selamoglu, N., Nelson,A.D., et al. (2015). Global analysis of the RNA-protein interaction and RNA secondary structure landscapes of the Arabidopsis nucleus. Mol. Cell 57, 376–388. doi: 10.1016/j.molcel.2014.12.004

			Heo, J. B., and Sung, S. (2011). Vernalization-mediated epigenetic silencing by a long intronic noncoding RNA. Science 331, 76–79. doi: 10.1126/science.1197349

			Herzog, V. A., Lempradl, A., Trupke, J., Okulski, H., Altmutter, C., Ruge, F., etal. (2014). A strand-specific switch in noncoding transcription switches the function of a Polycomb/Trithorax response element. Nat. Genet. 46, 973–981. doi: 10.1038/ng.3058

			Hu, Y. R., Chen, L. G., Wang, H. P., Zhang, L. P., Wang, F., and Yu, D. (2013). Arabidopsis transcription factor WRKY8 functions antagonistically with its interacting partner VQ9 to modulate salinity stress tolerance. Plant J. 74, 730–745. doi: 10.1111/tpj.12159

			Jervis, J., Hildreth, S. B., Sheng, X. Y., Beers, E. P., Brunner, A. M., and Helm,R.F. (2015). A metabolomic assessment of NAC154 transcription factor overexpression in field grown poplar stem wood. Phytochemistry 115, 112–120. doi: 10.1016/j.phytochem.2015.02.013

			Jia, H., Osak, M., Bogu, G. K., Stanton, L. W., Johnson, R., and Lipovich, L. (2010). Genome-wide computational identification and manual annotation of human long noncoding RNA genes. RNA-A Pub. RNA Soc. 16, 1478–1487. doi: 10.1261/rna.1951310

			Kim, Y. J., Zheng, B. L., Yu, Y., Won, S. Y., Mo, B. X., and Chen, X. (2011). The role of Mediator in small and long noncoding RNA production in Arabidopsis thaliana. Embo J. 30, 814–822. doi: 10.1038/emboj.2011.3

			Kong, L., Zhang, Y., Ye, Z. Q., Liu, X. Q., Zhao, S. Q., Wei, L., et al. (2007). CPC: assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic Acids Res. 35, W345–W349. doi: 10.1093/nar/gkm391

			Liscum, E., and Reed, J. W. (2002). Genetics of Aux/IAA and ARF action in plant growth and development. Plant Mol. Biol. 49, 387–400. doi: 10.1023/A:1015255030047

			Liu, F. Q., Marquardt, S., Lister, C., Swiezewski, S., and Dean, C. (2010). Targeted 3 ‘ processing of antisense transcripts triggers Arabidopsis FLC chromatin silencing. Science 327, 94–97. doi: 10.1126/science.1180278

			Liu, J., Wang, H., and Chua, N. H. (2015a). Long noncoding RNA transcriptome of plants. Plant Biotechnol. J. 13, 319–328. doi: 10.1111/pbi.12336

			Liu, X., Hao, L. L., Li, D. Y., Zhu, L. H., and Hu, S. N. (2015b). Long Non-coding RNAs and Their Biological Roles in Plants. Genomics Proteomics Bioinformatics 13, 137–147. doi: 10.1016/j.gpb.2015.02.003

			Ma, J., Wan, D., Duan, B., Bai, X., Bai, Q., Chen, N., et al. (2018a). Genome sequence and genetic transformation of a widely distributed and cultivated poplar. Plant Biotechnol. J. 17, 451–460. doi: 10.1111/pbi.12989

			Ma, T., Wang, J. Y., Zhou, G. K., Yue, Z., Hu, Q. J., Chen, Y., et al. (2013). Genomic insights into salt adaptation in a desert poplar. Nat. Commun. 4, 2797. doi: 10.1038/ncomms3797

			Ma, T., Wang, K., Hu, Q. J., Xi, Z. X., Wan, D. S., Wang, Q., et al. (2018b). Ancient polymorphisms and divergence hitchhiking contribute to genomic islands of divergence within a poplar species complex. Proc. Natl. Acad. Sci. U.S.A. 115, E236–E243. doi: 10.1073/pnas.1713288114

			Marques, A. C., and Ponting, C. P. (2009). Catalogues of mammalian long noncoding RNAs: modest conservation and incompleteness. Genome Biol. 10, R124. doi: 10.1186/gb-2009-10-11-r124

			Maser, P., Eckelman, B., Vaidyanathan, R., Horie, T., Fairbairn, D. J., Kubo, M., etal. (2002). Altered shoot/root Na+ distribution and bifurcating salt sensitivity in Arabidopsis by genetic disruption of the Na+ transporter AtHKTI1. Febs Letters 531, 157–161. doi: 10.1016/S0014-5793(02)03488-9

			Nakashima, K., Takasaki, H., Mizoi, J., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2012). NAC transcription factors in plant abiotic stress responses. BBA-Gene. Regul. Mech. 1819, 97–103. doi: 10.1016/j.bbagrm.2011.10.005

			Necsulea, A., Soumillon, M., Warnefors, M., Liechti, A., Daish, T., Zeller, U., etal. (2014). The evolution of lncRNA repertoires and expression patterns in tetrapods. Nature 505, 635–640. doi: 10.1038/nature12943

			Pehlivan, N., Sun, L., Jarrett, P., Yang, X. J., Mishra, N., Chen, L., et al. (2016). Co-overexpressing a plasma membrane and a vacuolar membrane sodium/proton antiporter significantly improves salt tolerance in transgenic Arabidopsis plants. Plant Cell Physiol. 57, 1069–1084. doi: 10.1093/pcp/pcw055

			Ponjavic, J., Ponting, C. P., and Lunter, G. (2007). Functionality or transcriptional noise? Evidence for selection within long noncoding RNAs. Genome Res. 17, 556–565. doi: 10.1101/gr.6036807

			Ponting, C. P., Oliver, P. L., and Reik, W. (2009). Evolution and functions of long noncoding RNAs. Cell 136, 629–641. doi: 10.1016/j.cell.2009.02.006

			Porebski, S., Bailey, L. G., and Baum, B. R. (1997). Modification of a CTAB DNA extraction protocol for plants containing high polysaccharide and polyphenol components. Plant Mol. Biol. Rep. 15, 8–15. doi: 10.1007/BF02772108

			Qin, T., Zhao, H. Y., Cui, P., Albesher, N., and Xiong, L. M. (2017). A nucleus-localized long non-coding RNA enhances drought and salt stress tolerance. Plant Physiol. 175, 1321–1336. doi: 10.1104/pp.17.00574

			Quan, M., Chen, J., and Zhang, D. (2015). Exploring the secrets of long noncoding RNAs. Int. J. Mol. Sci. 16, 5467–5496. doi: 10.3390/ijms16035467

			Ray, D., Kazan, H., Cook, K. B., Weirauch, M. T., Najafabadi, H. S., Li, X., et al. (2013). A compendium of RNA-binding motifs for decoding gene regulation. Nature 499, 172–177. doi: 10.1038/nature12311

			Rinn, J. L., and Chang, H. Y. (2012). Genome regulation by long noncoding RNAs. Annu. Rev. Biochem. 81 (81), 145–166. doi: 10.1146/annurev-biochem-051410-092902

			Roberts, A., Pimentel, H., Trapnell, C., and Pachter, L. (2011). Identification of novel transcripts in annotated genomes using RNA-Seq. Bioinformatics 27, 2325–2329. doi: 10.1093/bioinformatics/btr355

			Sakamoto, H., Matsuda, O., and Iba, K. (2008). ITN1, a novel gene encoding an ankyrin-repeat protein that affects the ABA-mediated production of reactive oxygen species and is involved in salt-stress tolerance in Arabidopsis thaliana. Plant J. 56, 411–422. doi: 10.1111/j.1365-313X.2008.03614.x

			Shi, H. Z., Quintero, F. J., Pardo, J. M., and Zhu, J. K. (2002). The putative plasma membrane Na+/H+ antiporter SOS1 controls long-distance Na+ transport in plants. Plant Cell 14, 465–477. doi: 10.1105/tpc.010371

			Struhl, K. (2007). Transcriptional noise and the fidelity of initiation by RNA polymerase II. Nat. Struct. Mol. Biol. 14, 103–105. doi: 10.1038/nsmb0207-103

			Sun, L., Luo, H. T., Bu, D. C., Zhao, G. G., Yu, K. T., Zhang, C. H., et al. (2013). Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res. 41, e166-e166. doi: 10.1093/nar/gkt646

			Sun, L., Zhang, Z. H., Bailey, T. L., Perkins, A. C., Tallack, M. R., Xu, Z., et al. (2012). Prediction of novel long non-coding RNAs based on RNA-Seq data of mouse Klf1 knockout study. BMC Bioinforma. 13, 331. doi: 10.1186/1471-2105-13-331

			Tafer, H., and Hofacker, I. L. (2008). RNAplex: a fast tool for RNARNA interaction search. Bioinformatics 24, 2657–2663. doi: 10.1093/bioinformatics/btn193

			Tang, W., Zheng, Y., Dong, J., Yu, J., Yue, J. Y., Liu, F. F., et al. (2016). Comprehensive transcriptome profiling reveals long noncoding RNA expression and alternative splicing regulation during fruit development and ripening in kiwifruit (Actinidia chinensis). Front. Plant Sci. 7, 335. doi: 10.3389/fpls.2016.00335

			Tian, J. X., Song, Y. P., Qingzhangdu, Yang, X. H., Ci, D., Chen, J. H., et al. (2016). Population genomic analysis of gibberellin-responsive long non-coding RNAs in Populus. J. Exp. Bot. 67, 2467–2482. doi: 10.1093/jxb/erw057

			Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2014). Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks (vol 7, pg 562, 2012). Nat. Protoc. 9, 2513–2513. doi: 10.1038/nprot1014-2513a

			Ulitsky, I., Shkumatava, A., Jan, C. H., Sive, H., and Bartel, D. P. (2011). Conserved function of lincRNAs in vertebrate embryonic development despite rapid sequence evolution. Cell 147, 1537–1550. doi: 10.1016/j.cell.2011.11.055

			Venema, K., Belver, A., Marin-Manzano, M. C., Rodriguez-Rosales, M. P., and Donaire, J. P. (2003). A novel intracellular K+/H+ antiporter related to Na+/H+ antiporters is important for K+ ion homeostasis in plants. J. Biol. Chem. 278, 22453–22459. doi: 10.1074/jbc.M210794200

			Verslues, P. E., Guo, Y., Dong, C. H., Ma, W., and Zhu, J. K. (2006). Mutation of SAD2, an importin beta-domain protein in Arabidopsis, alters abscisic acid sensitivity. Plant J. 47, 776–787. doi: 10.1111/j.1365-313X.2006.02833.x

			Wang, H., Chung, P. J., Liu, J., Jang, I. C., Kean, M. J., Xu, J., et al. (2014a). Genome-wide identification of long noncoding natural antisense transcripts and their responses to light in Arabidopsis. Genome Res. 24, 444–453. doi: 10.1101/gr.165555.113

			Wang, T. Z., Liu, M., Zhao, M. G., Chen, R. J., and Zhang, W. H. (2015). Identification and characterization of long non-coding RNAs involved in osmotic and salt stress in Medicago truncatula using genome-wide high-throughput sequencing. BMC Plant Biol. 15, 131. doi: 10.1186/s12870-015-0530-5

			Wang, Y. Q., Fan, X. D., Lin, F., He, G. M., Terzaghi, W., Zhu, D. M., et al. (2014b). Arabidopsis noncoding RNA mediates control of photomorphogenesis by red light. Proc. Natl. Acad. Sci. U.S.A. 111, 10359–10364. doi: 10.1073/pnas.1409457111

			Wilusz, J. E., Sunwoo, H., and Spector, D. L. (2009). Long noncoding RNAs: functional surprises from the RNA world. Genes Dev. 23, 1494–1504. doi: 10.1101/gad.1800909

			Wu, H. J., Wang, Z. M., Wang, M., and Wang, X. J. (2013). Widespread long noncoding RNAs as endogenous target mimics for MicroRNAs in plants. Plant Physiol. 161, 1875–1884. doi: 10.1104/pp.113.215962

			Wuchty, S., Oltvai, Z. N., and Barabási, A. L. (2003). Evolutionary conservation of motif constituents in the yeast protein interaction network. Nat. Genet. 35, 176–179. doi: 10.1038/ng1242

			Yanai, I., Benjamin, H., Shmoish, M., Chalifa-Caspi, V., Shklar, M., Ophir, R., et al. (2005). Genome-wide midrange transcription profiles reveal expression level relationships in human tissue specification. Bioinformatics 21, 650–659. doi: 10.1093/bioinformatics/bti042

			Yang, C. Y., Shen, K. M., and Mao, Z. M. (1992). “Populus L,” in Flora Xinjiangensis Tomus 1. Ed. C. Y. Yang (Xinjiang, China: Urumqi Xinjiang Science, Technology & Hygiene Publishing House), 122–158. 

			Yu, L., Ma, J. C., Niu, Z. M., Bai, X. T., Lei, W. L., Shao, X. M., et al. (2017). Tissue-specific transcriptome analysis reveals multiple responses to salt stress in Populus euphratica seedlings. Genes 8, 372. doi: 10.3390/genes8120372

			Zhang, Y. C., and Chen, Y. Q. (2013). Long noncoding RNAs: New regulators in plant development. Biochem. Biophys. Res. Commun. 436, 111–114. doi: 10.1016/j.bbrc.2013.05.086

			Zhang, Y. C., Liao, J. Y., Li, Z. Y., Yu, Y., Zhang, J. P., Li, Q. F., et al. (2014). Genome-wide screening and functional analysis identify a large number of long noncoding RNAs involved in the sexual reproduction of rice. Genome Biol. 15,512. doi: 10.1186/s13059-014-0512-1

			Zhou, D. L., Du, Q. Z., Chen, J. H., Wang, Q. S., and Zhang, D. Q. (2017). Identification and allelic dissection uncover roles of lncRNAs in secondary growth of Populus tomentosa. DNA Res. 24, 473–486. doi: 10.1093/dnares/dsx018

			Zhou, J., Wang, J., Zheng, Z. Y., Fan, B. F., Yu, J. Q., and Chen, Z. X. (2015). Characterization of the promoter and extended C-terminal domain of Arabidopsis WRKY33 and functional analysis of tomato WRKY33 homologues in plant stress responses. J. Exp. Bot. 66, 4567–4583. doi: 10.1093/jxb/erv221

			Zhu, Q. H., Stephen, S., Taylor, J., Helliwell, C. A., and Wang, M. B. (2014). Long noncoding RNAs responsive to Fusarium oxysporum infection in Arabidopsis thaliana. New Phytol. 201, 574–584. doi: 10.1111/nph.12537

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

			Copyright © 2019 Ma, Bai, Luo, Feng, Shao, Bai, Sun, Long and Wan. 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.

		

OEBPS/Images/Figure_5.jpg
A 0vs 150 0 vs 300

B

353

521

745

150 vs 300

601

0vs 150 0 vs 300

0 vs 150 mM NaCl

0 vs 300 mM NaCl

catalytic complex

transmembrane transport

endoplasmic reticulum part

cellular macromolecule catabolic process
cellular catabolic process

carbon-carbon lyase activity
ATP binding

adenyl nucleotide binding
carbohydrate derivative binding
protein phosphorylation
phosphorylation

magnesium ion binding
nucleoside binding

anion binding

protein kinase activity
cytoplasm
phosphotransferase activity

300 mM NaCl





OEBPS/Images/Eqn_0001.png





OEBPS/Images/Figure_7.jpg
A P euphratica P alba var. pyramidalis B

density

Spearman correlation coefficient
E af phlocm xylem ront Teaf phlocm xylem oot
Peu 00207004 Pal 00061860 [
Peu_00142630 = Pal 00221538 I 5
Peu 00211310 Pal 00177216
Peu 00217169 Pal 00219142 I
Peu 00143558 Pal 00249814
Peu 001434IS | Pal 00248756 ;
Peu 00095221 Pal 00122030
Peu 00207587 Pal 00061695
Peu 00045109 Pal 00194913 I
Peu 00210867 Pal 00023303 I
Peu 00283893 W o o0002035
Peu 00240576 Pal 00112895
Peu 00143671 Pal 00249477 -
Py 00122728 Fal 00273325
Peu_00255903 Pal 00298672 |
Peu 00098033 Pal 00126725
Peu 00092548 Pal 00175838
Peu 00226760 Pal 00093665
Peu 00133670 Pal 00249478
Peu 00008978 Pal 00129041
Peu_ 00265051 C O Pal001271s8
Peu 00044276 C paooo70d
Peu 00025969 Pal 00148137
Peu 00153900 Pal 00028503
Peu_ 00192404 Pal 00139324
Peu 00165233 Pal 00012513
Peu 00002038 Pal 00115191
Peu 00043233 000 Pal 00169291 =
Peu_ 00103664 Pal 00193997
Peu 00269456 Pal 00079067
Peu 00092625 = Pal 0016276 -
Peu 00142089 [ Pal 00106221

Peu 00106880 Pal 00018743





OEBPS/Images/Figure_2.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_4.jpg
A P euphratica C

Peu_00167161 *

,
s
:

:

:

2l|

Pal_00041124

150 300 mM NaCl

o

150 300 mM NaCl

B P albavaz. pyramidalis D F
ot
\,} 16 CCG018193.1 (HKT) 35 PAYT005690.2 (NHX)
14 30 *
12 25
:
S20
. £
£ £
4 * 10:
; | | gl |
0 150 300 mM NaCl 0 150 300 mM NaCl
eioins Lol PHoeh Xpkn RoO, |y Lol Plosm Xjen Re,
Peu_00006149 — S CCGo0osol.1 R ‘Sodium proton exchanger, putative (NHX7) (SOS1) 6
Peu 00307245 © CCG032934.1 Rl © Major facilitstor superfamily protein (MSS1).
Peu” 00067397 CCGO07243.1 Cytochrome P450, member of CYP7ISA
ot
‘CCGOO4847.1 [ I 0B Multipeotein bridging factor 1C (MBF1C) 3
o e,
- ol B e
= i e
=== S — e :
v [ B ol potin
Sl - e OGS ——————
SR = IR e
Pal 00255312 PAYT0323741 B Phosphate transporter 3:3 (PHT3:3)
Pa 00266358 PAYT0337142 Coleinurin Bl prosen 10 (CBLI0)
i = e
Pal 00017733 = S PAYTO002426.1 m— Glutamate receptor 2 (GLUR2)
e i L,
Pal 00070145 = PAYT009358.1 WRKY?S.
Pal 00014560 - PAYT002005.1 Caleosinerelated family protein
Pal_00077596 PAYT010224.1 Nudix hydrolase homolog 2 (NUDT2)
Pal_00085281 _-— PAYTO11386.1 Ascorbate peroxidase 3 (APX3)
Pal_00171505 - PAYT021854.1 I bt i
Pal 00161569 . 1| | PAYT020679.1 = L0 ABI five binding protein 2 (AFP2)






OEBPS/Images/Figure_6.jpg
Leal Phloem Xylem Root

F. euphratica

£ alba var. pyramidalis

649 IncRNAs 733 IncRNAs

582 IncRNAS

nucleosome assembly
nucleosome organization

protin-DNA complex assembly

protin-DNA complex subunit orgarization
protein complex suburit organization
‘genration of precursor metabolies and energy
celular component asembly

elctron ransport chain

helcase activity

ATP-dependent hlicaseactivity

purine NTP-dependent helicase activity
vesile-mediatd tansport

extrcellular region

metal on ransport

organonttogen compound metabolic process
sequence-specfic DNA binding

olgopepide transport
peptde tansport

caton binding

cellular caabolic process

onganoniteogen compound biosynthetic process
membrane part

metal on binding

oxidoreductase ativity
response o biotc stimulus

regulation of cellular metabolc process
exopepidase acivty

regultion of ellular process
regultion of metabolic process

677 IncRNAS

987 IncRNAs

598 IncRNAS

1094 IncRNAs

peroxidase activity

oxidoreductase activty,acting on peroxide as acceptor
response (o auxin

extracelllar ligand-gated ion chamnel activity
fonotropic glutamat receptor signaling pathway
rosponsa t oxidative sress

calcium ion binding

protein targeting to membrane.

response to water deprivation

MAPK cascade
oxidoreductase ativity
alyoxylate metabolic process
vacuolar membrane.

fon channel activity

MAP kinase ativity

gated channel activity

regulation of response 0 siress
ATP-dependent heicase activity
regulition of wanslatorl clongation
pyrophosphatase activity
ATP-dependent RNA helicase activity
regulation of gene expression

fon binding

oxidoreductase activity

protein transmembrane ransport

response o saltstress

cell wall organization o biogenesis

ADP binding

intracelular protein ransmembrane transport






OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/Figure_3.jpg
Gene
A number '€ Phloem  xylem root Phicer protein 2-45
= Phioem protein 2-B10

Sugar isomerase (SIS) family protein
MYBS0

Auxin-responsive family protein

Leucine-rich receptor-like protein kinase family protein

v
E
5}

P, euphratica
3
3

100 Phototropic-responsive NPH3 family protein
Auxin efflux carrier family protein

143 Flavin-binding monooxygenase family protein
MYBS2
Glucose-6-phosphate dehydrogenase 4

B Gene ATP-binding casette family G25
leaf phloem xylem  root
number

bHLHI21
UDP-glucuronic acid decarboxylase

Nucleotide-sugar transporter family protein
Calcium-dependent phosphotriesterase superfamily protein
WRKYS1

Auxin response factor 9

Cellulose synthase

o
a

NAC domain containing protein 73
NAC domain containing protein 75

Glutamate decarboxylase
:\ Cellulose synthase family protein

P. alba var. pyramidalis
5 =
RN

3
3

Auxin efflux carrier family protein





OEBPS/Images/Figure_1.jpg
Leat
Content of K (mmol/g)

Root
Contentof K mmollg)

0
08
07
06
05
04
03
02
o1

DD 25

005

N WPV, (WL S TN T —.

B os Cs
07 7
06 s

Zos g5

£ H

Zoa E

]

Zos EH

H i

Zo2 2
LN '

0 ol
5 300 mNact 30 miNact 300 maNact
Fos Fos
08
05

E) o7

] 2
. 0

5 Zos

z
03 3

. E

H H

o2 03 B

g é

02
o1
o1
o o
T e S T S o





OEBPS/Images/fgene.2019.00777_cover.jpg
’ frontiers
in Genetics

Genome-Wide Identification of
Long Noncoding RNAs and Their
Responses to Salt Stress in Two

Closely Related Poplars





