Expression of transposable elements in the dioecious plant Silene latifolia
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ABSTRACT

Gypsy and Copia LTR retrotransposons dominate genome of the dioecious plant Silene latifolia. In this study, we measured the transcription of various transposable element (TE) families in different organs using NGS data. We found that the most expressed TE families were Athila and Tekay/Del (both are Gypsy elements) and Angela (Copia element) LTR retrotransposons together with LINE nonLTR retrotransposons. Transcription of transposable elements differed between organs: highest transcript level was found in pollen and lowest in unfertilized pistils. TE transcription in male and female leaves was similar. Transposable elements were also represented in smRNA, mostly in molecules that were 24 nt long. We found mainly negative correlation between transcript level and abundance of smRNA homologous to individual TE families. Small RNAs were derived from various parts of TEs – they were homologous to LTRs in Tat, Ogre, Tekay and Angela families while they mapped to 5’UTR and 3’UTR regions in Athila and Maximus elements. We discuss possible causes of TE transcription differences in various organs as well as the importance of smRNA in regulating TE activity.

INTRODUCTION

Transposable elements are ubiquitous genome inhabitants representing up to 90% of the nuclear genome in some plants species (SanMiguel and Bennetzen 1998, Kejnovsky et al. 2012). As the majority of the genome is transcribed, even in both strands, as has been shown in humans where 90% of the genome is transcribed (Kapranov et al. 2007, Birney et al. 2007), TEs significantly contribute to transcriptome and even to proteome (Gotea and Makalowski 2006). Expression of TEs is epigenetically controlled by DNA and histone methylation, small RNA molecules activity or chromatin remodeling (Slotkin and Martienssen 2007). The activity of TEs varies during specific developmental stages and between sexes (Pasyukova et al. 1997; Rohr et al. 2002). 

Small RNA molecules acting via mechanisms known as RNA interference have a prominent role in regulating TE expression at both transcriptional and posttranscriptional levels (for review see Castel and Martienssen 2013). There is experimental evidence for both negative (Piriyapongsa et al. 2007) and positive (Lee et al. 2012) relation between transcript level and abundance of smRNAs derived from TEs. Negative correlation of smRNA and TE transcript level supports rather a defense role of smRNA while positive correlation of both molecules can be explained by the regulatory role of smRNA (Lee et al. 2012). RNA interference differs in plant and animal species and contributes to the greater genome dynamism of plants (Kejnovsky et al. 2009).

White campion (Silene latifolia) is a model dioecious plant species possessing heteromorphic X and Y sex chromosomes (for review see Kejnovsky and Vyskot 2010). Its genome is not completely sequenced yet but all main classes of transposable elements and satellite DNAs have been characterized (Macas et al. 2011). The repetitive DNA fraction represents about 50% of the S. latifolia genome and is composed of gypsy (Tat/Ogre, Athila, Tekay, CRM) and copia (Angela, Maximus) LTR retrotransposons, LINE nonLTR retrotransposons and CACTA and Mutator DNA transposons as well as four types of satellite DNA (Macas et al. 2011; Neumann et al. 2011). Some repeats, like Copia, accumulate on the Y chromosome while others, like Ogre elements, are ubiquitous but absent from the Y chromosome (Cermak et al. 2008; Macas et al. 2011; Kejnovsky et al. 2009). S. latifolia provides a unique system for the study of TE transcription in the reproductive organs of separate male and female individuals in plants. The activity of TEs thus can be linked to the chromosomal localization of TEs, especially in relation to non-recombining regions of the Y chromosome.

Here we used Illumina platform-based RNA-seq to measure transcript levels and abundance of smRNAs derived from transposable elements in male and female leaves, unfertilized and fertilized pistils and pollen of Silene latifolia. We found differences in TE expression for individual organs as well as negative correlation between smRNA and corresponding transcript levels in the majority of TE families supporting the defense role of smRNA in TE transcription regulation. 

MATERIALS AND METHODS 

RNA isolation and sequencing by Illumina platform

Pollen grains were isolated from male flowers using 0.3M mannitol according to http://www.bio-protocol.org/wenzhang.aspx?id=67. High-molecular-weight and low-molecular-weight RNA were isolated simultaneously according to Carra et al. (2007) from young male and female leaves, unfertilized and fertilized pistils and pollen grains. DNA contaminations were removed using the Turbo DNA-free kit (Ambion). RNA and small RNA samples were sequenced at IGA Technology Services (Udine, Italy) on HiSeq2000 using standard Illumina sequencing workflow.

Analysis of genomic abundance and expression of TEs

The sequenced data from five different organs of Silene latifolia were preprocessed in the following way: raw reads from small RNA-seq and mRNA-seq were filtered according to  quality using the FastX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Custom-based bash scripts were used for analysis of sequence length distribution and subsequent filtration of 24 nt long RNAs in the datasets from Small RNA-seq. Additionally, both ends of mRNA-seq reads were trimmed to 30 bp to have only high quality sequences of cDNA in the coverage analysis.

There were three types of reference sets used in the analysis: (i) collection of repeat-specific databases of 454 reads from the PROFREP server (http://w3lamc.umbr.cas.cz/profrep/public/), (ii) full length LTR retrotransposons extracted from the BAC clones (accessible in GenBank under KC978925, KC978926, JQ289125 and KC978923) and (iii) consensus sequences assembled from clustering analysis of the repetitive fraction of Silene latifolia (Macas et al. 2011). The extraction of TE sequences from the BAC sequences was done using custom-based Bash and Perl wrappers for the LTR finder tool (Xu and Wang 2007). These sequences were then classified into families schematically annotated using both LTR finder and the NCBI Conserved Domain Search tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).  For assessment of the expression levels of TE families, the mRNA reads were mapped to repeat-specific databases using the LAST alignment tool (Kiełbasa et al. 2011). Only satellite repeats, rDNA and chloroplast DNA were filtered out from the PROFREP database. The parameters were adjusted in order to allow up to 2 mismatches (the spaced seed was set up to 1110100 and initial match to 10 nucleotides for small RNAs and 1111101110010 and 15 nucleotides for cDNAs). The number of hits for each TE family was normalized using RPKM (Mortazavi et al. 2008). Transcript lengths of distinct families were computed as an average length of consensus sequences of corresponding TE families. The proportion of distinct TE families in transcriptome and the abundance of small RNAs, were depicted with stacked histograms using custom-based R scripts and the LibreOffice suite. The coverage plots were visualized using custom-based gnuplot scripts. 

Divergence Analysis

The intra-group divergence of TE families was estimated using the Illumina genomic reads (accessible in the SRA under ERX015036 and ERX015035) and the consensus (reference as mentioned above) TE sequences. The mapping analysis followed the transcriptome abundance analysis but this time the minimal score was set up to allow 80% sequence identity. The alignment was then sorted by editing distance (number of mismatches) and counts of reads with corresponding editing distance were visualized using the LibreOffice suite (Figure 5). The transcriptomic abundance for the divergent groups was assessed as described before.

Biological Replicates Simulation and DE analysis

To model the biological variation in the examined organs of S.latifolia, extra mRNA sequencing data of the following organs were downloaded from the SRA:  pollen (accessible under SRR316288 and SRR316289), male flower buds (SRR404980, SRR404981, SRR404982) and female flower buds (SRR404983, SRR404984, SRR404985) and small RNA data of leaves and flowers (accessible in GEO under GSM803576, GSM803577 and GSM803578). The database data were combined with our data and the expression was evaluated as described above. Hierarchical clustering was achieved using Pvclust R-package. The clustering resulted in five clusters in the case of cDNA and four clusters in the case of small RNA. The members of these clusters were subsequently used as biological replicates (Figure 2 and DE analysis). The differential expression was assessed using the edgeR R package.  In this analysis the expression of all genomic clusters was compared including those where no reference element was available, because edgeR does not need gene lengths for the normalization. The p-value threshold was set to 0.05 and only results below this value were considered statistically significant (see Supplementary Data).

RESULTS 

Comparison of transcription of TE families

We studied the transcription of most frequent families of TEs in dioecious plant Silene latifolia using RNA-seq based on Illumina platform. We mapped RNA-seq reads onto transposable elements reconstructed recently by Macas et al. (2011). The highest proportion of transcriptome was exhibited by Athila elements followed by Tekay/Del, Angela/Tork and Tork. After new transcription data were compared with our genomic NGS data published previously (Macas et al. 2011) we were able to assess which TE families were over-expressed and which were under-expressed. We calculated the normalized number (RPKM) of both transcription and genomic reads corresponding to the specific families of TEs and showed the dependence of transcription level on genomic proportion (Figure 1). Only LINE elements showed over-expression in all organs while other elements like Angela/Tork, Athila, Tat, Tekay/Del, Maximus/Sire and CACTA were under-expressed in all or the majority of organs studied (Figure 1). 

TE transcription in various organs

We measured the level of transcripts homologous to main TE families in various plant organs - leaves, pistils, pollen and male and female flower buds. Moreover, we analyzed expression data of various organs of S. latifolia deposited in databases (SRA and GEO), that we partly used as replicates. We separately analyzed mRNA and smRNA molecules homologous to reconstructed TEs. Among smRNAs, we calculated only 24-nt long RNA molecules because they had the highest homology with TEs (Figure S1) and because it is known that 24-nt smRNA molecules are potential regulators of TE activity (for review see Bucher et al. 2012). We found that transcription levels of TEs differed between organs - the highest transcript level was found in pollen and the lowest in pistils (Figure 2a) and, in contrast, pistils and flowers had the highest smRNA level while pollen had the lowest smRNA expression (Figure 2b). The proportion of transcripts corresponding to a specific TE family differed significantly for different organs especially in Tekay/Del, Athila and Angela/Tork families (Figure 1 and 2). On the other hand, the transcript level of Tat, LINE, CACTA or Maximus/Sire was relatively similar in all tested organs (Figure 1 and 2). Organ-specific expression of various families was supported by statistically significant differences assessed by the differential expression analysis (see Materials and Methods). The differences between families in organs correlated with the results obtained from the RPKM analysis.

Negative correlation between transcript level and smRNA abundance

We were interested if there was any correlation between abundance of TE-derived transcripts and TE-derived small RNA molecules. Therefore, we visualized a representation of each TE family in transcriptome (presented as normalized transcript level) against its representation in the small RNA libraries for all studied organs (Figure 3). We found a negative correlation between transcript level and small RNA abundance in all families except for LINE and Athila. Higher transcript level corresponded to lower smRNA abundance and vice versa. We did not find any statistically significant relationships in the Tekay/Del family. The negative correlation was most obvious in the Angela/Tork family (R2=0.81, Figure 3a).

Distribution of smRNA along TEs

We focused on the distribution of smRNA along the element length in all TE families. We found that smRNA distributions were not homogenous and that there are rather prominent sites where the majority of smRNA molecules mapped (Figure 4). Such preferential sites were represented by long terminal repeats (LTRs) in three gypsy elements – Tat, Ogre and Tekay/Del - and one Copia element – Angela/Tork (Figure 4a-d). Specific localization of smRNA only to LTR was obvious in Tat, Ogre and Angela/Tork while smRNA in Tekay/Del also localized to 3’UTR. In another Copia element – Maximus/Sire – smRNA localized to 5’UTR, a region upstream of the gag gene (Figure 4e). SmRNA in Athila gypsy element mapped to both 5’UTR and 3’UTR regions. Unfortunately, we were unable to completely annotate a reconstructed Athila element, namely ends of LTR. Regions where smRNA mapped were therefore represented by either LTR or 5’UTR (Figure 4f). In LINE elements, smRNA most frequently mapped onto the reverse transcriptase gene (Figure 4g). Finally, in CACTA DNA transposons, smRNA molecules were localized in 3’UTR (Figure 4h).

In addition to smRNA, we also mapped transcribed RNA reads onto main TE families. Surprisingly, the coverage of TEs by RNA transcripts was not homogenous, as in the case of smRNA, and most RNA transcripts mapped into the same regions as smRNA – most often into the LTR and UTR regions. Transcribed RNA reads mapped into the gene region only in LINE elements (data not shown). 

Relative age of TE families and their expression

In order to assess relative age of TE families and expression of TEs in relation to their age we analyzed the intra-group divergence of TEs of S. latifolia and measured the level of expression in relation to the divergence of TE copies. We found that abundance of genomic TE copies decreased with increasing divergence (age) of elements, indicating that TEs are mostly evolutionarily young (Figure 5). Only in Tat/Retand family, the abundance of young and old elements was similar. We found that the level of transcription positively correlates with the amount of elements of various divergence in Angela, Athila, Tekay/Del and LINE families, i.e. youngest elements (most common) were most expressed. In contrast, copies of medium divergence were most expressed in Ogre elements, copies with low and high divergence were most expressed in CACTA elements and copies of high divergence were most expressed in Maximus/Sire elements (Figure 5). 

DISCUSSION

The study showed that (i) transcript levels and abundance of smRNAs derived from transposable elements were negatively correlated, (ii) these transcript levels differed between sexes and plant organs as well as in relation to the element age, (iii) most smRNA had homology to long terminal repeats or UTR regions of LTR retrotransposons.

There is limited evidence for the sex-specific expression of TEs coming e.g. from drosophila (Meiklejohn et al. 2003). In plants, dioecious sorrel (Rumex acetosa) was the first species where difference in expression of TEs in males and females was found (Steflova et al. 2013). To our knowledge, our report on S. latifolia is the first detailed analysis of TE expression in dioecious plants where transcript levels and abundance of smRNAs derived from various families of TEs were analyzed in various organs of male and female individuals. Differences in TE expression between sexes or organs can be caused by co-transcription of TE located in the introns or downstream of the host genes that show sex- or organ-specific expression, as was shown in drosophila (Ranz et al. 2003). Similarly, expression of 20,000 retrotransposons in the human and mouse genome strongly positively correlated with expression of known genes near which they mapped (Faulkner et al. 2009). Since we measured whole TE families and not the single genomic copies and because we still found sex- and organ-specific differences in transcript level, the most probable explanation is based on regulation of TEs by organ specific host factors as was shown in drosophila (Vu and Nuzhdin 2011).

Transposable elements are not only co-transcribed with upstream-located genes, they have their own promoters from which whole elements are specifically transcribed. Moreover, neighboring host genes can be transcribed from promoters provided by TEs. Changes in host gene expression during development as a result of co-transcription from an adjacent transposable element  was reported by Martienssen et al. (1990) when Mutator element was inserted near the transcription start site. Recently, transcription of genes from adjacent long terminal repeats of retrotransposons was studied on a genome-wide scale and correlated with methylation that is tissue-specific (Kashkus and Khasdan 2007). Transposable elements by providing promoters and other regulatory regions that are spread across the genome, can build regulatory networks enabling coordinated gene regulation and functioning of genome in a concerted way (Feschotte 2008).

Negative correlation of smRNA and transcript levels can be explained by the defensive role of smRNA protecting cell against TEs spreading via RNA interference mechanism and RNA directed DNA methylation (RdDM). Our data showing low smRNA and high transcript levels in pollen compared to other organs indicate that this protective effect of smRNA is weakest in pollen what can result in higher activity of TEs there (Figure 2). However, it is possible that our material originated from stage of pollen development before smRNA was synthetized from larger transcripts what could explain high level of transcripts and low level of smRNA. Then our results would be in agreement with finding of Slotkin et al. (2009) who showed that TEs are reactivated in vegetative nucleus of pollen. It is assumed that TE-derived transcripts are converted to smRNA that can migrate to sperm cell (located inside pollen) where they suppress the activity of TEs (Slotkin et al. 2009). We analyzed 24-nt smRNA while Slotkin et al. (2009) focused on 21-nt smRNA. However, our additional analysis revealed that quantitative results are similar irrespective of smRNA length (not shown). The smRNA-based silencing mechanism probably also underlies the surprising chromosomal distribution pattern of Ogre element that is ubiquitous in S. latifolia chromosomes but absent on the Y chromosome (Cermak et al. 2008; Kubat et al. in preparation).

The prominent homology of smRNA to LTRs and 3’UTR that we found, supports the importance of LTRs in smRNA-based regulation of TE activity. High level of smRNA derived from LTR can be a result of the higher transcription level of LTR that, in turn, could be a consequence of (i) the presence of promoter in LTR as well as (ii) the localization of LTR at the beginning of TEs where co-transcription from upstream-located genes can prolong into LTR. Moreover, LTR can be highly transcribed because of (iii) activity of RNA-dependent RNA polymerases IV and RNA polymerase V that produce long non-coding RNA (lncRNA) molecules that can fulfill a regulatory role, e.g. in RNA directed DNA methylation (RdDM). Namely, long non-coding RNA produced by RNA-dependent RNA polymerase IV are converted to double-stranded molecules by RNA-dependent-RNA polymerase 2 (RDR2), then are processed by Dicer-like nucleases giving rise to 24-nt smRNA molecules that target nascent Pol V transcripts and drive CHH methylation of complementary TEs (Wierzbicki 2012; Wierzbicki et al. 2012; Haag et al. 2012). In this way, increased level of transcripts as well as smRNA inside LTR and 3’UTRs compared to gene-coding regions, may reflect more intensive RdDM silencing of TE.
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Figure Legends:

Figure 1. Number of mRNA transcript reads plotted against number of genomic reads for individual TE families in various organs. Families with elevated expression level (compared to their genomic proportion) are above diagonal while families with decreased expression level are under diagonal. Tissues are represented with following symbols: squares – leaves, down-pointing triangle – pistils, diamond – pollen, left-pointing triangle – male flower buds and right-pointing triangle female flower buds.  RPKM means reads per kilobase per million of reads.

Figure 2. Transcription of TE families in various organs. The height of each column corresponds to the proportion of respective TE family in mRNA (a) or smRNA (b) isolated from specific organs. RPKM means reads per kilobase per million of reads.

Figure 3. Correlation of transcript (y-axis) and smRNA (x-axis) level for each TE family in various organs. RPKM means reads per kilobase per million of reads.

Figure 4. The abundance of 24-nt smRNAs along eight selected TE families: Tat (a), Ogre (b), Tekay/Del (c), Angela/Tork (d), Maximus/Sire (e), Athila (f), LINE (g) and CACTA (h). Colored dots represent normalized number of smRNAs in analyzed tissues – male leaves (blue), female leaves (red), unfertilized pistils (purple), fertilized pistils (green) and pollen (brown). Sense and antisense smRNAs matching TEs are marked by colored dots above or below the x-axis respectively. TEs are schematically annotated below graphs. 

Figure 5.  Genomic diversity of selected TEs families and the level of expression of the divergent copies. The height of each column represents level of expression in different organs (male leaves – blue, female leaves – orange, unfertilized pistils – yellow, fertilized pistils – green and pollen - brown), the black line is the genomic abundance of the corresponding divergent copies (based on editing distance of mapped reads). 

Figure S1. Size distribution of smRNA and their homology to selected TEs families. The number of smRNA of specific length (blue column) and number of smRNA homologous to TEs visualized in Figure 4 (red column). 

