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Abstract

:

Detection of complex splice sites (SSs) and polyadenylation sites (PASs) of eukaryotic genes is essential for the elucidation of gene regulatory mechanisms. Transcriptome-wide studies using high-throughput sequencing (HTS) have revealed prevalent alternative splicing (AS) and alternative polyadenylation (APA) in plants. However, small-scale and high-depth HTS aimed at detecting genes or gene families are very few and limited. We explored a convenient and flexible method for profiling SSs and PASs, which combines rapid amplification of 3′-cDNA ends (3′-RACE) and HTS. Fourteen NAC (NAM, ATAF1/2, CUC2) transcription factor genes of Populus trichocarpa were analyzed by 3′-RACE-seq. Based on experimental reproducibility, boundary sequence analysis and reverse transcription PCR (RT-PCR) verification, only canonical SSs were considered to be authentic. Based on stringent criteria, candidate PASs without any internal priming features were chosen as authentic PASs and assumed to be PAS-rich markers. Thirty-four novel canonical SSs, six intronic/internal exons and thirty 3′-UTR PAS-rich markers were revealed by 3′-RACE-seq. Using 3′-RACE and real-time PCR, we confirmed that three APA transcripts ending in/around PAS-rich markers were differentially regulated in response to plant hormones. Our results indicate that 3′-RACE-seq is a robust and cost-effective method to discover SSs and label active regions subjected to APA for genes or gene families. The method is suitable for small-scale AS and APA research in the initial stage.
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1. Introduction


For eukaryotes, precise splicing and polyadenylation are required for production of translatable mRNA. In many cases, there is more than one way to choose splice sites (SSs) and polyadenylation sites (PASs), resulting in alternative splicing (AS) and alternative polyadenylation (APA) [1]. Both AS and APA contribute to gene expression regulation and can increase proteome complexity. Accumulating evidence shows that AS and APA play key roles in various biological processes. Thus, dissecting AS and APA events in individual genes and at the transcriptome level have been important approaches in understanding gene functions and regulatory mechanisms [2,3,4,5].



With the widespread application of high-throughput sequencing (HTS) technology, it was shown that AS is prevalent in plants [6,7,8,9,10]. The frequency of detected AS continually increases along with sequencing depth, sampling type diversification and technical advances. For example, an early HTS study of Arabidopsis revealed an AS frequency of 42% in multi-exonic genes [6]. Yet, with a normalized library and longer reads, AS frequency in Arabidopsis was estimated to be 61% [8]. More recently, analysis on the Arabidopsis infected by Pseudomonas syringae, for which the sequencing coverage was approximately five-fold over the previous two studies, revealed that even more expressed genes might undergo AS [7]. In maize, based on six billion read pairs derived from 94 libraries of different tissues at different developmental stages, AS events were uncovered in 42% of multi-exonic genes [9]. A more recent study, through deep-sequencing and analysis of 1.3 billion read pairs on drought-stressed maize libraries, identified 48,000 novel alternative isoforms [10].



Transcriptome-wide APA studies, mainly in Arabidopsis, have also benefited from HTS technology. Using Poly(A) tag sequencing (PAT-seq), for which RNA was reverse transcribed by anchored oligo(dT), followed by adaptor-mediated second-strand synthesis, PCR amplification and HTS, 70% of Arabidopsis genes were identified to have more than one polyadenylation site cluster (PAC), with 17% of the PACs being located in annotated coding sequences (CDSs), introns, or 5′-UTRs [11]. However, although the PAT-seq data were filtered by eliminating PASs with stretches of six or more adenosines, these identified PASs were possibly affected by internal priming. Internal priming is internal poly(A) priming by which oligo(dT) primer generates a high frequency of truncated cDNAs in the process of reverse transcription (RT) [12]. Another study that directly sequenced Arabidopsis native RNA revealed that few PASs (1.16%) were located in exons, introns and 5′-UTRs, and such sites revealed by previous PAT-seq workflow were poorly supported by direct RNA sequencing [13]. In addition, direct RNA sequencing also revealed extreme heterogeneity at the 3′-ends of plant mRNAs that differed markedly from those of human mRNAs [13]. This was consistent with previous findings, that plant mRNAs had unique high heterogeneous 3′-ends [14,15].



The aforementioned transcriptome-wide AS and APA studies provide a reference for research into genes of interest. However, small-scale HTS methods aimed at genes and gene families are still necessary. This is because (1) genes of interest may be poorly covered; (2) tissues, developmental stages or treatment conditions may not be included in transcriptome-wide studies; and (3) so far, there is no detailed AS and APA information for most plants.



The RT-PCR sequencing (RT-PCR-seq) method developed by the Encode Project can be flexibly applied to discover AS events [16,17]. However, RT-PCR-seq also has its limitations. In RT-PCR-seq, small regions adjacent to known or putative SSs are enriched by RT-PCR, which is followed by HTS. This approach can discover novel exons in known/putative introns and some alternative donor/acceptor sites in target regions. However, for AS events without any clues, such as the alternative SSs which are not annotated, uncovered by existing expressed sequence tags or absent in other species, RT-PCR-seq is less effective [16].



In this study, we explored an approach that combined traditional rapid amplification of 3′-cDNA ends (3′-RACE) and HTS to simultaneously identify SSs and PASs. The effectiveness of this approach was verified with 14 transcription factor genes in poplar (Populus trichocarpa). To avoid false-positive results, filtering criteria were systematically evaluated for identifying authentic SSs and PASs. Although overly stringent filtering criteria may result in some SSs and PASs being overlooked, the increased local sequencing depth of 3′-RACE-seq revealed many novel SSs and PASs, shedding light on regions under active post-transcriptional regulation.




2. Results


2.1. Target Transcripts Were Effectively Enriched by 3′-RACE


In traditional 3′-RACE, PCR bias was expected because of the use of two universal adaptor primers and the necessity for two rounds of PCR. In addition, there was no standard for the quantity of template cDNA and the number of cycles for each round of PCR. Thus, two experiments (Experiment 1 and 2) of 3′-RACE were performed. In order to cover most of the target genes, the gene-specific primers were designed adjacent to the initiation codon. A comparable quantity of the twelve 3′-RACE products were obtained from each of Experiment 1 and Experiment 2 (Figure 1a). A total of 24 PCR products represented 3′-RACEs of 14 NAC transcription factor genes of P. trichocarpa. These PCR products from Experiment 1 and Experiment 2 were pooled and purified separately, then used for Illumina HTS. The majority of the sequencing reads (70.9% of Experiment 1 and 72.2% of Experiment 2) were mapped to the genome of P. trichocarpa (Table S1), then, more than half of these mapped sequences were located in target genes. The average coverage was ~400 reads per base pair of target genes (Figure 1b), indicating significant enrichment of target transcripts by 3′-RACE.




2.2. Monte Carlo Effect of Poorly Covered Splice Sites


Deep sequencing revealed 101 SSs for target genes. Thirty-two well-covered SSs, each of which was supported by more than 3800 reads, comprised 3.29–46.6% reads covering its target gene, and all well-covered SSs were canonical GT-AG SSs. Sixty-nine poorly covered SSs, which were supported by 10–1629 reads, comprised 0.001–0.6% reads covering the target gene. There were 40 canonical and 29 non-canonical SSs in these poorly covered SSs.



Although the quantity of starting template and the number of PCR cycles differed, for the well-covered SSs the percentage coverage of each SS was roughly consistent in both experiments (Figure 2a), indicating the linear accumulation of 3′-RACE products. This might be due to the fact that the rate-limiting step of 3′-RACE was linear accumulation of mega-primers complementary to the 3′-end of the target transcripts. In contrast, the poorly covered SSs were often detected in one experiment and absent in another, suggesting a Monte Carlo effect on the PCR (Figure 2b,c). The Monte Carlo effect is that the low-abundance templates are amplified early or late, depending on random factors, which can result in non-reproducibility of amplification [18]. In spite of analogous low coverage of poorly covered canonical and non-canonical SSs, the extent of reproducibility was clear. More than half (22/40) of poorly covered canonical SSs were detected in both experiments (Figure 2b), while only about 1/10 (3/29) of poorly covered non-canonical SSs were present in both experiments (Figure 2c), indicating the presence of more random factors for detecting non-canonical SSs.




2.3. Non-Canonical SSs Probably Resulted from PCR Artifacts


To verify poorly covered SSs detected by 3′-RACE-seq, ten canonical SSs with an average coverage of 0.009–0.27% and ten non-canonical SSs with an average coverage of 0.001–0.45% were randomly chosen for verification by RT-PCR (Figure S1, Table S2). Forward and reverse primers were designed within exons flanking the SS and to amplify small PCR products of 100–200 bp (Figure S1, Tables S2 and S5). All 10 canonical SSs were verified with RT-PCR, with predicted molecular sizes and clone sequencing (Table S6); however, for the tested non-canonical SSs, no PCR products were detected with the predicted molecular sizes (Figure 3a,b).



Further analysis of the sequence flanking SSs showed that ~90% (26/29) of the non-canonical SSs possessed direct repetitive sequences (DRSs) with length ≥4 bp, while almost 26% (19/72) of the canonical SSs had DRSs. Furthermore, the long DRSs (6–10 bp) were more prevalent (~51%, 15/29) in the non-canonical SSs, while long DRSs were rare (only ~4%, 3/72) in canonical SSs (Figure 3c,d, Table S2). Thus, we speculated that many non-canonical SSs were derived from PCR artifacts produced from DRS-mega-primers which can be generated from incomplete extension products ending at DRS regions on occasion (Figure 3e). By extension with out-of-register annealing DRS-mega-primers, DNA fragments between two DRSs were skipped, leading to false-positive detection of SSs by deep sequencing. Due to the low amplification efficiency of one-sided specific primers and two rounds of PCR, these DRS-mega-primers and consequent PCR artifacts are more likely to have accumulated in 3′-RACE experiments. In contrast, RT-PCR, using two-sided specific primers and aiming to generate small products can dramatically reduce such artifacts, clearly distinguishing between authentic and artifactual SSs (Figure 3a,b).




2.4. Complex AS Events in 14 NAC Transcription Factor Genes


Due to distinctive GT-AG rules and rare long DRSs in flanking sequences, both well- or poorly covered canonical SSs were considered to be authentic ones. Therefore, a total of 72 canonical SSs (32 well-covered and 40 poorly covered SSs) were used to analyze AS events in the 14 transcription factor genes. Based on primary and alternative gene models annotated by Populus trichocarpa v3.0 (Phytozome, https://phytozome.jgi.doe.gov/pz/portal.html), 34 poorly covered SSs were newly discovered. Among the 48 annotated SSs within the region downstream of gene-specific 3′ inner primers, 36 (75%) were verified. In the P. trichocarpa seedlings under normal growth conditions, SSs of 12 primary gene models (Model 1) were well covered, but for PtBTF3.1 and PtNAC113, the specific SSs of an alternative gene model (Model 2) were dominant. By comparison to the 12 Model 1 and two Model 2, AS events, including alternative 3′ splice site (A3′SS), alternative 5′ splice site (A5′SS), alternative 5′ and 3′ splice site (A5′/A3′SS), exon skipping (ES), and exonic introns (Exitron, EI) [19], were analyzed (Figure 4b, Table S2).



Twelve A3′SSs, 12 A5′SSs and two A5′/A3′SSs were detected with 3′-RACE-seq. Among them, 12 AS sites located in the 5′ regions of genes could introduce premature termination codons (PTCs) or insert/delete amino acids in NAC domains, potentially leading to nonsense-mediated decay (NMD) or alteration of DNA-binding specificity. In addition, three ES-type AS events were detected, which led to removal of most of the coding regions. Eleven EIs of five genes were identified in the last and longest annotated exons. Four EIs had multiples of three nucleotides (EIx3) and splicing resulted in internally deleted proteins. In contrast, seven EIs were non-EIx3 and splicing led to frameshift mutations downstream of the SSs.




2.5. Identification of PASs by Removal of Possible Internal Priming Sites


In order to identify PASs, reads with 3′-RACE adaptors were selected and trimmed. In total, 284 and 296 candidate PASs were detected in 5′-UTR/intron/exons and 3′-UTRs, respectively. In total, 65% (185/284) and 22% (65/296) candidate PASs of 5′-UTR/intron/exons and 3′-UTR, respectively, had ≥5 adenosines in a downstream 10-nt window (Figure 4a, Tables S3 and S4). The ratio difference between 5′-UTR/intron/exons (65%) and 3′-UTR (22%) suggested that the effect of internal priming in 5′-UTR/intron/exons was more obvious, compared to those in 3′-UTR. Because the lengths of native poly(A) tails (average 51 nt in Arabidopsis) [20] were longer than those within transcripts (maximum 12 nt in 14 target genes), reverse transcription should be more reproducible from native poly(A) tails than from internal A-rich regions. Candidate PAS counting showed 41% (116/284) and 65% (191/296) reproducibility in 5′-UTR/intron/exons and 3′-UTR, respectively. Such reproducibility also suggested a greater degree of internal priming in 5′-UTR/intron/exons than in 3′-UTR.



Internal priming is the foremost challenge for reverse transcriptase-dependent PAS identification [12]. Would the PASs without any internal priming features be considered to be authentic ones? It is well known that plant mRNA 3′-ends exhibit extreme heterogeneity [13,14,15]. Thus, we hypothesized that the PASs without any internal priming features could serve as markers for PAS-rich regions in plants. This hypothesis could be useful for detecting rare and potentially important PASs in 5′-UTR/intron/exons.



To screen out the markers representing PAS-rich regions, we established stringent criteria for eliminating any potential internal priming sites in 5′-UTR/intron/exons. These criteria included: (1) the 3′-stretch immediately downstream of candidate PASs should contain ≤1 adenosine; (2) the 10-nt window downstream of candidate PASs should contain ≤3 adenosines; (3) the 5-nt window upstream and downstream of candidate PASs should not have any other candidate PASs that do not meet criteria (1) or (2); and (4) candidate PASs should be repeatedly detected by independent experiments. It is noteworthy that adding criterion (3) can avoid false positives derived from the sliding of primers. Based on these criteria, we identified two internal exons and four intronic PASs/PACs (PASs within 50 nt of each other were defined as a PAC), which were present in three target genes, that is, PtNAC052, PtATAF1.2 and PtNAC035 (Figure 4b, Table S3).



Due to the lower disturbance of internal priming, 3′-UTR candidate PASs were screened by less-stringent criteria, as follows: (1) the 3′-stretch immediately downstream of candidate PASs should contain ≤3 adenosines; (2) the 10-nt window downstream of candidate PASs should contain ≤4 adenosines; and (3) candidate PASs should be repeatedly detected by independent experiment. Based on these criteria, 30 3′-UTR PASs/PACs were identified in 11 genes, and between two and five tandem 3′-UTR APAs were revealed in ten genes (Figure 4b, Table S3).




2.6. APA Transcripts Were Differentially Regulated across Tissues and in Response to Plant Hormones and Elicitors


As an important regulatory mechanism, APA should respond to endogenous and exogenous cues. The feature of differential regulation of APA transcripts can be regarded as strong evidence for the authenticity of PASs. To verify the candidate PASs, 3′-RACE experiments were performed with cDNA from poplar stems, roots and leaves, and from leaves treated with abscisic acid (ABA) 1 hours post-inoculation (hpi), salicylic acid (SA) 1 hpi or flg22 12 hpi. By clone sequencing of polymorphic bands, different PAS choices were detected in the different cDNA samples of PtNAC052 (Figure 5a), but were not detected in the samples of the other 13 tested genes (Figure S2).



Clone sequencing of the three major bands of PtNAC052 showed that the largest band (transcript variant 1; TV1) represented transcripts that ended in 3′-UTR (at 1977 nt of gDNA in PA6). The band next to the largest one (TV2), also represented transcripts that ended in the 3′-UTR (at 1775 nt and 1787 nt in PA5). The small band (TV3) represented transcripts that ended in the second intron (at 1232 nt in PA3, and at 1276 nt adjacent to PA3) (Figure 5a). In addition, the largest band (TV1) was detected exclusively in the ABA-treated leaves, suggested a stress-related 3′-UTR extension [21].



To confirm the differential regulation of APA transcripts, real-time PCR was performed with transcript-variant specific primers. No specific sequences of PtNAC052 TV2 were distinguishable from those of TV3, so one pair of primers was used for analyzing the mixed expression patterns of TV1 and TV2. Figure 5b illustrates the different expression patterns of PtNAC052 transcript variants. Upon ABA inoculation, PtNAC052 TV1 was markedly induced at 1 hpi, reaching 7.05 times the level of 0 hpi samples, and then declined at both 12 and 24 hpi. PtNAC052 TV1 + TV2 were also induced at 1 hpi, but their expression level (3.21 times the level of 0 hpi samples) was lower than that of TV1. PtNAC052 TV3 maintained a stable level of expression (similar to 0 hpi) at 1 hpi, with the expression level declining at 12 hpi. Following SA treatment, expression of PtNAC052 TV1 + TV2 was up-regulated at 1 and 12 hpi, whereas PtNAC052 TV1 and TV3 expression remained stable or was down-regulated at this stage, suggesting that only PtNAC052 TV2 was induced. As for flg22 treatment, no PtNAC052 TVs showed significant up- or down-regulation in response.



Together, these results, showing differential regulation of PtNAC052 transcript variants, confirmed the reliability of PAS-rich markers identified by 3′-RACE-seq.





3. Discussion


3′-RACE is a classical method to obtain 3′-ends of unknown cDNA sequences adjacent to known sequences, and to determine PASs of mRNA [22,23]. Our initial idea was to conduct 3′-RACE with primers from the 5′-end of genes, followed by HTS, to analyze AS and APA events on most regions of target genes simultaneously. Through detailed analysis of the 3′-RACE-seq results, we gained new insight into traditional 3′-RACE experiments. Historically, 3′-RACE has been known to generate a high background of non-specific and truncated products [24]. The extent of such a background was estimated by 3′-RACE-seq. In 24 3′-RACE experiments, more than half of the sequencing reads were not mapped to target genes, and >30% of the sequencing reads were mapped to other regions of the poplar genome (Table S1), while many internal priming events were indicated in 5′-UTR/intron/exons. The significant Monte Carlo effects between 3′-RACE-seq Experiment 1 and Experiment 2 suggested that two or more independent technical replicates were required to determine low-abundance SSs, using DNA deep sequencing of PCR products. By deep sequencing, we also discovered a new pitfall in 3′-RACE experiments, namely, the production of artifacts caused by DRS-mega-primers. This pitfall could be intrinsic to 3′-RACE, because the low-efficiency amplification conducted by one-sided gene-specific primers is likely to lead to many incomplete amplification products stopping at DRSs, while two-round PCRs with >70 cycles may provide more opportunity for the emergence and accumulation of artifacts. These low-abundance artifacts (0.001–0.6% of the percentage of coverage in this study) could do no harm for traditional 3′-RACE experiments which rely on low-throughput clone sequencing, but could seriously disturb the SS analysis of high-throughput sequencing.



Artifacts produced by DRS-mega-primers usually lead to identification of non-canonical SSs, which are rare in plants [7,8,25]. Therefore, taking only canonical SSs into account would be a convenient criterion for large-scale screening. By deep sequencing of a limited region, many poorly covered canonical SSs were revealed; for example, among 0.72 million reads mapped to PtNAC053, we detected 21 reads that spanned SS2. This kind of poorly covered SSs can barely be detected by transcriptome-wide HTS analysis under present sequencing depth in plants, of which the average coverage is usually <50,000 reads per gene [7,8,10]. In contrast to the other target strategy, RT-PCR-seq, which can only analyze SSs which are adjacent to known SSs, the 3′-RACE-seq method described here can detect SSs without any previous cues, such as novel EIs in annotated exons and novel ESs spanning a large region. This feature of 3′-RACE-seq also indicates its potential application for other eukaryotes with limited sequence information.



APA events in plants are known to be involved in plant flowering, dormancy and stress, but only a few have been well studied in plants [26,27,28,29,30]. This is partly because high-throughput transcriptome-wide PASs analyses have been restricted to model plant species, such as Arabidopsis thaliana, Medicago truncatula and Oryza sativa, and are disturbed by internal priming [11,13,31,32], whereas low-throughput 3′-RACE of genes and gene families are disturbed by both internal priming and non-specific amplification. In this study, we hypothesized that PASs without any internal priming features could serve as markers for heterogeneous 3′-ends in plants, and that extremely high sequencing depth of 3′-RACE products could detect such markers. A subsequent series of experiments confirmed this hypothesis. 3′-RACE-seq resulted in the production of many candidate PASs. Using very stringent criteria, three genes were screened out that possessed intronic/internal exon PASs. By using 3′-RACE and real-time PCR, one gene was confirmed to have tightly regulated APA transcripts, which ended in/around the previously identified PASs. This indicates that 3′-RACE-seq can accurately identify those gene regions which are subjected to APA.




4. Materials and Methods


4.1. Plant Material and Plant Hormone and Elicitor Treatments


Sterile seedlings of P. trichocarpa ‘Nisqually-1′ were used for 3′-RACE-seq. The sterilized seedlings were grown on Murashige and Skoog medium (pH 5.6), supplemented with 3% sucrose, 0.3% (w/v) Gelrite and 5 g/L activated charcoal, under a cycle of 16 h light/8 h dark with temperatures set at 22 °C/18 °C (day/night) [33], for 4 weeks. Abscisic acid (ABA), the flagellin fragment peptide flg22 (TRLSSGLKINSAKDDAAGLQIA from Pseudomonas syringae DC3000, >90% purity) (GenScript, Nanjing, China) [34] and salicylic acid (SA) were diluted to 0.01 mmol/L, 2 μmol/L and 5 mmol/L, respectively, with Milli-Q water containing 0.01% Silwet L-77. The solutions were sprayed onto the leaves, then the treated leaves were harvested at 0, 1, 12 and 24 h post-inoculation (hpi), immediately snap-frozen in liquid nitrogen, and stored at −70 °C.




4.2. 3′-RACE Experiment


Total RNA was extracted using the RNAprep Pure Plant Kit (Tiangen, Beijing, China) with on-column DNaseI digestion. According to the sequences of annotated gene models of Phytozome (http://phytozome.jgi.doe.gov/) P. trichocarpa v3.0, 12 pairs of 3′-RACE primers were designed for 14 NAC transcription factor genes (Table S5). The outer and inner primers were adjacent to the initiation codon. cDNA was synthesized from 1 μg total RNA using a 3′-RACE adaptor (5′-GCGAGCACAGAATTAATACGACTCACTATAGGT12VN-3′) with the Promega ImPromII Reverse Transcription System (Promega, Madison, WI, USA). cDNA was then diluted 1:4 with nuclease-free water. PCR was performed using KOD-plus-Neo DNA polymerase (Toyobo, Osaka, Japan) in a 50 μL reaction volume. Two independent 3′-RACEs’ groups, each of which was composed of twelve 3′-RACE experiments, were amplified by the PCR with either 2 μL starting template and 35 cycles per round (Experiment 1), or 4 μL starting template and 33 cycles per round (Experiment 2). PCR products of each group were pooled as one sample, separately, resulting in two samples (Experiment 1 and Experiment 2). Pooled PCR products (500 μL) were purified using 1% agarose gel electrophoresis to remove primer dimers. The target band was excised and isolated from the gel, using the DNA Gel Extraction Kit (Tiangen, Beijing, China).




4.3. HTS and Data Analysis


Purified PCR products from Experiment 1 and Experiment 2 were sheared by sonication to generate two DNA fragment libraries of 150–600 bp. The fragmented samples were purified through QIAquick PCR cleanup columns (Qiagen, Hilden, Germany) to build libraries using a TruSeq DNA Sample Prep Kit (Illumina, San Diego, CA, USA). The TruSeq libraries were sequenced on Illumina HiSeq2000 with 125 bp paired-end reads by the Annoroad Gene Technology Corporation (Beijing, China). Each library produced about 10 million raw reads. Low-quality bases (≤Q30), adaptors and short reads (≤50 bp) were removed. The reads (2 × 125 bp paired-end) were mapped against the P. trichocarpa genome v3.0 (https://phytozome.jgi.doe.gov/pz/portal.html) using TopHat (v2.0.12, https://ccb.jhu.edu/software/tophat/index.shtml) with a maximum of two mismatches [35]. Converting of SAM to BAM file was done using SAMtools (v1.3.1, http://www.htslib.org/). Depth of reads in poplar genome was calculated by ‘depth’ command in SAMtools.



The mapping results were viewed with NGS (next generation sequencing) alignment viewer Tablet [36]. All predicted splice sites were manually checked using Tablet. Reads with more than one mismatch around the splice sites were removed. The SSs covered by ≥10 reads in each experiment were selected for detection of splice sites.



On the other hand, the reads were filtered with in-house Perl script for PAS analysis. The remaining reads were aligned against P. trichocarpa genome v3.0, and PASs were counted with Tablet. Any site represented by ≥5 reads in each experiment was chosen as a candidate PAS for further analysis.




4.4. Real-Time PCR


RNA extraction and reverse transcription methods were the same as for the 3′-RACE experiment, except that cDNA was synthesized with oligo(dT)18. According to the distinguishable region of different transcript variants, specific primers were designed for TV1/2/3 of PtNAC052 (Table S5). Primer specificity was tested by BLAST against the Poplar genome database and experimentally confirmed (Figure S3). Elongation factor 1-a was chosen as the internal control, as previously described [37]. The expression levels from samples at 0 hpi were set to 1 and all subsequent sample expression levels were compared to the 0 hpi samples. PCR was carried out in a 20-μL reaction system using the FastStart Universal SYBR Green Master Mix (Roche, Penzberg, Germany). Real-time PCR was performed on an Applied Biosystems 7500 Real-time PCR System (Applied Biosystems, Waltham, MA, USA). The following cycling conditions were used: 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. These experiments were repeated three times with independently inoculated samples. The comparative CT method was used for analyzing real-time PCR data [38].




4.5. Availability of Supporting Data


Illumina short reads for two 3′-RACE experiments of fourteen NAC transcription factor genes in Populus have been deposited in the NCBI SRA (the Sequence Read Archive) database under BioProject PRJNA329448.





5. Conclusions


In this study, we explored a 3′-RACE-seq method to simultaneously identify splice and polyadenylation sites in plants. By in-depth sequencing of limited regions, this method exhibited sensitivity, but our analysis also indicated that the results from this approach must be used with care. Firstly, non-canonical and long DRS-flanking SSs could result from PCR artifacts. Secondly, due to the heavy influence of internal priming, candidate PASs must be filtered, using stringent criteria. However, this target HTS approach can robustly discover active post-transcriptional regulation cues that merely rely on only limited sequence information. In addition, small-scale HTS could be performed at low-cost, due to the low amount of sequencing data required. As a result, 3′-RACE-seq seems suitable for small-scale AS and APA research in the initial stage.








Supplementary Materials


The following are available online. Figure S1: The position of forward and reverse primers, Figure S2: Agarose electrophoresis of 3¢-RACE with cDNA of different tissue and treatments, Figure S3: Agarose electrophoresis of PCR products to confirm real-time PCR primer specificity, Table S1: Statistical data of 3¢-RACE-seq, Table S2: Summary of all detected SSs, Table S3: Summary of PASs that meet filter criteria, Table S4: Counting results of candidate PASs, Table S5: Primers used in experiments, Table S6: Clone sequencing data of 10 canonical SSs verified by RT-PCR.





Acknowledgments


We thank Shuangshuang Li, Liang Huang and Lina Le for their technical assistance. We acknowledge Annoroad Gene Technology Co., Ltd. (Beijing, China) for the technical assistance in HTS and data analysis. This work was supported by the National Natural Science Foundation of China (Grant No. 31570639), the Distinguished Young Scholars Fund of Nanjing Forestry University, the Priority Academic Program Development of Nanjing Forestry University and the Poplar Germplasm Nursery Project (Jiangsu Provincial Platform for Conservation and Utilizations for Agricultural Germplasm).




Author Contributions


Q.C. and M.W. designed the research. Q.C. and H.W. wrote the manuscript. H.W. performed the research.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Proudfoot, N.J.; Furger, A.; Dye, M.J. Integrating mRNA processing with transcription. Cell 2002, 108, 501–512. [Google Scholar] [CrossRef]

	



Elkon, R.; Ugalde, A.P.; Agami, R. Alternative cleavage and polyadenylation: Extent, regulation and function. Nat. Rev. Genet. 2013, 14, 496–506. [Google Scholar] [CrossRef] [PubMed]

	



Nilsen, T.W.; Graveley, B.R. Expansion of the eukaryotic proteome by alternative splicing. Nature 2010, 463, 457–463. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, A.S.; Marquez, Y.; Kalyna, M.; Barta, A. Complexity of the alternative splicing landscape in plants. Plant Cell 2013, 25, 3657–3683. [Google Scholar] [CrossRef] [PubMed]

	



Staiger, D.; Brown, J.W. Alternative splicing at the intersection of biological timing, development, and stress responses. Plant Cell 2013, 25, 3640–3656. [Google Scholar] [CrossRef] [PubMed]

	



Filichkin, S.A.; Priest, H.D.; Givan, S.A.; Shen, R.; Bryant, D.W.; Fox, S.E.; Wong, W.K.; Mockler, T.C. Genome-wide mapping of alternative splicing in arabidopsis thaliana. Genome Res. 2010, 20, 45–58. [Google Scholar] [CrossRef] [PubMed]

	



Howard, B.E.; Hu, Q.; Babaoglu, A.C.; Chandra, M.; Borghi, M.; Tan, X.; He, L.; Winter-Sederoff, H.; Gassmann, W.; Veronese, P.; et al. High-throughput RNA sequencing of pseudomonas-infected arabidopsis reveals hidden transcriptome complexity and novel splice variants. PLoS ONE 2013, 8, e74183. [Google Scholar] [CrossRef] [PubMed]

	



Marquez, Y.; Brown, J.W.; Simpson, C.; Barta, A.; Kalyna, M. Transcriptome survey reveals increased complexity of the alternative splicing landscape in arabidopsis. Genome Res. 2012, 22, 1184–1195. [Google Scholar] [CrossRef] [PubMed]

	



Thatcher, S.R.; Zhou, W.; Leonard, A.; Wang, B.B.; Beatty, M.; Zastrow-Hayes, G.; Zhao, X.; Baumgarten, A.; Li, B. Genome-wide analysis of alternative splicing in zea mays: Landscape and genetic regulation. Plant Cell 2014, 26, 3472–3487. [Google Scholar] [CrossRef] [PubMed]

	



Thatcher, S.R.; Danilevskaya, O.N.; Meng, X.; Beatty, M.; Zastrow-Hayes, G.; Harris, C.; Van Allen, B.; Habben, J.; Li, B. Genome-wide analysis of alternative splicing during development and drought stress in maize. Plant Physiol. 2016, 170, 586–599. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Liu, M.; Downie, B.; Liang, C.; Ji, G.; Li, Q.Q.; Hunt, A.G. Genome-wide landscape of polyadenylation in arabidopsis provides evidence for extensive alternative polyadenylation. Proc. Natl. Acad. Sci. USA 2011, 108, 12533–12538. [Google Scholar] [CrossRef] [PubMed]

	



Nam, D.K.; Lee, S.; Zhou, G.; Cao, X.; Wang, C.; Clark, T.; Chen, J.; Rowley, J.D.; Wang, S.M. Oligo(dt) primer generates a high frequency of truncated cdnas through internal poly(a) priming during reverse transcription. Proc. Natl. Acad. Sci. USA 2002, 99, 6152–6156. [Google Scholar] [CrossRef] [PubMed]

	



Sherstnev, A.; Duc, C.; Cole, C.; Zacharaki, V.; Hornyik, C.; Ozsolak, F.; Milos, P.M.; Barton, G.J.; Simpson, G.G. Direct sequencing of arabidopsis thaliana rna reveals patterns of cleavage and polyadenylation. Nat. Struct. Mol. Biol. 2012, 19, 845–852. [Google Scholar] [CrossRef] [PubMed]

	



Hunt, A.G. Rna regulatory elements and polyadenylation in plants. Front. Plant Sci. 2011, 2, 109. [Google Scholar] [CrossRef] [PubMed]

	



Tian, B.; Graber, J.H. Signals for pre-mrna cleavage and polyadenylation. Wiley Interdiscip. Rev. RNA 2012, 3, 385–396. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Q.; Wang, H.; Xu, B.; Zhu, S.; Hu, L.; Huang, M. Discovery of a novel small secreted protein family with conserved n-terminal igy motif in dikarya fungi. BMC Genom. 2014, 15, 1151. [Google Scholar] [CrossRef] [PubMed]

	



Howald, C.; Tanzer, A.; Chrast, J.; Kokocinski, F.; Derrien, T.; Walters, N.; Gonzalez, J.M.; Frankish, A.; Aken, B.L.; Hourlier, T.; et al. Combining rt-pcr-seq and rna-seq to catalog all genic elements encoded in the human genome. Genome Res. 2012, 22, 1698–1710. [Google Scholar] [CrossRef] [PubMed]

	



Karrer, E.E.; Lincoln, J.E.; Hogenhout, S.; Bennett, A.B.; Bostock, R.M.; Martineau, B.; Lucas, W.J.; Gilchrist, D.G.; Alexander, D. In situ isolation of mrna from individual plant cells: Creation of cell-specific cdna libraries. Proc. Natl. Acad. Sci. USA 1995, 92, 3814–3818. [Google Scholar] [CrossRef] [PubMed]

	



Marquez, Y.; Hopfler, M.; Ayatollahi, Z.; Barta, A.; Kalyna, M. Unmasking alternative splicing inside protein-coding exons defines exitrons and their role in proteome plasticity. Genome Res. 2015, 25, 995–1007. [Google Scholar] [CrossRef] [PubMed]

	



Subtelny, A.O.; Eichhorn, S.W.; Chen, G.R.; Sive, H.; Bartel, D.P. Poly(a)-tail profiling reveals an embryonic switch in translational control. Nature 2014, 508, 66–71. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sun, H.X.; Li, Y.; Niu, Q.W.; Chua, N.H. Dehydration stress extends mrna 3’ untranslated regions with noncoding rna functions in arabidopsis. Genome Res. 2017, 27, 1427–1436. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.; Hunt, A.G. A 3’ race protocol to confirm polyadenylation sites. Methods Mol. Biol. 2015, 1255, 135–144. [Google Scholar] [PubMed]

	



Scotto-Lavino, E.; Du, G.; Frohman, M.A. 3’ end cdna amplification using classic race. Nat. Protoc. 2006, 1, 2742–2745. [Google Scholar] [CrossRef] [PubMed]

	



Schaefer, B.C. Revolutions in rapid amplification of cdna ends: New strategies for polymerase chain reaction cloning of full-length cdna ends. Anal. Biochem. 1995, 227, 255–273. [Google Scholar] [CrossRef] [PubMed]

	



Vitulo, N.; Forcato, C.; Carpinelli, E.C.; Telatin, A.; Campagna, D.; D’Angelo, M.; Zimbello, R.; Corso, M.; Vannozzi, A.; Bonghi, C.; et al. A deep survey of alternative splicing in grape reveals changes in the splicing machinery related to tissue, stress condition and genotype. BMC Plant Biol. 2014, 14, 99. [Google Scholar] [CrossRef] [PubMed]

	



Cyrek, M.; Fedak, H.; Ciesielski, A.; Guo, Y.; Sliwa, A.; Brzezniak, L.; Krzyczmonik, K.; Pietras, Z.; Kaczanowski, S.; Liu, F.; et al. Seed dormancy in arabidopsis is controlled by alternative polyadenylation of dog1. Plant Physiol. 2016, 170, 947–955. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



De Lorenzo, L.; Sorenson, R.; Bailey-Serres, J.; Hunt, A.G. Noncanonical alternative polyadenylation contributes to gene regulation in response to hypoxia. Plant Cell 2017, 29, 1262–1277. [Google Scholar] [CrossRef] [PubMed]

	



Macknight, R.; Bancroft, I.; Page, T.; Lister, C.; Schmidt, R.; Love, K.; Westphal, L.; Murphy, G.; Sherson, S.; Cobbett, C.; et al. Fca, a gene controlling flowering time in arabidopsis, encodes a protein containing rna-binding domains. Cell 1997, 89, 737–745. [Google Scholar] [CrossRef]

	



Michaels, S.D.; Amasino, R.M. Flowering locus c encodes a novel mads domain protein that acts as a repressor of flowering. Plant Cell 1999, 11, 949–956. [Google Scholar] [CrossRef] [PubMed]

	



Schomburg, F.M.; Patton, D.A.; Meinke, D.W.; Amasino, R.M. Fpa, a gene involved in floral induction in arabidopsis, encodes a protein containing rna-recognition motifs. Plant Cell 2001, 13, 1427–1436. [Google Scholar] [CrossRef] [PubMed]

	



Fu, H.; Yang, D.; Su, W.; Ma, L.; Shen, Y.; Ji, G.; Ye, X.; Wu, X.; Li, Q.Q. Genome-wide dynamics of alternative polyadenylation in rice. Genome Res. 2016, 26, 1753–1760. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Gaffney, B.; Hunt, A.G.; Li, Q.Q. Genome-wide determination of poly(a) sites in medicago truncatula: Evolutionary conservation of alternative poly(a) site choice. BMC Genom. 2014, 15, 615. [Google Scholar] [CrossRef] [PubMed]

	



Kang, B.G.; Osburn, L.; Kopsell, D.; Tuskan, G.A.; Cheng, Z.M. Micropropagation of Populus trichocarpa ‘nisqually-1’: The genotype deriving the Populus reference genome. Plant Cell Tissue Organ Cult. 2009, 99, 251–257. [Google Scholar] [CrossRef]

	



Nguyen, H.P.; Chakravarthy, S.; Velasquez, A.C.; McLane, H.L.; Zeng, L.; Nakayashiki, H.; Park, D.H.; Collmer, A.; Martin, G.B. Methods to study pamp-triggered immunity using tomato and nicotiana benthamiana. Mol. Plant-Microbe Interact. 2010, 23, 991–999. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Milne, I.; Stephen, G.; Bayer, M.; Cock, P.J.; Pritchard, L.; Cardle, L.; Shaw, P.D.; Marshall, D. Using tablet for visual exploration of second-generation sequencing data. Brief. Bioinform. 2013, 14, 193–202. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Q.; Zhang, B.; Zhuge, Q.; Zeng, Y.R.; Wang, M.X.; Huang, M.R. Expression profiles of two novel lipoxygenase genes in Populus deltoides. Plant Sci. 2006, 170, 1027–1035. [Google Scholar] [CrossRef]

	



Schmittgen, T.D.; Livak, K.J. Analyzing real-time pcr data by the comparative ct method. Nat. Protoc. 2008, 3, 1101–1108. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Samples of the total RNA of P. trichocarpa ‘Nisqually-1′ and 3′-RACE products of 14 NAC genes are available from the authors.
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Figure 1. Target transcripts enriched by 3′-RACE. (a) Agarose gel electrophoresis of 12 3′-RACEs for 14 poplar NAC transcription factor genes. M, DNA ladder; 1, Experiment 1; 2, Experiment 2; names of target genes are shown at the top of lanes; (b) The number of reads mapped to each of 14 target genes. 
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Figure 2. Reproducibility of splice sites (SSs) detected in two 3′-RACE experiments. (a) Reproducibility of 32 annotated SSs; (b) reproducibility of 40 poorly covered canonical SSs; (c) reproducibility of 29 poorly-covered non-canonical SSs. Y axis of line chart is the percentage of coverage (reads spanned intron/reads covered target gene × 100 (%)). SSs were arranged from largest to smallest according to the percentage of coverage in Experiment 1. Left circle, SSs detected in Experiment 1; right circle, SSs detected in Experiment 2; the intersection of the left and right circles denotes SSs detected in both experiments. 
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Figure 3. Canonical and non-canonical SSs verified by RT-PCR and the model explaining DRS-mega-primer-mediated amplification. (a) Ten canonical SSs verified by RT-PCR. Lanes 2–11 are PtNAC074 SS3, PtNAC065 SS2, PtNAC028 SS7, PtNAC074 SS10, PtBTF3.1 SS3, PtNAC015 SS6, PtNAC052 SS3, PtNAC015 SS6, PtATAF1.2 SS7 and PtNAC053 SS6; (b) Ten non-canonical SSs verified by RT-PCR. Lanes 2–11 are PtBTF3.2 SS8, PtNAC074 SS6, PtNAC035 SS1, PtBTF3.1 SS8, PtBTF3.1 SS10, PtATAF1.2 SS4, PtATAF1.1 SS5, PtNAC052 SS7, PtNAC028 SS1 and PtNAC028 SS6. The top of each lane shows the predicted size of the PCR product when splicing occurred at the detected SS. Asterisks indicate bands which were consistent with prediction; (c) Distribution of DRSs flanking canonical and non-canonical SSs; (d) Alignment of PtBTF3.2 and its sequencing reads covered SS8. DRSs flanking SS8 are marked in red; (e) Model explaining the generation of DRS-mega-primers and how artifacts were amplified by DRS-mega-primers. 
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Figure 4. Polyadenylation sites (PASs) and splicing sites of 14 NAC transcription factor genes revealed by 3′-RACE-seq. (a) The percentage of ≥5 As (adenosines) in a downstream 10 nt window and reproducibility for candidate PASs; (b) Schematic representation of splicing sites and PASs. Rectangle: annotated exon; round rectangle: 5′-UTR or 3′-UTR; straight line: annotated intron; grey rectangle: region encoding NAC domain; zigzag full line: well-covered SS; zigzag broken line: poorly covered SS; tops of zigzag lines are number of each SS, which is discontinuous because of removal of non-canonical sites; short and long bold full line below indicates individual PASs and polyadenylation site clusters (PACs), respectively; arrow: position of 3′-RACE inner primers. 
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Figure 5. Alternative polyadenylation (APA) transcripts of PtNAC052 differentially regulated across tissues and in response to plant hormones and elicitors. (a) Agarose gel electrophoresis of PtNAC052 3′-RACE with cDNA from different tissues and treatments and principle of real-time PCR primers design for transcript variants of PtNAC052. Arrows indicate forward primer (FP) and reverse primer (RP). Due to the overlapping of TV1 and TV2, FP2 and RP2 of PtNAC052 were designed to amplify TV1 and TV2 simultaneously. Rectangle: annotated exon; round rectangle: 5′-UTR or 3′-UTR; straight line: annotated intron; grey rectangle: region encoding NAC domain; short and long bold full line below indicates individual PASs and PACs, respectively; (b) Expression patterns of PtNAC052 TVs during response to ABA, SA and flg22. Expression levels were calculated relative to 0 hpi samples. Bars indicate mean expression ± SD (standard deviation) of three replicates. These experiments were repeated three times with similar results. 
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