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Abstract

Background: Retroelements can successfully colonize eukaryotic genome through RNA-mediated transposition, and are
considered to be some of the major mediators of genome size. The migratory locust Locusta migratoria is an insect with a
large genome size, and its genome is probably subject to the proliferation of retroelements. An analysis of deep-sequencing
transcriptome data will elucidate the structure, diversity and expression characteristics of retroelements.

Results: We performed a de novo assembly from deep sequencing RNA-seq data and identified 105 retroelements in the
locust transcriptome. Phylogenetic analysis of reverse transcriptase sequences revealed 1 copia, 1 BEL, 8 gypsy and 23 non-
long terminal repeat (LTR) retroelements in the locust transcriptome. A novel approach was developed to identify full-
length LTR retroelements. A total of 5 full-length LTR retroelements and 2 full-length non-LTR retroelements that contained
complete structures for retrotransposition were identified. Structural analysis indicated that all these retroelements may
have been activated or deprived of retrotransposition activities very recently. Expression profiling analysis revealed that the
retroelements exhibited a unique expression pattern at the egg stage and showed differential expression profiles between
the solitarious and gregarious phases at the fifth instar and adult stage.

Conclusion: We hereby present the first de novo transcriptome analysis of retroelements in a species whose genome is not
available. This work contributes to a comprehensive understanding of the landscape of retroelements in the locust
transcriptome. More importantly, the results reveal that non-LTR retroelements are abundant and diverse in the locust
transcriptome.
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Introduction

In insects, genome sizes vary across two orders of magnitude,

i.e., from less than 100 megabases to larger than 10 gigabases (Gb)

[1]. Genome sizes have fluctuated with periods of genome inflation

via transposon activity throughout genome evolution. Hence,

variations in genome size are mainly attributable to changes in the

amount of transposable elements (TEs) [2]. Emerging genomic

data from genome sequencing projects in different organisms show

that TEs constitute a large portion of eukaryotic genomes (3%–

45% in metazoans) [3]. These elements appear to have very

similar structures, basically containing genes responsible for their

transposition. TEs replicate in two main ways, involving either a

DNA or an RNA intermediate, and they have been accordingly

divided into two classes, namely: retrotransposons and transposons

[4]. Retrotransposons are major contributors to genome size

expansion by producing extra copies of retroelements from

themselves throughout the genome via an RNA intermediate

using a ‘copy and paste’ proliferation mechanism [5]. On the other

hand, to attenuate genome size expansion via retroelement

proliferation, inactive retroelements eventually decay and are

excised from the genome under relaxed selection [6]. Thus, due to

their ability to proliferate and their susceptibility to decay,

retroelements appear to have a large impact on genome size

variations [2]. In this context, retroelements are particularly

important in determining genome architecture [2,6,7].

The abundance and evolutionary diversity of retroelements

provide these important elements a tremendous potential as

triggers of genome reshaping [8,9]. Indeed, the dynamics of

retroelements are now widely accepted as an important source of

structural variations and genomic innovations. Their key roles in

the evolution of genome architecture and gene regulation have

also been recognised [5,9,10]. Retroelements have contributed

substantially to genome size differences, with the larger genome

being comprised of a diverse collection of retroelements in insects

[11]. The majority of new retroelement copies produced by active

retrotransposons are truncated and incapable of further retro-

transposition. Due to the loss of retrotransposition function, the

great majority of retroelements have suffered extensive mutations

under a neutral rate. For this reason, their divergence to their
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original active retrotransposon corresponds approximately to the

time elapsed since their arrival, such that ancestral families of

retroelements are more divergent than younger ones [12]. These

divergent retroelements have been accumulated in the genome

gradually over a long period of time. Consequently, the non-

prompt removal of retroelements could lead to genomic obesity by

retroelement accumulation [13]. As a consequence of retroelement

propagation, larger genomes may maintain a higher abundance

and diversity of retroelements than smaller genomes [2,11,14].

The migratory locust, Locusta migratoria, has a genome size of

6.35 pg, which is twice the size of the human genome, or 36 times

that of Drosophila melanogaster [1]. The larger size of the L. migratoria

genome relative to other insects is believed to be directly related to

the abundance and diversity of retroelements [15]. Benefiting from

the well-established classification system of TEs, phylogenetic

analysis based on reverse transcriptase (RVT) domains have been

widely used to identify retroelements and reveal their genetic

diversity [3,16]. Therefore, determining the number and kind of

retroelements colonising the locust genome is of tremendous

significance and deserves great attention to gain insights into the

genomic architecture of large genomes.

Numerous studies have been conducted to identify retro-

elements in genomic sequences. Our comprehensive knowledge

on insect retroelements is limited to a few sequenced species –

mainly organisms such as holometabolous insects (e.g., the fruitfly

D. melanogaster, the beetle Tribolium castaneum and the mosquito

Anopheles gambiae) [17,18]. In spite of the substantially reduced cost

of DNA sequencing by several orders of magnitude, genome

sequencing is still labour intensive and time consuming [19]. In

contrast to retroelements in genomic sequences, much less is

known about the transcriptional landscape of retroelements.

Although the integration of all transcribed retroelements into the

host genome is not sufficient, transcription is the first and most

essential step in the retroelement replicative cycle [9]. The

transcribed retroelements are then reverse transcribed by the

self-encoded RVT to integrate into the host genomes via an

autonomous or non-autonomous mechanism [8]. Due to the

accumulated mutation and truncation, most retroelements in their

host genome are incapable of transposition into a new location.

However, the transcription initiation of these decayed retro-

elements is still activated by their still-intact promoter in the

retroelement fragments or the promoter from nearby protein

genes [8]. Therefore, the transcriptional activities of retroelements

can be detected not only by transcriptional initiation from active

copies, but also by co-transcription of adjacent protein-coding

genes alternatively [8]. With rare exceptions, the transcriptional

activities of retroelements have been detected in all analysed

eukaryotic transcriptomes, consistent with the recent finding that a

substantial portion of retroelements contributes to the transcrip-

tome [9,20]. Thus, we set out to determine whether transcriptome

analysis based on deep-sequencing strategies can be an efficient

way of identifying and quantifying retroelements in L. migratoria, a

non-model species with a large genome size.

The identification and quantification of retroelements in

transcriptomes pose great challenges in assembly completeness

(integrity of each retroelement transcript) and accuracy, due to the

low throughput and generally not quantitative nature of large-

scale expressed sequence tag (EST) sequencing [21]. Compared

with the traditional polymerase chain reaction (PCR)-based or

EST-based strategy, the cost-efficient transcriptome analysis based

on deep sequencing strategies presents an efficient way for the

high-throughput discovery of retroelements. It offers considerable

advantages over the traditional methods, such as adequate

coverage of assemblies, sensitivity for retroelements expressed at

low levels, and high accuracy for quantifying expression levels

[21,22]. Hence, the identification and quantification of transcripts

originating from retroelements may offer a potential indicator for

the transcriptional activity of these elements. In combination with

the unprecedented amount of high-throughput sequencing data,

the identification and quantification of retroelements in transcrip-

tome data offer an efficient alternative strategy in genome biology.

Increasing evidence demonstrates that retroelement have

profound impacts on many different aspects of eukaryotic

development [23,24,25]. Indeed, their contribution to transcrip-

tomes has been acknowledged recently [9,26]. The expression of

only a few retroelements during development has been described

in a limited number of species [27,28]. Although transcripts for

retroelements have been detected in several transcriptome studies,

there is no study on how their expression changes on a genome-

wide scale during development.

Phenotypic plasticity, the capacity of a given genotype to exhibit

variable phenotypes in response to changing external conditions, is

common in insects [29]. The effects of the external environment

on the phenotype disrupt retroelement silencing, resulting in

retroelement reactivation and altered retroelement expression

[30,31]. Changes in retroelement expression can rapidly reshape

genome architecture by causing insertion, exon shuffling, chro-

mosomal breakage, ectopic recombination and genome rear-

rangement [30]. They can also influence gene expression patterns

by inserting into promoters or enhancers, by providing binding

sites for transcription factors, by regulating the chromatin

conformation, or by governing splicing and polyadenylation

patterns [8,32,33]. Given their involvement in the genetic causes

of phenotypic plasticity, retroelements are considered to be some

of the essential forces affecting genomic plasticity, thereby

activating or inhibiting gene expression [32,34,35,36]. The

migratory locust exhibits extreme phenotypic plasticity, trans-

forming between a cryptically coloured, solitarious phase and a

conspicuously coloured, gregarious phase [37]. Solitarious and

gregarious locusts differ in many phenotypic traits, including

colour, shape, metabolic physiology, hormonal regulation and

immune response, collectively termed ‘‘phase-related traits’’ [38].

Altered environment conditions involved in swarm formation and

mass movement are primarily responsible for phenotypic changes

in response to increased population density [39,40]. Under high

population density, gregarious locusts form large, migrating

swarms that can cause substantial damage to pastures and crops.

With the recognition that retroelements account for the genome

size expansion in both animals and plants, retroelements can be

speculated to constitute a large fraction of the locust genome and

have a great influence on its genome evolution [5,7,31]. Despite

the finding that a substantial portion of retroelement-related

transcripts are expressed in the small RNA and the EST data in

our previous studies [15,41], the features of retroelements in

locusts are still poorly understood. Systematic studies that

characterise these elements are also not yet available. To facilitate

the discovery and identification of retroelements in locusts, we

present the first de novo transcriptome analysis for retroelements

based on deep sequencing approaches. The L. migratoria tran-

scriptome offers a great opportunity for determining whether

retroelements are indeed more abundant and diverse in the locust

genome. It also allows us to facilitate a comprehensive investiga-

tion of the transcriptional activities of retroelements, considering

that they are assumed to play important roles during development

and in phenotypic plasticity.

Retroelements in the L. migratoria Transcriptome
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Results

Consensus sequence reconstruction of retroelements
A total of 447 million reads from deep sequencing libraries in

the fourth instar stage were used for assembly by the Multiple-k

strategy. All contigs from the different k-mer assemblies were then

pooled together for a final assembly. The scaffolds inferred from

the paired-end information were verified by translation mapping

methods, which search orthologous regions in the protein

sequences from Repbase using translated contigs. Transcripts

longer than 300 bp were retained for further homology searches to

ensure the accuracy of retroelement identification. Given that the

structure signatures are almost absent in the transcriptome,

retroelements were sought by an approach that relied on

homology searching of the known retrotransposon proteins using

the protein-based RepeatMasking program to identify transcripts

that contain an inner region of retrotransposon homologous

proteins. In an attempt to avoid false-positive identification, the

following stringent criteria were used: (1) its protein length was at

least 200 amino acids and the E value was less than 1E-25, and (2)

its sequence did not show homology with the functional proteins

from non-redundant database of NCBI, except for retrotransposon

proteins. Transcripts showing homology with transposases were

classified as DNA TEs and thus were removed from further

analysis. To distinguish the consensus sequences produced by

transcriptome data from those obtained by genome-scale analysis,

we defined the ‘‘retroelement,’’ instead of the ‘‘family,’’ to the

consensus sequence reconstructed in this study. Thus, the retro-

element was assigned based on the following criterion: two

transcripts belong to the same retroelement if they share 80% (or

Figure 1. Strategy for the identification and characterization of full-length LTR retroelements in the L. migratoria transcriptome.
Rectangles indicate protein domains. The polylines in step 4 and 6 indicate the paired-end reads. The misassembled LTR retroelement is presented at
the top of the figure.
doi:10.1371/journal.pone.0040532.g001
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more) sequence identity over 80% of their sequences [3]. The

resulting assembly formed 105 distinct retroelements with a

maximum length of 8,863 bp. Ten retroelements were randomly

selected for RT-PCR validation, and nine of them were

successfully amplified and sequenced by cloning into pGEM-T

vector (Table S1). Our retroelement dataset also included LmI

retroelement, which was recently cloned by a PCR-based method

using the SMART RACE technology [15]. Probably due to the

intrinsic nature of retroelements, the majority (73%, 77/105) of

transcripts ranged from 500 bp to 3,000 bp in length and

transcripts longer than 3,000 bp were under-represented (27%,

28/105, Figure S1). We analysed the protein domain organisation

of the 105 retroelement transcripts by both HMMER and protein-

based RepeatMasking searches. Although the searches failed to

detect the sequential domain structures, i.e. PRO-RVT-RNH-

INT in gypsy (PRO, protease; INT, integrase; RNH, ribonuclease

H), in a large portion of retroelement transcripts, the structures

could still be categorised according to the homologies of their pol

or gag polyproteins.

Identification of full-length retroelements in the locust
transcriptome

The definition of full-length long terminal repeat (LTR)

retroelements is limited to those that contain a functional gag-pol

structure, which is essential for providing the transposition-

required structural components and enzymatic activities. Full-

length LTR retroelements were identified based on multiple

structural rules: detection of a pair of similar LTRs at both ends,

presence of putative gag or pol open reading frames (ORFs),

internal domain structure, polypurine tract sites (PPT) and primer

binding sites (PBS) at the flanking end of LTRs. A novel strategy

based on an iterative assembly process was adopted to reconstruct

the complete region of retroelements. A schematic representation

of our assembly strategy is shown in Figure 1. In total, five

transcripts, designated as Soty, Beri, Boyu, Kokol and Wusur, were

identified as LTR retroelements, as described below.

We performed a structural analysis of the full-length LTR

retroelements. The domains identified in ORFs of these retro-

elements are presented in Figure S2. Structural analysis revealed

that the main feature of known LTR retroelements was present in

each full-length LTR retroelement. For each element, we also

determined the PPT, PBS, and LTR length. In the absence of a

previous reported dataset of tRNA gene sequences in L. migratoria,

the PBS region was determined by the comparison of a

comprehensive collection of insect tRNAs. In general, the two

conserved sites, PPT and PBS, were located in the internal region

of each LTR retrotransposon. To identify the PBS sequences,

similarity searching against tRNA datasets was performed in the

adjacent region of its LTR sequences. The PBS in Kokol, Boyu and

Wusur corresponded to tRNA-Ser, tRNA-Met and tRNA-Val,

respectively. Kokol and Boyu have a predicted PPT located

immediately upstream of the right LTR. However, no clear PPT

can be assigned to Wusur.

Two full-length retroelements were also identified as non-LTR

retroelements, named Rter and Limi. Rter is a LINE/RTE

retroelement, a clade of retroelements widely distributed in

animals [42]. It possesses a 967-amino-acid ORF with RVT and

endonuclease domains in positions similar to those of EXPAND-

ER1. It also contains a short 39 UTR composed of AT-rich

nucleotides, a characteristic consistent with other members of the

RTE clade. The RVT domain belongs to a family of RNA-

dependent DNA polymerases that reverse-transcribes single-

stranded RNA into double-stranded DNA (PF00078, RVT

family). The endonuclease domain belongs to a large family of

proteins, including magnesium-dependent endonucleases and

phosphatases involved in intracellular signalling (PF03372, endo-

nuclease/exonuclease/phosphatase family). At the 39 end, we

found a poly-A tail, indicating that Rter is a fully processed

transcript of RNA polymerase II. For Limi, the protein-based

RepeatMasking analysis of the coding regions showed significant

sequence similarities to the nimbus from Schistosoma manson [43],

suggesting that Limi belonged to the a newly defined clade, Nimb.

This clade has been recently recognised to be an independent

clade, which included members from insects, molluscs, and fishes

[44,45]. In nucleic acid binding proteins (also known as ORF1),

three cysteine-rich motifs that form zinc finger domains of the

CCHC type were detected in all three full-length retroelements :

CX2CX4HX4C type, CYQCHRFNHTSQSC; CX2CX3HX4C

type, CVTCGKEAHEGIC; CX2CX3HX6C type, CINCNGN-

HAASSREC. Apart from the RVT domain and AP (apurinic)

endonuclease domain, the ORF2 of Limi also encoded an RNase

H domain, which is responsible for the degradation of DNA/RNA

hybrids. A poly-A tail could also be found located at the 39 end of

its UTR.

Distribution of retroelements in different clades
To understand the phylogenetic inference of locust retro-

elements, the phylogeny based on the RVT sequences was

analysed in the context of representative members of known

clades. A total of 33 retroelements were selected because they

showed sequence similarities to RVT sequences by HMMER

searches (Figure 2). The potential RVT coding region of the

remaining retroelements was absent or fragmented, although at

least part of their sequences showed recognisable regions of

proteins encoded by known retrotransposons. These 33 locust

retroelements represented divergent lineages in previously estab-

lished clades. The representation of transcribed retroelements

appeared to be biased towards the non-LTR and gypsy clade, and

only two retroelements corresponding to the copia or BEL/Pao

clade were identified. In terms of the number of divergent

retroelements in a clade, the rich diversity of the non-LTR and

gypsy clade was observed. For example, six retroelements were

grouped together with EXPANDER1, a member of RTE clades

firstly identified in the genome of zebrafish.

Non-LTR retrotransposons constitute a diverse group of

elements that are classified into 12 well-established clades [12].

In total, 23 retroelements were classified as non-LTR retro-

elements, accounting for 70% (23/33) of all identified non-LTR

retroelements. Members from 6 of the 12 non-LTR clades were

detected, namely, CR1, L2, I, R1, Jockey and RTE (Figure 3).

Members from three newly identified clades, Vingi, Nimb and

Daphne, were also detected [16,44,46]. These clades remarkably

differ in the diversity of members. The majority of non-LTR

retroelements corresponded to the two clades, RTE clade and

Daphne clade. Among the nine clades that occupy the L. migratoria

transcriptome, a large group of RTE clades was evident, which is

consistent with a previous analysis in insects [47]. RVT-phylogeny

analysis revealed the presence of six distinct retroelements,

indicating that RTE is the most abundant and diversified clade

of non-LTR retroelements in the L. migratoria transcriptome.

Another diversified lineage, consisting of five distinct retro-

elements, was also detected in the Daphne clade.

Among the four main clades (gypsy, BEL, copia and DIRS), the

most abundant LTR clade in insect genomes is gypsy [48]. The

gypsy clade represents an extraordinary diversity of lineage

distribution in different insects, and is categorised into six main

lineages, namely, gypsy, Osvaldo, Mag, CsRN1, Mdg1 and Mdg3

[26,49]. In particular, the gypsy retrotransposons in the A. gambiae

Retroelements in the L. migratoria Transcriptome
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genome belong to five distinctive lineages, whereas the retro-

transposons in the Daphnia. pulex genome belong to two main

lineages [48]. A total of eight retroelements were identified in the

L. migratoria transcriptome, and they are split into four lineages that

exhibit higher diversity than in A. gambiae and D. pulex. All the gypsy

retroelements fall into several known lineages as described for the

gypsy clade. Given that gypsy retrotransposons have a domain order

of PRO-RVT-RNH-INT, the relative position of RVT and INT

domains in the pol polyproteins also supported our classification of

RVT-phylogenies. The neighbour-joining tree reveals that two

retroelements, Boyu and Kokol, are clustered closely with the Mag

lineage to represent a distant lineage from other gypsy lineages

(Figure 4). Among the six retroelements in another macro-lineage,

a relatively diversified lineage, supported with high bootstrap

values, can be clearly distinguished: a lineage closer to the Woot

element of T. castaneum from the Osvaldo lineage. In addition,

REP1090, a retroelement that is closest to the CsRN1 retro-

transposon, is grouped with Wusur.

Only one member of copia retroelements, Soty, could be

identified in our RVT phylogeny analysis, following the trend of

reduced copia abundance in animal genomes. The closest member

from the copia clade is Copia_TC of T. castaneu. BEL retroelements

are also rare in the L. migratoria transcriptome, and only one BEL

retroelement with an RVT domain could be found. Using an

RVT of the gypsy element as an outgroup, we constructed the

neighbour-joining tree based on their RVT similarities (not

shown). In this tree, the BEL retroelement was close to the

TRS1 retrotransposon in the nematode Trichinella spiralis.

Recent transpositional activity of retroelements
Newly inserted retroelements from an active copy in the

genome are transcribed with the flanking transcriptionally active

region. They are nearly identical with the active copy in

sequences. Most of these newly arrived retroelements have been

subject to selective constraints and are likely to be gradually

degraded from the genome by deletions. If these retroelements

were retrotransposed into their current region in recent evolu-

tionary history, the time since their transposition is not sufficient to

degrade these retroelements and complete transpositional features

can still be identified. Hence, transpositional features including the

presence of full-length copies, intact protein component and

similar LTRs can provide clues to the recent transpositional

history of a retroelement. Full-length copies and intact ORFs of

LTR retroelements in Soty, Beri, Boyu, Kokol and Wusur retro-

Figure 2. Global phylogenetic trees using all identified retroelements of reverse transcriptase sequences in the L. migratoria
transcriptome. The red circles indicate the retroelement identified in this study. The names of elements from previously described retrotransposons
are given.
doi:10.1371/journal.pone.0040532.g002

Retroelements in the L. migratoria Transcriptome
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Figure 3. Phylogenetic relationships among the 12 well-established clades of non-LTR retrotransposons. Three newly identified clades,
Vingi, Nimb and Daphne, were also included. This tree was constructed from the reverse transcriptase sequences using the neighbour-joining
method. Bootstrap values less than 50 are not shown. The known retrotransposons from other species were retrieved from the GenBank and Repbase
databases. The sequences in red indicate the non-LTR retroelements identified in this study.
doi:10.1371/journal.pone.0040532.g003

Retroelements in the L. migratoria Transcriptome
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elements indicate their recent amplification from an active

element, without adequate time for divergence or removal by

unequal homologous or illegitimate recombination at the tran-

scribed region. Considering that the transposition of LTR

retrotransposons depends on the a pair of LTRs at both 59 and

39 ends, the LTR sequences flanking intact LTR retrotransposons

are identical when integrated at a new site. The LTR region

similarities for the Soty, Beri, Boyu, Kokol and Wusur are 97%, 99%,

92%, 94% and 100%, respectively. The presence of identical or

highly similar LTRs suggests that these LTR retroelements were

transposed into the transcriptionally active region within a short

evolutionary time and showed recent retrotranspositional activi-

ties.

The mechanism of LINEs in driving genome evolution is not

well understood. Nevertheless, it is of great interest that active

LINEs showing retrotranspositional activities can be transcribed

into RNA and then reintegrated into their host genome. Both Rter

and Limi contain an internal promoter, one or two ORFs, a

39UTR and a poly-A tail. Retroelements show less repression from

their host and can rapidly proliferate after invasion into an

uninfected genome [50]. Consequently, a large number of full-

length copies can be integrated into their host genome. Because

the accumulation of retroelements is deleterious to their host, a

solution to silence them will be developed by their host. Once the

active retroelements are silenced, no new transposed copy will be

produced. The already transposed copies will be degraded, and

retroelement extinction could occur through the accumulation of

mutations/deletions within transposed copies. With time passed

by, full-length copies cannot be identified. Thus, the active

retroelements that contains complete structures can be identified

in the transcriptome. Otherwise, we could only identify fragmen-

tary copies of retroelements that are not recent or currently active,

Figure 4. Phylogenetic relationships of the gypsy retrotransposons. Phylogenetic relationships were inferred by the neighbour-joining
method. This tree was constructed from the reverse transcriptase sequences using the neighbour-joining method. Bootstrap values of more than 50
are shown in the branches. The known retrotransposons from other species were retrieved from the GenBank and Repbase databases. The sequences
in red indicate the gypsy retroelements identified in this study.
doi:10.1371/journal.pone.0040532.g004

Retroelements in the L. migratoria Transcriptome
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because ancient transposed copies have been experienced muta-

tions and deletions. The full-length copies of Rter and Limi are

assembled in the transcriptome, indicating that they are actively

transcribed from an activated source copy or have arrived at the

transcriptionally active region recently [51,52]. In either case, the

presence of full-length copies in the transcriptome reinforces the

idea that Rter and Limi have been activated or deprived of

retrotranspositional activities very recently.

Transcriptional activity of retroelements
To assess the level of transcriptional activities of retroelements,

we analysed the deep sequencing RNA-seq results in the fourth

instar nymphs of solitarious locusts. We compared their transcrip-

tional level to other control gene sets, which comprised 18 house-

keeping genes, including Elongation factor 1 alpha, Actin-5C,

Tyrosine 3-monooxygenase and Glyceraldehyde-3P-dehydroge-

nase (Table S2). The 105 retroelements expressed in the fourth

instar stage had reads per kilobase of the transcript per million

mapped reads (RPKM) values from 0.5 to 511. Most of these

retroelements showed low (0.5–10 RPKM, 68%, 71/105) to

moderate (10–50 RPKM, 13%, 14/105) expression (Figure 5).

The expression levels of 10 retroelements were validated by qRT-

PCR experiments to verify our RNA-seq data (Figure S3). Based

on the homology to gag or pol proteins of known retrotransposons,

20 highly expressed retroelements (above 50 RPKM, Table 1),

were classified into 1 BEL, 4 gypsy and 15 non-LTR retroelements.

All the values in RPKM fell into the range observed in the control

gene sets, and no extremity was detected. Various copies of each

retroelement family with high sequences similarities are widely

distributed in the genome. Thus, the transcriptional activities of a

specific transcript in an exact locus are often not feasible to

determine. Therefore, it should be noted that the transcriptional

activities measured here for each retroelement may be the

contribution of copies in different loci at the transcriptionally

active region. In other words, considering that the transcriptional

activity for each retroelement was quantified from numerous

copies, the expression level of each copy in different loci may be

markedly lower.

Divergence distribution of retroelements in the locust
transcriptome

To assess further the evolution of retroelement clades in the

locust transcriptome, we conducted a more detailed analysis of the

relationships between individuals within each clade. Sequences for

individuals within each clade were collected and aligned

separately, and pairwise divergences with the consensus copy

were calculated. To avoid the potential artifacts arising from the

complexity of retrotransposon assembly, we used the Solexa reads

instead of the assembled transcripts to estimate the diversity of

retroelements. This resulted in a divergence distribution that

reflected the diversity of each clade and composition of

transcriptome. Figure 6 shows that the locust transcriptome

contains a substantially higher proportion of the RTE clade. Given

that RTE is the most diversified clade in the locust transcriptome,

the major contribution to this higher proportion may come from

numerous RTE copies.

Remarkably, most clades displayed numerous representations

with relatively smaller divergence in the locust transcriptome

(Figure 7). This scenario together with the gradually decreased

representation from small divergences to large divergences

strongly suggested that the retrotransposition events that occurred

at the transcriptionally active region are occurring in the locust

genome and many clades have arrived at the current locus for a

long period. All the clades of non-LTR retroelements, except for

the Vingi clade, covered a wide range of the divergence rates. The

broader divergence distribution suggested that many copies of

them exists in the transcriptionally active region and have not been

eliminated by the selective sweep. The Vingi clade was an

exception due to the narrow range of divergence rates. The

scarcity of representations with large divergences indicated that

the Vingi clade invaded the locust transcriptome recently, and it

could be assumed that only a few highly similar copies of the Vingi

clade may be present in the locust transcriptome.

The presence of a peak of abundance with 9% divergence was

observed in the RTE clade, the most abundant and diversified

clade in the locust transcriptome. Considering that the sampling of

transcriptome data is biased, either a copy with extremely high

transcriptional activity or many copies with low/moderate

transcriptional activity could be expected to result in a high

abundance in its clade. Therefore, the transcriptional level for

each retroelement was assessed for the RTE clade. We detected an

extremely highly expressed RTE retroelement, REP885 (Table 1),

which is responsible for a dominant portion of transcriptional

activity of the RTE clade. Therefore, many divergent copies with

low/moderate transcriptional activities of REP885 lead to a peak

of abundance for RTE clade, which is consistent with our findings

from the RVT phylogeny analysis indicating that the RTE clade is

a diversified lineage. Using 9% divergence rate as the calculation

point to estimate the time of proliferation, we estimated that the

latest burst of RTE clade was initiated around 2.8 million years

ago.

Developmental expression profiles of retroelements
Phase changes in the migratory locust represents a very

attractive model system to investigate the mechanism underlying

environment-dependent phenotypic plasticity [39]. Retroelement

bursts and silences that occur in individuals who experience

different environmental stresses during development result in

genomic adaptations, possibly leading to a phenotypic diversity

Figure 5. Transcriptional activities of retroelements in the
fourth instar nymphs of solitarious locusts. The x-axis indicates
the length of sequences, and the y axis indicates the transcriptional
level in RPKM values. Due to its highly transcriptional activity,
elongation factor 1 alpha is omitted in this figure.
doi:10.1371/journal.pone.0040532.g005
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without being detrimental to the host [32]. Therefore, we

performed a principal component analysis (PCA) on the expression

profile data from the two phases of locusts in different

developmental stages to visualise the transcriptional dynamics of

retroelements. The first three principal components accounted for

72% of data variance. Interestingly, in the PCA plot, the PC1 axis,

reflecting developmental variability, clearly separated the egg stage

from the other stages, and accounted for 38% of the variance in

the data set (Figure 8). Overall, the average RPKM values for the

egg, first+second instar, third instar, fourth instar, fifth instar and

adult stages, were 73, 44, 36, 33, 38 and 30, respectively (Figure

S4). More than 75% (79 out of 105) of the retroelements had a

larger value than the average value of different stages for each

retroelement. Therefore, the high transcriptional activity of

retroelements in the egg stage led to the obvious differences

associated with the PC1 axis for the egg stage. The two phases at

the same stage were always positioned together. The close relation

in the PC1 axis and the progressive differentiation in the PC3 axis

suggested that the distance along the PC3 axis reflected the

differences between the two phases, because the PCA analysis was

performed without any prior knowledge on the phase status or

developmental stage. The fifth instar and adult stages exhibited

distinct differences in phase traits [53]. The correlation of the PC2

axis to any developmental stages or biological function remains

unclear.

Discussion

Recent advances in genomics, particularly in high-throughput

genome sequencing, have yielded comprehensive resources and

information on the nature and structure of animal genomes. One

of the major topics in genomics is the further elucidation of TEs,

which contribute to a considerable portion of genomes. The C

value (mass of DNA per haploid nucleus) is estimated to range

from 5.28 to 6.35 for L. migratoria, indicating that its large genome

size [1]. The large genome of L. migratoria can be presumed to be

colonized by a substantial fraction of TEs, because the prolifer-

ation of retroelements leads to the expansion of genome size in

both animals and plants [5,7]. However, only more than 100

retroelements, 73 non-LTR retroelements and 32 LTR retro-

elements, can be identified in the locust transcriptome. These

results suggested that the retroelements in a minority of loci

contribute to the majority of the transcriptional activity in the

locust transcriptome, although we cannot assess the transcriptional

activity in each individual locus. To compare the abundance and

diversity of retroelement clades among insects with different

genome sizes, the data for D. melanogaster and A. gambiae were

retrieved from Repbase and a previous study [54]. According to

Repbase, there are 37 non-LTR families and 62 LTR families in

the D. melanogaster genome. Obviously, the number of fruitfly non-

LTR families showing transcriptional activity is much lower than

that of locust non-LTR families, although the transcriptional

landscape of non-LTR retroelements in fruitflies has not been

described. In the A. gambiae genome, 22 non-LTR families and 30

LTR families, exhibit transcriptional activities [54]. The increased

number of non-LTR retroelements demonstrates that in tran-

scriptomes, non-LTR retroelements in locusts are more abundant

than those in insects with a small genome size. For the purpose of

comparison, the number of non-LTR clades showing transcrip-

tional activity was also determined in D. melanogaster and A. gambiae.

The non-LTR families in these two species are composed of five

(Jockey, CR1, I, R1, and R2) and four (RTE, Jockey, I, and CR1)

different clades, respectively. The nine non-LTR clades (Jockey,

Vingi, I, Nimb, R1, CR1, L2, Daphne and RTE) identified in the

L. migratoria transcriptome revealed that greater diversity of non-

LTR retroelements in L. migratoria than in the other two insects,

consistent with the increased number of non-LTR retroelements.

Above all, non-LTR retroelements were indeed more abundant

and diverse in the locust transcriptome. In view of the important

roles of retroelements showing transcriptional activity in genome

inflation, we propose that the non-LTR retroelement represent

one of the main factors responsible for genome obesity in

locusts.The evolutionary relationship of the Daphne clade with

other non-LTR retroelement clades has been determined recently.

They are assumed to be clustered together with the L2 clade,

consistent with our phylogenetic tree [46]. Now, only two

members of the Daphne clade, Sake_BM and Daphne-1_TCa,

are identified in the genome of the insects, the silkworm Bombyx

mori, and the beetle T. castaneum, respectively [45]. For the purpose

of comparison, we used the deduced protein sequences of

Table 1. Highly expressed retroelements in fourth instar
nymphs of solitarious locusts.

ID RPKM Length Homologues Clade Superfamily

REP1361 56.32 4217 Vingi-1_Pp_1p Vingi Non-LTR

REP1124 69.9 2636 Vingi-1_BF_1p Vingi Non-LTR

REP1422 103.12 2642 RTE-1_NVi_1p RTE Non-LTR

REP885 511.14 1448 RTE-10_BF_1p RTE Non-LTR

REP1247 64.83 3311 RTAg4_1p R1 Non-LTR

REP955 60.72 4294 Penelope-
5_NV_1p

Penelope Non-LTR

REP1357 199.37 4938 Penelope-
5_NV_1p

Penelope Non-LTR

REP1274 297.76 3000 Nimb-2_CQ_2p Nimb Non-LTR

REP1054 62.18 5744 I-2_DR_2p I Non-LTR

REP1379 90.14 1084 I-3_DR_1p I Non-LTR

REP414 111.04 1567 I-2_DR_2p I Non-LTR

REP1094 486.6 3126 I-2_DR_2p I Non-LTR

REP1024 58.2 2127 CR1-20_NV_1p CR2 Non-LTR

REP561 279.99 1448 CR1-20_NV_1p CR2 Non-LTR

REP562 67.73 1440 CR1-1_BF_2p CR1 Non-LTR

REP942 88.32 3435 CR1-1_BF_2p CR1 Non-LTR

REP449 68.25 1864 Gypsy-23_IS-I
_2p

gypsy LTR

REP563 72.52 665 Gypsy-9_DWil-
I_1p

gypsy LTR

REP587 75.13 1152 Gypsy-39_DPu-
I_1p

gypsy LTR

REP743 97.65 1336 Gypsy-9_DWil-
I_1p

gypsy LTR

REP1212 113.78 2181 Copia-4_XT-I_2p copia LTR

REP1039 207.94 1646 Copia-4_XT-I_2p copia LTR

REP764 389.32 1107 Copia-4_XT-I_2p copia LTR

REP702 73.64 777 BEL-30_CQ-I_1p BEL LTR

REP797 100.12 2642 BEL-30_CQ-I_1p BEL LTR

REP874 100.62 1268 BEL-30_CQ-I_1p BEL LTR

REP847 114.52 1268 BEL-30_CQ-I_1p BEL LTR

REP941 146.67 1168 BEL-30_CQ-I_1p BEL LTR

REP790 162.74 1004 BEL-30_CQ-I_1p BEL LTR

doi:10.1371/journal.pone.0040532.t001
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Sake_BM and Daphne-1_TCa in a TBLASTN search of retro-

element family datasets in their genome sequences [18], and the

transcriptional activities for the retroelement families were

measured using the available expression data. Only one family

of the Daphne clade was identified in both genomes, and the

transcriptional activities were only detected in B.mori. Therefore, in

terms of the number and diversity, the Daphne clade in the locust

transcriptome represents a more successful group than that in the

transcriptome of silkworm and beetle. Apart from the Daphne

clade, the RTE clade is also a diversified lineage, and its member

number is comparable to that of the Daphne clade. Considering

the chances of retrotransposition events occurring in the

transcriptionally active region, multiple members in both clades

suggest that the locust genome is occupied by more retroelements

from the Daphne and RTE clades than those from other clades.

Although a large number of novel retroelements can be

identified in newly-available genomes, the proportion of retro-

elements that currently remains transcriptional currently is often

unclear. Transcription represents the first step of retroelement

transposition, even though only a portion of transcribed retro-

elements is successfully translocated into a new genomic location.

Thus, an intact structure is not sufficient but necessary for active

retroelements. The developments in genomic-scale analysis

technology provide opportunities for quantifying gene transcrip-

tional levels at an unprecedented depth and resolution, and can

also be used to detect and quantify the transcriptional activity of

retroelements. A previous study using tiling array data reported

that eight intact retroelements in the D. pulex transcriptome [48].

In A. gambiae, five non-LTR families seem to exhibit signs of

transcriptional activity [54]. In the present study, we identified two

potential active non-LTR retroelements, showing a complete

structure that contains the 59UTR, one or two ORFs, a 39UTR

and a poly-A tail. We also identified at least seven non-LTR

retroelements that included a complete homologous region of

ORFs from known retrotransposon elements. Therefore, the

number of intact non-LTR retroelements in the L. migratoria

transcriptome is greater than that in the D. pulex and A. gambiae

transcriptome. Taking into account the large genome size of

locusts, these results are expected and they suggest that in insects, a

larger genome size corresponds to a greater abundance of intact

non-LTR retroelements in transcriptomes.

In the full-length LTR retroelements, the fact that two almost

identical LTRs are present at both ends and the likelihood that

two LTRs are assembled together into one set cause the full-length

LTR retroelement to assemble into a wrong direction. In an

attempt to solve this problem, we developed a novel approach

based on both the similarities to the already described protein

domains and the recognition of the intrinsic characteristics of

retroelements, such as their domain orders and LTRs. Although

our approach was successfully used to reconstruct the five full-

length LTR retroelements in the transcriptome data, it was not

feasible for identifying the ancient LTR retroelements flanked by

divergent LTRs. Hence, our approach is more specialized for the

detection of younger LTR retroelements. Overall, a total of 10

LTR retroelements, including 1 BEL, 1 copia and 8 gypsy

retroelements, were identified in the RVT-phylogeny analysis.

At least 56 and 12 families of intact elements exhibited

transcriptional activities in the D. pulex and D. melanogaster genomes,

respectively [48]. The LTR retroelement diversity of the L.

migratoria transcriptome is only comparable with that of the D.

melanogaster transcriptome, and is dramatically lower than that of

the D. pulex transcriptome. Therefore, the proliferation activity of

LTR retroelements is suppressed in the L. migratoria transcriptome,

although we stress that the lower diversity of LTR retroelements

may be artifacts caused by the complexity of retroelement

assemblies in transcriptome data.

Our analysis of the divergence distribution of retroelements

emphasizes a possible mechanism that could account for the larger

size of the locust genome. We found that numerous divergent

copies of retroelements accumulated in the locust transcriptome.

The wide range of divergent rates indicates that retroelements do

reach fixation in the transcriptionally active region of the locust

Figure 6. Transcriptional composition of the L. migratoria transcriptome. The values on the x-axis correspond to the divergence rates, and
the values on the y-axis are the total transcriptional abundance.
doi:10.1371/journal.pone.0040532.g006
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genome. This divergent pattern is quite similar to that previously

described in mammoth but not in anoles [12,55]. The mammoth

genome is 4.7 Gb, whereas the Anolis genome is only 2.2 Gb. In

fact, mammoths represent a species with large genome sizes in

vertebrates [55]. This finding suggests that large genomes are

composed of numerous divergent copies of retroelements,

implying that the L. migratoria genome has a slow turnover of

retroelements. In Drosophila, the insertion of new copies is offset by

the quick loss of older copies, leading to a rapid turnover of

retroelements [56]. In contrast, the slow turnover of retroelements

in the locust genome suggests that selection against retroelement

maintenance has a small role in preventing retroelement

accumulation. Hence, locusts may have a greatly reduced loss

rate of retroelements. Although much less is known about the loss

rate of retroelements in locusts, the abundance of divergent copies

of retroelements indicates that the rate of retroelement loss may be

lower in locusts than in other insects with a small genome size.

In the present study, the expression dynamics of retroelements

during development revealed a relatively low level of retroelement

silencing in the egg stage. DNA methylation represents an

important mechanism for silencing retroelement transcription

[30]. In insects, DNA methylation is almost absent, and thus plays

little role in repressing the expression of retroelements [57].

However, an intermediate value for the amount of DNA

methylation between D. melanogaster and mammals has been

proposed in L. migratoria recently [58]. A portion of methylated

clones corresponding to retroelements indicate that silencing

retroelement transcription by DNA methylation is also likely to be

Figure 7. Pairwise divergence distribution of clades with a high transcriptional abundance. The values on the x-axis correspond to the
divergence rates of the retroelements for each clade. The values on the y-axis are the transcriptional abundance.
doi:10.1371/journal.pone.0040532.g007
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present in L. migratoria. Global DNA demethylation in mammals

has been shown to play a key role during early embryonic

development [57]. A previous study has shown that embryonic

cells carry abundant L1 RNA, and L1 retrotransposition events

are believed to occur mainly during embryogenesis [59]. Whether

DNA demethylation in insects is similar to that in mammals

during embryonic development is unknown [57]. We observed

that retroelement expression was generally higher in the egg stage

than in other stages. Our results further suggested that a higher

expression is common in the egg stage for numerous retro-

elements, implying that the genome-wide demethylation after

fertilization also relaxes the repression of retroelements in the egg

stage in L. migratoria [60].

The reactivation of retroelement expression may be one of the

possible ways of regulating phenotypic plasticity. The differentially

expressed retroelements between the two phases of locusts are

detected in the fifth instar and adult stages, when dramatic

phenotypic traits appear [53,61]. Retrotransposition in somatic

tissues during development has been shown to lead to genomic

plasticity within an individual, and is considered to play a potential

role in phenotypic differentiation [22,32]. Somatic retrotranspo-

sition in the neurogenic zones of the brain could occur in the

nervous system [22]. These observations raise the possibility that

retroelement activity may contribute to the intra-individual

variation in genome architecture involved in phenotypic changes

during neuronal development. The genes in the central nervous

system are the key factors affecting the induction of phenotypic

changes in L. migratoria [40,61]. Thus, it remains an open question

whether retroelement differences between the two phases at these

two stages play a role in phase polyphenism. Methods for detecting

structure variations for retroelement insertion/deletion are being

gradually developed. Unfortunately, the L. migratoria genome has

not yet been determined now. Therefore, it is of great interest to

determine how the retrotransposition contributes to the non-

heritable phase transition of locusts in future.

Methods

De novo transcriptome assembly
The raw sequencing reads were obtained from a recent study,

which achieved a high coverage of the protein-coding gene

content of the migratory locust by deep sequencing [53].

Transcriptome assembly using the Multiple-k method has been

proven to improve substantially the assembly performance and

increase the length of contigs [62,63]. Given that only a single k-

mer was used in the original study [53], an optimal overall

assembly could not be yielded [64]. Therefore, we conducted

multiple assemblies in this study using the Multiple-k method to

improve the assembly and assist in retroelement reconstruction.

Prior to assembly, we filtered out the reads where more than one-

third of bases were ambiguous. We used the de novo assembler

Trans-ABySS to assemble the deep sequencing paired-end reads of

the fourth instar stage in L. migratoria [64,65]. First, we conducted

multiple assemblies by decreasing the k-mer length (k = 46, 41, 37,

33, 29, 25, 23, and 21). For each assembly, the reads used in the

previous assembly were discarded, and a new assembly with a

lower k-mer length was conducted with the remaining reads. Next,

we pooled all contigs obtained from additional assemblies to form

the final set of contigs. This approach allowed the inclusion of

some redundant contigs. The program cd-hit and pairwise BLAT

were used to map the final set of contigs against itself, and the

redundancy was removed to produce the final assembly [66,67].

Custom Perl scripts were used to retain the longest possible

contigs.

Retroelement Identification
To identify the retroelements in our assembled sequences, we

downloaded all canonical retrotransposon protein sequences from

Repbase and divided them into gypsy, BEL, copia, DIRS and

Non_LTR classes [45]. Protein-based RepeatMasking (www.

repeatmasker.org) searches of the assembled sequences were

performed against the protein sequences from different classes to

identify transcripts containing an inner homologous region of

retrotransposon proteins. The presence of ORFs was translated in

the same frame of nucleotide sequences using the NCBI ORF

finder (www.ncbi.nlm.nih.gov/gorf). Retroelements can modify

the non-retrotransposon protein-coding genes by inserting into the

exon of the host gene or creating new internal exons [68,69], and

can thus be co-transcribed with the protein-coding genes. To

remove the non-retrotransposon protein-coding exons, the non-

retroelement ORF region with a length of greater than 300 bp was

subjected to a BLAST search against the NCBI non-redundant

database. All BLAST results were manually curated.

Profile Hidden Markov Models (PHMMs) provide a coherent

theory for the probabilistic modeling of protein domain families,

and are widely used to search for known domains in given protein

references [70,71]. To locate the positions of protein domains in

polyproteins, PHMMs were generated from multiple Pfam

alignments (PF00078, RVT_1; PF07727, RVT_2; PF00665, rve;

PF00075, RNase_H; PF09668, Asp_protease; PF05380, Peptida-

se_A17; PF03372, Exo_endo_phos; PF03564, DUF1759;

PF05585, DUF1758) of individual retrotransposon domains using

HMMER [72]. Using these Pfam PHMMs, we then identified the

domains in all retroelements by PHMM searches (E-val-

ue,0.0001). We obtained all identified domain sequences and

aligned them within the same class using ClustalX [73]. Obvious

errors of alignments were corrected, and boundaries of domains

were manually verified.

Figure 8. Principal component analysis of retroelements in the
L. migratoria transcriptome. Two phases in the same developmental
stage are plotted with the same colours.
doi:10.1371/journal.pone.0040532.g008
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Retroelement identification
To distinguish the consensus sequences produced by the

transcriptome data from those arising from genome-scale analysis,

we defined the ‘‘retroelement,’’ instead of the ‘‘family,’’ to the

consensus sequence reconstructed in this study. All the transcripts

were grouped into clusters of retroelements sharing 80% or more

in at least 80% of the aligned sequence. Transcripts belonging to

the same retroelements are expected to be similar in sequences

within these retroelements. Consensus sequences for each retro-

elements were obtained from the pair-wise sequence alignments

using ClustalX [73]. To infer the consensus sequence, the most

frequently appearing nucleotide in each position of sequences was

retained by in-house Perl scripts independent of the occurrence

number of retroelements covering that position.

Sequence alignment and phylogenetic reconstruction
The phylogenetic tree that helped us categorize retroelements

into known retrotransposon classes was constructed. Representa-

tive RVT sequences were downloaded from the NCBI GenBank

database or Repbase: AAC28743, yoyo; CAA80824, Tom;

AAA92249, Ted; CAA04050, ZAM; BAA92689, kabuki;

AAK07486, CsRn1; AAO27306, Ty3; AAA21442, grasshopper;

AAA33420, Maggy; AAC33526, sushi; CAB39733, Osvaldo;

CAA39967, Ulysses; AAC47271, Woot; CAA32198, micropia;

CAA81643, Blastopia; S08405, Mag; AAA76841, HIV-2;

AAA47606, SIV; BAA74713, Yokozuna; XP969432, Copia_TC;

NP057849, HIV-1; X92487, Hsr1; AAL55241, Salto; CAD32253,

Max; BAD01590, ninja; CAA09069, GATE; AAN87269, roo;

AB042120, Kamikaze; AAN15112, CATCH; EFV61807, TRS1;

CACN01001643, Tad1; Repbase, EXPANDER1; Repbase, Bag-

gins1; AAB65093, Lian; CAD21860, Ingi; Repbase, Dong_Oan;

EF413180, nimbus; BAD72127, UnaL2; CAD65869, TAHRE;

AAZ15237, Kiri-22; and XP001601755, L2-2_NVi. Multiple

sequence alignments of RVT amino acid sequences were

performed using ClustalW with default parameters [73]. Phyloge-

netic trees were generated by the Neighbor-joining algorithm, and

the genetic distances were calculated by the Poisson correction

model using the MEGA software [74]. Statistical support of the

internal nodes was evaluated by bootstrap analysis with 1,000

replicates.

Expression profiling
Prior to mapping the sequencing, reads with low quality bases

and short lengths were removed. Mapping was carried out using

the Burrows-Wheeler alignment (BWA) software [75]. The

number of mapped reads for each retroelement was subjected to

a scaling normalization to calculate the expression level in a unit of

RPKM [76]. PCA was performed using the R software (http://

www.r-project.org/).

Divergence distribution and divergence time estimation
The abundance of various retroelements was estimated

according to the following equation:

A~
o(T{l)

N(L{2m)

where A is the abundance of retroelements, o is the observed

number of pairwise alignments, T is the transcriptome size, l is the

length of sequencing reads, N is the total number of sequencing

reads, L is the length of the retroelements, and m is the minimal

length required to identify a sequence in a pairwise alignment. The

divergence for each pairwise alignment was inferred from 75 bp

Solexa reads using the RepeatMasker program (http://www.

repeatmasker.org), and only the pairwise alignments with a length

longer than 70 bp were used for the abundance estimation.

Substitution rates in retroelements were used to estimate the

divergence times, assuming that they are subject to decay with the

same substitution rates under relaxed selective constraints.

Therefore, the divergence time of each clade was estimated based

on the one-parameter Jukes-Cantor model according to the

following equation:

T~
K

2({
3

4
ln(1{

4

3
P))

where K is the average number of substitutions per site and P is the

sequence divergence rate. The average nucleotide substitution rate

is set to 1.6661028 per site per year according to the substitution

rates for a nuclear pseudo-gene in beetles [77].

RT-PCR and qRT-PCR analysis
Total RNA was isolated using Trizol reagent (Invitrogen)

according to the manufacturer’s instructions. RNA quality was

assessed using either agarose gel electrophoresis or a NanoDrop

ND-1000 spectrophotometer. Total RNA was reverse-transcribed

with oligo-dT primer and MMLV reverse transcriptase (Promega).

PCR was performed in a 50-ml reaction mixture containing

0.25 mM each of the dNTPs, 50 pmol of each primer, and 2.5

units of TAKARA LA Taq (Takara). The resulting PCR amplicons

were run on 2% agarose gels with a 1-kb ladder and visualised using

UV fluorescence. qRT-PCR amplifications were conducted using

an MX3000P Spectrofluorometric Thermal cycler (Stratagene) and

RealMasterMix (SYBR Green) kit (Tiangen), initiated with a 2 min

incubation at 95uC, followed by 40 cycles of 95uC for 20 s; 58uC for

20 s; 68uC for 20 s. The relative RNA expression levels were

normalized by b-actin and measured using a standard curve method

[15]. The RT-PCR fragments were cloned with the pGEM-T Easy

Vector System (Promega), and sequenced with an ABI PRISM

3730 automated sequencer (Applied Biosystems). The primers used

for this study are included in Table S3.

Supporting Information

Figure S1 Length distribution for the assembled retro-
elements in the L. migratoria transcriptome.

(EPS)

Figure S2 Protein domains in the seven full-length
retroelements identified in this study. The rectangles in

light gray indicate gag or pol proteins.

(EPS)

Figure S3 Validation of RNA-seq based expression
profiles by qRT-PCR. The relative transcriptional levels for

10 genes were determined by real-time qRT-PCR using cDNA as

template.

(EPS)

Figure S4 Boxplot showing the transcriptional activity
of retroelemnts in different stages. The staple line for the

egg stage is not shown.

(EPS)

Table S1 Random validation of transcriptome assem-
blies by cloning and Sanger sequencing of RT-PCR
products.

(XLS)
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Table S2 Control gene sets used to compare with the
transcriptional activities of retroelements.
(XLS)

Table S3 Primer sequences used for RT-PCR validation
experiments.
(XLS)

Acknowledgments

We gratefully acknowledge Xiaoxue Zhang for polishing the manuscript

and Yanli Wang for assistance in DNA sequencing. We also thank the

anonymous reviewers for their helpful comments during the revision

process.

Author Contributions

Conceived and designed the experiments: FJ MY LK. Performed the

experiments: FJ MY. Analyzed the data: FJ MY WG XW LK. Contributed

reagents/materials/analysis tools: FJ MY. Wrote the paper: FJ LK.

References

1. Gregory TR, Nicol JA, Tamm H, Kullman B, Kullman K, et al. (2007)

Eukaryotic genome size databases. Nucleic Acids Res 35: D332–338.

2. Dufresne F, Jeffery N (2011) A guided tour of large genome size in animals: what

we know and where we are heading. Chromosome research: 1–14.

3. Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, et al. (2007) A unified

classification system for eukaryotic transposable elements. Nat Rev Genet 8:

973–982.

4. Capy P (2005) Classification and nomenclature of retrotransposable elements.

Cytogenet Genome Res 110: 457–461.

5. Cordaux R, Batzer MA (2009) The impact of retrotransposons on human

genome evolution. Nat Rev Genet 10: 691–703.

6. Arkhipova I, Meselson M (2005) Deleterious transposable elements and the

extinction of asexuals. BioEssays 27: 76–85.

7. Hawkins JS, Proulx SR, Rapp RA, Wendel JF (2009) Rapid DNA loss as a

counterbalance to genome expansion through retrotransposon proliferation in

plants. Proc Natl Acad Sci U S A 106: 17811–17816.

8. Feschotte C (2008) Transposable elements and the evolution of regulatory

networks. Nat Rev Genet 9: 397–405.

9. Faulkner GJ, Kimura Y, Daub CO, Wani S, Plessy C, et al. (2009) The

regulated retrotransposon transcriptome of mammalian cells. Nat Genet 41:

563–571.

10. Dooner HK, He L (2008) Maize genome structure variation: interplay between

retrotransposon polymorphisms and genic recombination. Plant Cell 20: 249–

258.

11. Nene V, Wortman JR, Lawson D, Haas B, Kodira C, et al. (2007) Genome

sequence of Aedes aegypti, a major arbovirus vector. Science 316: 1718–1723.

12. Novick PA, Basta H, Floumanhaft M, McClure MA, Boissinot S (2009) The

evolutionary dynamics of autonomous non-LTR retrotransposons in the lizard

Anolis carolinensis shows more similarity to fish than mammals. Mol Biol Evol 26:

1811–1822.

13. Gregory TR (2005) The C-value enigma in plants and animals: a review of

parallels and an appeal for partnership. Annals of Botany 95: 133–146.

14. Guo B, Zou M, Gan X, He S (2010) Genome size evolution in pufferfish: an

insight from BAC clone-based Diodon holocanthus genome sequencing. BMC

Genomics 11: 396.

15. Guo W, Wang XH, Zhao DJ, Yang PC, Kang L (2010) Molecular cloning and

temporal-spatial expression of I element in gregarious and solitary locusts.

J Insect Physiol 56: 943–948.

16. Kojima KK, Kapitonov VV, Jurka J (2011) Recent expansion of a new Ingi-

related clade of Vingi non-LTR retrotransposons in hedgehogs. Mol Biol Evol

28: 17–20.

17. Biedler J, Tu Z (2003) Non-LTR retrotransposons in the African malaria

mosquito, Anopheles gambiae: unprecedented diversity and evidence of recent

activity. Mol Biol Evol 20: 1811–1825.

18. Wang S, Lorenzen MD, Beeman RW, Brown SJ (2008) Analysis of repetitive

DNA distribution patterns in the Tribolium castaneum genome. Genome Biol 9:

R61.

19. Metzker ML (2010) Sequencing technologies - the next generation. Nat Rev

Genet 11: 31–46.

20. Xu AG, He L, Li Z, Xu Y, Li M, et al. (2010) Intergenic and repeat transcription

in human, chimpanzee and macaque brains measured by RNA-Seq. PLoS

Comput Biol 6: e1000843.

21. Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for

transcriptomics. Nat Rev Genet 10: 57–63.

22. Levin HL, Moran JV (2011) Dynamic interactions between transposable

elements and their hosts. Nature Reviews Genetics 12: 615–627.

23. Beraldi R, Pittoggi C, Sciamanna I, Mattei E, Spadafora C (2006) Expression of

LINE-1 retroposons is essential for murine preimplantation development.

Molecular reproduction and development 73: 279–287.

24. Faunes F, Sanchez N, Moreno M, Olivares GH, Lee-Liu D, et al. (2011)

Expression of transposable elements in neural tissues during Xenopus

development. PLoS One 6: e22569.

25. Peaston AE, Evsikov AV, Graber JH, de Vries WN, Holbrook AE, et al. (2004)

Retrotransposons regulate host genes in mouse oocytes and preimplantation

embryos. Developmental Cell 7: 597–606.

26. Minervini CF, Viggiano L, Caizzi R, Marsano RM (2009) Identification of novel

LTR retrotransposons in the genome of Aedes aegypti. Gene 440: 42–49.

27. Parkhurst S, Corces VG (1987) Developmental expression of Drosophila

melanogaster retrovirus-like transposable elements. The EMBO Journal 6: 419.

28. Brookman JJ, Toosy AT, Shashidhara L, White R (1992) The 412 retro-

transposon and the development of gonadal mesoderm in Drosophila.

Development 116: 1185–1192.

29. Moczek AP (2010) Phenotypic plasticity and diversity in insects. Philos

Trans R Soc Lond B Biol Sci 365: 593–603.

30. Slotkin RK, Martienssen R (2007) Transposable elements and the epigenetic

regulation of the genome. Nat Rev Genet 8: 272–285.

31. Kazazian HH, Jr. (2004) Mobile elements: drivers of genome evolution. Science

303: 1626–1632.

32. Whitelaw E, Martin DIK (2001) Retrotransposons as epigenetic mediators of

phenotypic variation in mammals. Nat Genet 27: 361–365.

33. Tomilin NV (2008) Regulation of mammalian gene expression by retroelements

and non-coding tandem repeats. BioEssays 30: 338–348.

34. Xiao H, Jiang N, Schaffner E, Stockinger EJ, van der Knaap E (2008) A

retrotransposon-mediated gene duplication underlies morphological variation of

tomato fruit. Science 319: 1527–1530.

35. Clegg MT, Durbin ML (2000) Flower color variation: a model for the

experimental study of evolution. Proc Natl Acad Sci U S A 97: 7016–7023.

36. Mansour A (2007) Epigenetic activation of genomic retrotransposons. Journal of

Cell and Molecular Biology 6: 99–107.

37. Guo W, Wang X, Ma Z, Xue L, Han J, et al. (2011) CSP and Takeout genes

modulate the switch between attraction and repulsion during behavioral phase

change in the migratory locust. PLoS genetics 7: e1001291.

38. Simpson SJ, Sword GA, Lo N (2011) Polyphenism in insects. Curr Biol 21:

R738–749.

39. Pener MP, Simpson SJ (2009) Locust phase polyphenism: an update. Advances

in Insect Physiology 36: 1–272.

40. Ma Z, Guo W, Guo X, Wang X, Kang L (2011) Modulation of behavioral phase

changes of the migratory locust by the catecholamine metabolic pathway. Proc

Natl Acad Sci U S A 108: 3882–3887.

41. Wei Y, Chen S, Yang P, Ma Z, Kang L (2009) Characterization and

comparative profiling of the small RNA transcriptomes in two phases of locust.

Genome Biol 10: R6.

42. Malik HS, Eickbush TH (1998) The RTE class of non-LTR retrotransposons is

widely distributed in animals and is the origin of many SINEs. Mol Biol Evol 15:

1123–1134.

43. Raghavan N, Tettelin H, Miller A, Hostetler J, Tallon L, et al. (2007) Nimbus

(BgI): an active non-LTR retrotransposon of the Schistosoma mansoni snail host

Biomphalaria glabrata. Int J Parasitol 37: 1307–1318.

44. Kapitonov VV, Tempel S, Jurka J (2009) Simple and fast classification of non-

LTR retrotransposons based on phylogeny of their RT domain protein

sequences. Gene 448: 207–213.

45. Jurka J, Kapitonov VV, Pavlicek A, Klonowski P, Kohany O, et al. (2005)

Repbase Update, a database of eukaryotic repetitive elements. Cytogenet

Genome Res 110: 462–467.

46. Schon I, Arkhipova IR (2006) Two families of non-LTR retrotransposons,

Syrinx and Daphne, from the Darwinulid ostracod, Darwinula stevensoni. Gene

371: 296–307.

47. Tay WT, Behere GT, Batterham P, Heckel DG (2010) Generation of

microsatellite repeat families by RTE retrotransposons in lepidopteran genomes.

BMC Evol Biol 10: 144.

48. Rho M, Schaack S, Gao X, Kim S, Lynch M, et al. (2010) LTR retroelements in

the genome of Daphnia pulex. BMC Genomics 11: 425.

49. Tubio JM, Naveira H, Costas J (2005) Structural and evolutionary analyses of

the Ty3/gypsy group of LTR retrotransposons in the genome of Anopheles

gambiae. Mol Biol Evol 22: 29–39.

50. Blumenstiel JP (2011) Evolutionary dynamics of transposable elements in a small

RNA world. Trends Genet 27: 23–31.

51. Han JS (2010) Non-long terminal repeat (non-LTR) retrotransposons:

mechanisms, recent developments, and unanswered questions. Mob DNA 1: 15.

Retroelements in the L. migratoria Transcriptome

PLoS ONE | www.plosone.org 14 July 2012 | Volume 7 | Issue 7 | e40532



52. Han JS, Szak ST, Boeke JD (2004) Transcriptional disruption by the L1

retrotransposon and implications for mammalian transcriptomes. Nature 429:
268–274.

53. Chen S, Yang P, Jiang F, Wei Y, Ma Z, et al. (2010) De novo analysis of

transcriptome dynamics in the migratory locust during the development of phase
traits. PLoS One 5: e15633.

54. Fernandez-Medina RD, Struchiner CJ, Ribeiro JM (2011) Novel transposable
elements from Anopheles gambiae. BMC Genomics 12: 260.

55. Zhao F, Qi J, Schuster SC (2009) Tracking the past: interspersed repeats in an

extinct Afrotherian mammal, Mammuthus primigenius. Genome Res 19: 1384–
1392.

56. Eickbush TH, Furano AV (2002) Fruit flies and humans respond differently to
retrotransposons. Curr Opin Genet Dev 12: 669–674.

57. Glastad KM, Hunt BG, Yi SV, Goodisman MA (2011) DNA methylation in
insects: on the brink of the epigenomic era. Insect Mol Biol 20: 553–565.

58. Robinson KL, Tohidi-Esfahani D, Lo N, Simpson SJ, Sword GA (2011)

Evidence for Widespread Genomic Methylation in the Migratory Locust,
Locusta migratoria (Orthoptera: Acrididae). PLoS One 6: e28167.

59. Kano H, Godoy I, Courtney C, Vetter MR, Gerton GL, et al. (2009) L1
retrotransposition occurs mainly in embryogenesis and creates somatic

mosaicism. Genes Dev 23: 1303–1312.

60. Oswald J, Engemann S, Lane N, Mayer W, Olek A, et al. (2000) Active
demethylation of the paternal genome in the mouse zygote. Curr Biol 10: 475–

478.
61. Kang L, Chen X, Zhou Y, Liu B, Zheng W, et al. (2004) The analysis of large-

scale gene expression correlated to the phase changes of the migratory locust.
Proc Natl Acad Sci U S A 101: 17611–17615.

62. Surget-Groba Y, Montoya-Burgos JI (2010) Optimization of de novo

transcriptome assembly from next-generation sequencing data. Genome Res
20: 1432–1440.

63. Martin J, Bruno VM, Fang Z, Meng X, Blow M, et al. (2010) Rnnotator: an
automated de novo transcriptome assembly pipeline from stranded RNA-Seq

reads. BMC Genomics 11: 663.

64. Robertson G, Schein J, Chiu R, Corbett R, Field M, et al. (2010) De novo

assembly and analysis of RNA-seq data. Nat Methods 7: 909–912.

65. Birol I, Jackman SD, Nielsen CB, Qian JQ, Varhol R, et al. (2009) De novo

transcriptome assembly with ABySS. Bioinformatics 25: 2872–2877.

66. Kent WJ (2002) BLAT-the BLAST-like alignment tool. Genome Res 12: 656–

664.

67. Huang Y, Niu B, Gao Y, Fu L, Li W (2010) CD-HIT Suite: a web server for

clustering and comparing biological sequences. Bioinformatics 26: 680–682.

68. Sela N, Mersch B, Gal-Mark N, Lev-Maor G, Hotz-Wagenblatt A, et al. (2007)

Comparative analysis of transposed element insertion within human and mouse

genomes reveals Alu’s unique role in shaping the human transcriptome. Genome

Biol 8: R127.

69. Sela N, Kim E, Ast G (2010) The role of transposable elements in the evolution

of non-mammalian vertebrates and invertebrates. Genome Biol 11: R59.

70. Finn RD, Clements J, Eddy SR (2011) HMMER web server: interactive

sequence similarity searching. Nucleic Acids Res 39: W29–37.

71. Eddy SR (1998) Profile hidden Markov models. Bioinformatics 14: 755–763.

72. Finn RD, Mistry J, Tate J, Coggill P, Heger A, et al. (2010) The Pfam protein

families database. Nucleic Acids Res 38: D211–222.

73. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)

ClustalW and ClustalX version 2.0. Bioinformatics 23: 2947–2948.

74. Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary

Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol 24: 1596–1599.

75. Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics 25: 1754–1760.

76. Robinson MD, Oshlack A (2010) A scaling normalization method for differential

expression analysis of RNA-seq data. Genome Biol 11: R25.

77. Pons J, Vogler AP (2005) Complex pattern of coalescence and fast evolution of a

mitochondrial rRNA pseudogene in a recent radiation of tiger beetles. Mol Biol

Evol 22: 991–1000.

Retroelements in the L. migratoria Transcriptome

PLoS ONE | www.plosone.org 15 July 2012 | Volume 7 | Issue 7 | e40532


