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Transposable elements (TEs) are mobile DNA sequences that play roles in gene regulation, and have a potential to
influence the expression of nearby genes by functioning as cis-regulatory sequences. However, bioinformatics
tools facilitating analysis of the associations between TEs and nearby genes in plants are still lacking. We there-
fore reanalyzed the comprehensive annotation data of gene models and TEs of 11 plant species available in
Ensembl Plants database, and built an up-to-date, unique tool called PlanTEnrichment, enabling enrichment anal-
ysis of TEs located within the upstream regions of a given gene list. PlanTEnrichment takes, for example, a group
of differentially expressed genes under a particular biological condition as input and returns the list of TEs asso-
ciated with those genes, along with their calculated enrichment scores and statistical significances.
PlanTEnrichment is freely available at http://tools.ibg.deu.edu.tr/plantenrichment/ and is likely to substantially
enhance our understanding of the role of TEs in diverse biological processes.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Transposable elements (TEs) are mobile DNA sequences that have
the ability to insert themselves into new sites of genome and are
found abundantly in most eukaryotes, particularly in plants [1]. They
dominate major proportions of several plant genomes. For example,
>80% and >60% of maize and sorghum genomes comprise TEs, respec-
tively [2]. TEs are usually divided into two major classes based on
transposition intermediate: (i) class I elements (also called
retrotransposons) act via an RNA intermediate using ‘copy-and-paste’
mechanism, whereas (ii) class Il elements (also called DNA transpo-
sons) transpose in a ‘cut-and-paste’ fashion [3]. Retrotransposons are
known to be the main contributors to the expansion of the size of the
genome in eukaryotes [4,5], and are typically observed at higher levels
than DNA transposons in plants [2].

In addition to the importance of genome evolution [6], TEs are asso-
ciated with the regulation of gene expression (for review see [7,8]) by
altering chromatin structure [9], by providing novel promoters and by
functioning as cis-regulatory sequences [10]. The activity of TEs, in
some cases, is inhibited by epigenetic silencing mechanisms, such as
DNA methylation and histone modifications [9]. However, these epige-
netic modifications in TEs can also influence the expression of both
nearby [11] and host genes [12]. On the other hand, TE insertion at the
upstream regions of genes may lead to a gain in novel binding sites
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(promoters) for transcription factors [13,14]. In a comprehensive
study of human regulatory sequences, Jordan et al. have reported
~25% of the promoter regions of human genes contain TE-derived se-
quences, which indicates the significance of TEs in the regulation of
transcription [13]. Additionally, the movement of TEs into new
intergenic regions has potential to disrupt existing cis-regulatory se-
quences or to form novel ones in the genome. Anthony Studer and his
colleagues have observed that a retrotransposon, Hopscotch, can act as
an enhancer of teosinte branched1 (tb1) gene in maize, by inserting itself
into the regulatory region of the th1 locus [15].

Several publications have appeared in the last two decades
documenting interesting examples of differential transcription and mo-
bilization of TEs in response to stress in mammalian [16,17] and several
plant species [ 18-23]. In a recent report by Makarevitch et al. [19], it has
been revealed that in maize, as many as 20 TE families exhibit stress-
responsive transcription and have the potential to influence the expres-
sion of nearby genes. Furthermore, one of the well-studied DNA
transposons, mPing, has been shown to be triggered in response to
stress conditions and rewired transcriptional regulatory network of
rice [23]. In tobacco plant, the activation of the Tnt1 retrotransposons
by biotic and abiotic stress has been discovered, and their interactions
with the host genome have been elucidated [24].

Given the large number of TEs located near gene loci in some plant
species [25] and their potential to influence gene expression by provid-
ing novel regulatory sequences, TEs are crucial for rewiring regulatory
networks that underlie diverse biological events, such as development
and response to stress. So far, only Plant Transposable Element-related
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miRNA Database (PlanTE-MIR DB) has been established to facilitate the
investigation of overlapping TE-microRNA gene pairs in 10 plants spe-
cies [26]. To date, however, there is no available platform developed
for the study of associations between TEs and nearby protein coding
genes in plants. Here we report a regularly updated and simple yet func-
tional analysis tool called PlanTEnrichment, which permits enrichment
analysis of TEs located within the upstream regions of a given gene list.
By an approach similar to that used in Gene Ontology (GO) term enrich-
ment analysis [27], PlanTEnrichment helps to identify whether mem-
bers of a group of genes tend to be significantly linked with certain
TEs under a specific condition in plants.

2. Materials and methods for database construction
2.1. Collection and processing of annotation data

We downloaded gene model annotation data of 11 plant species
(Arabidopsis thaliana, Brachypodium distachyon, Glycine max (soybean),
Hordeum vulgare (barley), Medicago truncatula, Oryza sativa (rice),
Populus trichocarpa (poplar), Sorghum bicolor, Solanum lycopersicum (to-
mato), Triticum aestivum (wheat), and Zea mays (maize)) from the ftp
server of Ensembl Plants database (ftp://ftp.ensemblgenomes.org, re-
lease 34) [28] using an in-house shell script. We also made use of TE an-
notation of 11 species, which was provided in “repeat feature” and
“repeat consensus” MySQL (https://www.mysql.com/) database tables
of Ensembl Plants. These tables include: (i) genomic localization, (ii)
class, (iii) type, and (iv) consensus repeat sequence (if available) infor-
mation of each TE in the respective genome. All download tasks were
performed with the wget command line utility of Linux. Using the geno-
mic coordinates of genes and TEs, we detected and classified all TEs lo-
cated within 1, 2.5 and 5 kb upstream of genes in their respective
genomes. Thus, we found all possible TE related genes in each plant spe-
cies included in the study, and stored their genomic features in our local
database. We performed identification of co-localized gene-TE pairs by
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taking advantage of Structured Query Language (SQL) on a local
MySQL database (v5.5.52). The workflow of the study is shown in Fig. 1.

2.2. Calculation of enrichment scores and their statistical significances

The unique functionality of the PlanTEnrichment tool is in permit-
ting the identification of significantly enriched TEs associated with a
given gene list. We calculate enrichment score (ES) of each TE observed
within the upstream regions of a group of genes as follows. Let X denote
a specific TE that is located within the upstream region of any gene in a
given gene list and let Y denote all TEs that are located within the up-
stream region of all genes in the list. Then ES is described as follows:

ESx = (a/b)/(c/d)

» where a is the total number of X observed within the upstream re-
gions of the list of genes,

* b is the total number of X observed within the upstream regions of all
genes in the genome,

* cis the total number Y observed within the upstream regions of the
list of genes, and

* d is the total number of Y observed within the upstream regions of all
genes in the genome.

The statistical significance of each ES is calculated with the Fisher's
exact test. The p-value of ESy can be computed by the following
equation:

The p—value of ESx = ((a+b)!(c+d)!(a+c)!(b+d)!)/alblc!dN!

where N is the total of a, b, ¢ and d. TEs with p-value < 0.05 and two or
more fold ES can be considered as appropriate cut-off for determining
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Fig. 1. Workflow diagram of PlanTEnrichment. Genomic locations of both genes and repeat elements were extracted from Ensembl Plants Database, and co-localized gene and repeat
element pairs were identified. Functional gene annotations and gene identifiers of other external data sources, including Gene Ontology, UniprotkB and EntrezGene were also stored in
our local MySQL database. A simple yet functional web interface was developed with PHP, HTML5 and CSS3 for retrieving the results of database queries and allowing enrichment analysis
of repeat elements based on given gene lists by the users with R scripts; (http://php.net; http://www.mysql.com/; http://www.r-project.org./).
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statistically significant TEs. However, a more stringent cut-off can also
be applied by the users.

2.3. Development of database and user interfaces

PlanTEnrichment comprises comprehensive annotation data of TE
related genes and their functions that are collected from several sources,
such as GO [29] and UniProtKB [30]. We hosted all genomic features and
gene annotations of TE related genes on a Linux server (CentOS Linux
release 7.3(1611) and Apache v2.4.6). The user interfaces of
PlanTEnrichment were built using Hyper Text Markup Language
(HTML) 5 with responsive Pure CSS v0.6.2 modules (https://purecss.
io/). Database queries were developed with SQL database programming
language, and the communication between the user interfaces of
PlanTEnrichment and the MySQL database was implemented in PHP
v5.4.16 (http://www.php.net/). The user interfaces of PlanTEnrichment
were also enhanced with JQuery (https://jquery.com/) AJAX (asynchro-
nous HTTP) methods to provide its users with a simple and easy-to-use
searching experience. ES and its statistical significance are calculated via
execution of our in-house R v3.3.2 [31] scripts from PHP. Additionally,
bar graphs that are generated by PlanTEnrichment are drawn in R statis-
tical calculation environment using the ggplot2 package.

3. Database content and utility
3.1. The proportions of TE related genes in plant genomes

PlanTEnrichment was developed with the help of available public
gene and TE annotation data from the Ensembl Plants database. Based
on the co-localization analysis of plant TEs and genes, we observed
that the proportions of genes that were found to be associated with
TEs substantially varied across plant species (Table 1). Rice was found
to be the species with the most abundant TE insertions at the upstream
regions of its genes. We found 48.28%, 74.42% and 89.35% of rice genes
include at least one repeat element within the 1, 2.5 and 5 kb upstream
regions of their transcription start sites, respectively. However,
Arabidopsis thaliana, Brachypodium distachyon, poplar and wheat were
almost identical in terms of the proportions of the genes showing co-lo-
calizations with plant repeat elements. Overall, we have observed that a
large number of genes in the genomes of 11 plant species include at
least one TE within 5 kb upstream regions, which possibly indicates
the significance of TEs in the regulation of a wide range of biological
processes.

3.2. Enrichment analysis by gene IDs

PlanTEnrichment allows searching up to 1000 genes of plant species
of interest at once by taking as input either multiple genomic coordi-
nates in Chromosome:Start:End:Strand format or any of the following
valid gene identifiers: (i) Ensembl gene IDs, (ii) Ensembl transcript

Table 1

The percentages of plant genes that have at least one TE within 1, 2.5 and 5 kb regions of
their transcription start sites in the Ensembl Plants database (release 34) gene model and
repeat element annotation.

Species Number of Genes 1kb (%) 2.5kb (%) 5kb (%)
Arabidopsis thaliana 32,833 11.98 26.81 43.05
Brachypodium distachyon 26,552 13.71 33.22 51.98
Glycine max 54,174 16.97 39.78 62.64
Hordeum vulgare 26,067 2331 45.78 65.69
Medicago truncatula 54,073 38.31 67.77 84.96
Oryza sativa 91,080 48.28 74.42 89.35
Populus trichocarpa 41,377 13.73 35.12 55.36
Solanum lycopersicum 38,735 23.40 48.83 69.39
Sorghum bicolor 34,567 38.23 67.65 85.01
Triticum aestivum 114,428 11.98 30.59 52.13
Zea mays 44,474 2213 38.47 48.48

IDs, (iii) EntrezGene IDs, or (iv) UniprotKB IDs. The main page of
PlanTEnrichment tool offers a user-friendly web interface to its users
so that one can perform his/her search efficiently and as simply as pos-
sible (Fig. 2a). First, the user chooses any of 11 plant species, and then
defines the length of upstream sequence and gene identifier type from
the pull down menus, respectively. At the final step, the user pastes
his/her gene list or multiple genomic regions into the text area under-
neath the pull down menus and clicks the search button. When the
search operation is performed, depending on the number of genes in
the search list and the server workload, the retrieval of search results
may take up to a few minutes.

In the result page of PlanTEnrichment, all TE names associated with
the given gene list appear along with their class and superfamily infor-
mation as well as corresponding ESs and p-values (Fig. 2b). Additionally,
the tool provides an option to download results in text and graphic for-
mats. A “Download repeat positions” link appearing in the result page
makes available the download of genomic intervals of TEs and their as-
sociated genes. This interval information can be utilized, for instance, to
quantify the abundance of the TEs of interest in RNA sequencing sam-
ples via incorporating with other genome arithmetic tools, such as
BEDTools [32] and BEDOPS [33]. Providing interval information in text
format is particularly important when the user compares expression
levels of TEs from two or more groups. We also provided gene descrip-
tions, UnipotKB IDs and descriptions, and associated GO terms of the
given gene list via “the Download repeat positions” link in the result
page. The values used in the calculation of ESs and p-values are down-
loadable and provided as a separate link via the “Download enrichment
results” link. Enrichment results (up to 10 TEs) can also be downloaded
in portable network graphics using the “See results as bar graph” link in
the result page (Fig. 2c). Brief information regarding the tool and its
usage, data sets and genome assemblies used in the study is provided
in the tutorial page of PlanTEnrichment.

3.3. Enrichment analysis of heat stress responsive genes in maize

As an example, we tested PlanTEnrichment with a previously pub-
lished gene set to examine whether our tool generates consistent results
with the current literature. By using the genomic coordinates of differ-
entially regulated TE associated genes under heat stress in maize [19]
(Supplementary Table 1, sample list #3 of PlanTEnrichment) as input,
we performed an enrichment analysis to detect potential heat stress
related TEs. Our enrichment analysis found 48 TEs of which 4
(RLX_naiba_AC195481_139, RLX_etug_AC187099_1770, RLG_gyma_
AC189750_2238 and RLC_bipide_AC205969_9058) were statistically
significant (p < 0.001) and had >2 fold enrichment. These results
agree with the findings from Makarevitch et al. [19], which have
shown that naiba, etug, gyma families are associated with heat stress re-
sponse. PlanTEnrichment also suggested one of the bipide family mem-
bers to be a novel heat responsive TE. However, this finding needs to be
investigated further and validated.

4. Conclusions and future works

Herein, we developed a regularly updated unique analysis tool called
PlanTEnrichment to facilitate investigation of the role of TEs under di-
verse biological conditions. By an approach similar to that used in GO
term enrichment analysis, PlanTEnrichment takes, for example, a
group of genes sharing a common feature (e.g. differentially expressed
genes between normal and stress conditions) and returns a list of candi-
date TEs that have a potential to serve as novel regulatory sequences for
nearby genes. To test the association of significantly enriched TEs with a
certain condition, quantification of TE expression in samples should be
considered as the next step. Therefore, in our future research we intend
to concentrate on incorporating expression profiles of TEs, which will be
collected from public RNA sequencing databases. We currently include
11 plant species in our database. However, PlanTEnrichment has a
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Fig. 2. Screenshots of PlanTEnrichment search and results pages. (a) Users can search up to 1000 genes at a time using the form fields in the home page of PlanTEnrichment. (b) Search
results are provided in both searchable table format and tab delimited text format for further downstream analysis steps. (c) Statistical significances of TEs are also illustrated as bar graphs

and can be downloaded as a portable network graphics (PNG) file.

modular and expandable architecture. Therefore it is open to grow, and
we plan to increase the number of available species for the enrichment
analysis. Our tool is freely available at http://tools.ibg.deu.edu.tr/
plantenrichment/ and is likely to substantially enhance our understand-
ing of the role of TEs in diverse biological processes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2017.05.008.
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