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Abstract

The availability of the Whole-Genome Sequence of the wheat pest Mayetiola destructor

offers the opportunity to investigate the Transposable Elements (TEs) content and their rela-

tionship with the genes involved in the insect virulence. In this study, de novo annotation car-

ried out using REPET pipeline showed that TEs occupy approximately 16% of the genome

and are represented by 1038 lineages. Class II elements were the most frequent and most

TEs were inactive due to the deletions they have accumulated. The analyses of TEs ages

revealed a first burst at 20% of divergence from present that mobilized many TE families

including mostly Tc1/mariner and Gypsy superfamilies and a second burst at 2% of diver-

gence, which involved mainly the class II elements suggesting new TEs invasions. Addition-

ally, 86 TEs insertions involving recently transposed elements were identified. Among them,

several MITEs and Gypsy retrotransposons were inserted in the vicinity of SSGP and che-

mosensory genes. The findings represent a valuable resource for more in-depth investiga-

tion of the TE impact onto M. destructor genome and their possible influence on the

expression of the virulence and chemosensory genes and consequently the behavior of this

pest towards its host plants.

Introduction

Transposable elements (TEs) are repeated and dispersed DNA sequences able to move from

one locus to another in the same or among different chromosomes of the same host [1]. They

represent an important fraction of eukaryote genomes that they colonize, and they are key

players in the genome evolution and diversity [2, 3].

TEs are classified according to their mechanism of transposition into two main classes [4].

Class I elements, or retrotransposons, require an RNA intermediate and transpose by the

“copy-paste” model; while Class II elements, termed DNA transposons, move through a DNA

intermediate and ensure transposition by the “cut-paste” model.
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The TE content varies significantly between different organisms [5]. In insects, for example,

it ranges from 1% in the Antarctic midge genome to 65% in the migratory locust [6, 7]. Due to

their mobility and dissemination in the genome, TEs are thought to have a considerable con-

tribution to the plasticity and dynamics of the host’s genome as well to the evolution of its

architecture. Indeed, TEs lead to chromosomal rearrangements like deletions, duplications,

inversions, and translocations through ectopic recombination such as the chromosomal inver-

sions caused by Foldback TEs in Drosophila buzzatii [8, 9]. TEs can also be considered as

innovator sequences taking new genetic information to the genome, notably promoters and

splicing sites. Different examples of gene expression under the control of TEs have been

reported in different species, and a catalogue of genes affected by TEs (C-GATE) has been

established [10–12]. These changes induced by mobile elements are not always deleterious;

some TEs can be drivers of genomic innovation and are recruited as new genes for different

biological functionalities conferring selective advantages to the host [13–15]. Hence, some TE

insertions play an important role in the acquisition of insecticide resistance [16], variation in

the courtship songs for partnership [17] and climate adaptation [18]. These examples of vari-

ous evolutionary implications of TEs and the availability of whole genome sequences (WGS)

have impacted research on insects. Indeed, in the last two decades, the development of bioin-

formatics tools has enabled TEs characterization of several insect genomes and different tools

for TE annotation have been developed and made available. These tools include de novo meth-

ods such as REPET, RepeatModeler and PiRATE pipelines [19–21], knowledge-based TE

detection methods like Repeatmasker and TEseeker [22, 23] as well as comparative population

genomics methods using PoPoolationTE2 [24]. These various tools have hastened insights

concerning the molecular genetic basis of many insect phenotypes and recent findings indicate

that TEs are involved in insect adaptations and are powerful facilitators of their genome evolu-

tion [25–28].

Among insects, D. melanogaster, has been the primary research organism for evolutionary

studies focusing on TEs [29]. However, this species only cannot serve as a model for all of the

insect diversity; it is clearly not suitable for studying several interesting phenotypes found

among insects, such as virulence to plant resistance. The Hessian fly Mayetiola destructor (Say,

1817) (Diptera, Cecidomyiidae) is one of the most economically devastating pests damaging

wheat and barley cultures all over the world [30–33]. In Georgia, roughly $20 million in losses

from Hessian fly damage were reported [34]. In Tunisia, it was detected in 60.33% and 51.5%

of all sampled durum and bread wheat fields [35]. In Morocco, losses were estimated at around

42% on bread wheat and 32% on durum wheat as reported by [36]. The Hessian fly is consid-

ered as a genetically tractable animal model to study the insect-plant interactions [37, 38]. In

fact, M. destructor, was the first insect shown to have a gene-for-gene interaction with its host

plant [39] and for many years, it was the only well documented model used for studying the

gene-for-gene relationship in plant-insect interactions [37]. This interaction involves the plant

genome containing a large repertoire of resistance genes R and the insect avirulence genes

(Avr) as well as multiple virulence gene families like the Secreted Salivary Gland Proteins

(SSGP), which facilitate the insect’s adaptation to its host defense [37, 40]. To better under-

stand the genetic interaction between Hessian fly and its host, several studies have focused on

the identification of transposable elements and specifically the mariner family [41–43] as well

as their insertion sites polymorphisms [44]. The genome of M. destructor was sequenced in

2010 to represent the first reference cecidomyiid Whole-Genome Sequence (WGS), neverthe-

less, it is still underexplored, and the search and characterization of other TEs will allow a bet-

ter understanding of TEs evolution and Mayetiola adaptation.

In the current work, we conducted a genome-wide analysis of the Hessian fly mobilome

using in silico approaches. The aim of this study was to provide an accurate description of TEs
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and to explore genes in their proximity. This study will deepen our knowledge in TEs dynam-

ics, which is fundamental in understanding the genome evolution and adaptation in this ceci-

domyiid fly.

Materials and methods

The Mayetiola destructor genome sequence (Mdes1.0 version) available at NCBI under

accession PRJNA45867 was used for TEs annotation. This genome of 153 Mb was assem-

bled in 36404 contigs and 24503 scaffolds with a N50 of 14 kb and 756 kb, respectively.

About 59% of the genome sequence was anchored to the four chromosomes of M. destruc-
tor [45].

TE de novo detection and annotation

The annotation of M. destructor TEs was carried out using the two pipelines TEdenovo and

TEannot of the REPET package v2.3 with default parameters (PMID: 24786468, PMID:

21304975, https://urgi.versailles.inra.fr/Tools/REPET). The TEdenovo pipeline was used first

to detect TEs in M. destructor genome [20]. To begin, the genome was cut into batches which

were then compared to themselves by “all against all” method using BLASTER [46]. Second,

the detected repetitive HSPs (High Scoring Pairs) were clustered into TE families using

GROUPER [46], RECON [47], and PILER [48] tools.

For each identified TE family, copies were aligned to allow the generation of consensuses

which were then classified according to their structural features (LTR, TIR, polyA tail,

ORF. . .) as well as their similarities with reference TEs from Repbase updated database v19.12

[49], Pfam databases [50] and HMM profiles. Classification was made by PASTEC tool [51]

following the classification system described by Wicker, Sabot [52].

The TEannot pipeline, including BLASTER [46], REPEATMASKER 3.2.6 [53] and CEN-

SOR [49] tools, was used to annotate TE copies using as input the identified consensuses

library generated by a TE de novo pipeline. TEannot pipeline was launched three times. The

first turn was used to annotate all TE sequences. The second was performed using consensuses

that encompass at least one full-length copy (called FLC, i.e. copies that covers more than 95%

of the corresponding consensus) in order to improve the TE annotation quality of the

sequences [54]. Subsequently, a third turn was launched using as TE library these filtered con-

sensuses, but removing also consensuses classified as SSRs, and noCats generated from less

than 10 copies to estimate M. destructor TE coverage. All the TE consensus sequences were

also manually curated to characterize their structural features and to filter them from the arte-

factual chimeras and duplicates.

To characterize MITE sequences, the Hessian fly genome assembly was submitted to the

MITE Tracker tool [55] and putative MITEs were aligned and clustered into families by

Vsearch [56] based on target sites duplication (TSD) and Terminal Inverted Repeat (TIR)

sequences.

Phylogenetic analyses

The classification of TEs consensuses identified in M. destructor was inferred per superfamily

using reference elements from GenBank and Repbase [57, 58]. The trees were constructed

using the Maximum Likelihood method following the HKY85 model [59] which was arbi-

trarily chosen. Phylogenetic trees were built with a bootstrap analysis of 1000 replicates using

the MEGA 6 program [60] and displayed with iTOL v3 program [61].
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TE sequences age estimates

TEs divergences and ages were estimated using the terminal branch forks lengths of TE copy

phylogenies. High identity scores refer to few accumulated mutations since their divergence

from their ancestor and are consequently recent [62, 63].

Copies of each TE family that are more than 100 bp in length were aligned using refalign

from the REPET package implementing the Needleman-Wunsch algorithm [64] for pairwise

sequence alignment with the consensus sequence considered as reference. A master-slave mul-

tiple alignment was then obtained by stacking these pairwise alignments.

Trees were then inferred for each TE family using the PhyML program [65, 66] based on

Maximum Likelihood method with the HKY85 model [59].

Pairs of aligned copies deriving from the same terminal branch forks were then selected to

estimate their nucleic divergence. Nucleotide substitution per base pair count between closest

copies pairs might allow the estimation of the age of the most recent transposition events.

Therefore, the number of differences between these sequences corresponds to the substitutions

that occurred after the sequence duplication. TE copy age was expressed in substitution num-

ber per base pair [62].

TEs insertion sites

To study TEs flanking regions and search for possible insertions near genes, we used bedtools-

closest [67, 68] by combining TEs Generic File Format (GFF) annotations from TEannot with

those of the Official Gene Set (OGS) obtained by automatic annotations by the MAKER2 pro-

gram (M. destructor 20163 genes are available at i5k Workspace@NAL database) [45, 69]. This

program finds the nearest features to TE copies and/or overlapping ones in the genome. TEs

insertions were then visualized by Webapollo [70] and Integrative Genomics Viewer IGV 2.3

[71, 72]. The insertions were finally classified according to the TE insertion sites in the genes,

their orientations, and the distance between genes and TEs.

Results

TEs in the Hessian fly genome

The screening of TEs in the genome of M. destructor with REPET pipelines allowed us to iden-

tify 1168 consensuses from which 1038 lineages containing at least one full length copy (FLC)

were extracted. About 16.84% of the genome of M. destructor was found to be composed of

repetitive sequences including TEs (Table 1).

The annotation using the 1038 FLC families showed 16.36% repeats genomic fraction, pre-

senting a slight difference with that of the first TEannot run. By removing consensuses without

FLC copies, consensus sequences corresponding to satellites and poorly supported consensus

with no TE hallmark, we finally end up with 350 TE consensuses covering 9.39% of the

genome sequence.

The consensuses were classified according to their structural features into at least five and

four orders from TE Class I and Class II, respectively. Interestingly, this TE annotation showed

in all the cases a higher frequency of Class II elements than Class I elements covering respec-

tively 2.26 and 1.73% of the genome. Class I includes LTR elements covering 1.17% of the

genome followed by the LINEs (0.39%), the SINEs (0.03%) then the Penelope elements

(0.02%) as well as the Terminal-repeat Retrotransposon In Miniature (TRIM) (0.01%), while

Class II includes TIR elements (1.03%), Miniature Inverted Terminal-repeat Transposable Ele-

ment (MITEs) (0.87%) followed by the Maverick and Helitron elements covering respectively

0.15 and 0.08% of the insect genome (Table 1). However, many consensuses, generated from
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repeats identified by similarity between genomic scaffolds, could not be classified and did not

show any obvious similarities with reference TEs from Repbase or with Pfam and HMM pro-

files and then were considered as noCats. The distribution of TEs per chromosomes revealed

that all TE orders were present among the four M. destructor’s chromosomes and the unplaced

scaffolds (considered as the fifth chromosome) with the dominance of the LTR and TIR ele-

ments followed by MITEs and LINEs in all the chromosomes (Fig 1, S1 Table).

Class I elements. REPET annotation showed that M. destructor genome has a TE Class

I coverage of about 2.5Mb including LTR, non-LTR and TRIMs covered by 73 consensuses

(S2 Table). Three LTR superfamilies were identified according to their structural features

of reverse transcriptase and gag-pol domains: Bel-Pao presenting 43% of the Class I ele-

ments followed by Ty3/gypsy (32%) then Ty1/copia presenting 5% of Class I elements. Bel-
Pao elements belong to only 12 different lineages whose median lengths range from 680 to

3203 bp with truncated gag-pol domains while Ty3/gypsy are more diverse and belong to 22

lineages whose lengths range from 356 to 4079 bp (S2 Table). All Ty3/gypsy copies seem to

be inactive due to deletions covering one or both domains gag-pol as well as tandem repeats

occurring in some of the rudiment copies (Fig 2). In Ty2/copia, only one copy has all the

domains involved in the LTR transposition process and could be consequently potentially

active (Fig 2). This copy showed a conserved target site duplication and displayed 90% of

LTR identity.

Concerning TRIM elements, they include 45 copies, which belong to two lineages whose

consensus size about 350 bp with LTRs ranging from 100 bp to 190 bp flanking non-coding

regions that ranged from 10 to 150 bp.

Table 1. Global statistics of TEs identified in theMayetiola destructor genome.

First round of REPET (all the copies) Second round of REPET (FLC)

Code Order Number of consensus Genome coverage (%) Genome coverage (bp) Consensus number Genome coverage (%) Genome coverage (bp)

RLX LTR 45 1.26 1932824 38 1.17 1789590

RIX Non- LTR LINE 28 0.37 568834 28 0.39 590859

RSX SINE 3 0.04 65866 3 0.03 52834

RPX Penelope 5 0.05 72120 2 0.02 26689

RXX Retrotransposons

TRIM

3 0.01 13707 2 0.01 12372

Total Class I 84 1.73 2653351 73 1.62 2472344

DTX TIR 90 1.13 1727136 79 1.03 1575291

MITEs 83 0.89 1360651 84 0.87 1338036

DHX Helitron 7 0.08 120684 7 0.08 121020

DMX Maverick 11 0.15 228938 10 0.15 228968

DXX Unknown

transposons

1 0.01 19151 1 0.01 19148

Total Class II 192 2.26 3456560 181 2.14 3282463

PHG - 44 0.98 1507976 43 0.981 1502303

noCat - 843 11.85 18148362 738 11.6 17775484

SSR - 5 0.02 31970 3 0.02 32341

Total - 1168 16.84 25798219 1038 16.36 25064944

FLC: Full Length Copies; TRIM: Terminal-repeat transposon in miniature; PHG: Potential Host Genes; noCat: Unknown repetitions; DHX: Helitrons; DMX: Maverick;

DTX: TIRs elements; DXX: Other Class II transposons; RIX: LINEs; RLX: LTR retrotransposons; RSX: SINEs; RXX_TRIM: Terminal Repeat Transposons in

Miniature; RPX: Penelopes.

https://doi.org/10.1371/journal.pone.0257996.t001
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Two non-LTR superfamilies were identified according to the similarities with the Reverse

Transcriptase RVT_1_RT domains and the exo-end-phosphatase as well as the LINE references

available in Repbase: Jockey and I superfamilies presenting respectively 15% and 2% of the

Class I elements.

As for the Jockey elements, they belong to 14 lineages and their median lengths vary from

510 to 2907 bp due to the deletions that occurred in different regions. Only one consensus had

a normal ORF1 while all the others had only their ORF2 of pol (Fig 2). Nevertheless, some of

the deleted copies were inserted next to non-sequenced regions (gaps) which could contain 5’

region.

Concerning Class I elements, the distribution was into four lineages with median lengths

varying from 741 to 6950 bp. Except for one I copy of about 6900 bp, which accounts for all

the domains gag-pol necessary for transposition process, all the remaining copies have only the

ORF2 of pol gene (Fig 2). Like the Jockey elements, some of the copies were located in the

vicinity of gaps in M. destructor’s genome, which could explain the absence of 5’ region.

Class II elements. The annotation of Class II transposons in the genome of M. destructor
allowed the identification of 181 consensuses representing different transposons lineages.

These consensuses enabled the annotation of 3.3 Mb covered by Class II transposons

(S2 Table).

TIR elements. The identified TIR elements represent 68% of the Class II elements annotated

in the genome of M. destructor and include five superfamilies, which are the Tc1/mariner,
hAT, Mutator, CACTA and Pif-Harbinger. MITEs are the most dispersed and frequent TIRs

covering 1.3 Mb by copies belonging to 84 families.

Fig 1. Proportions of TEs in Mayetiola destructor chromosomes. A1 and A2: autosomes. X1 and X2: heterosomes. Un: scaffolds non-anchored to chromosomes

(unplaced) are considered as a fifth chromosome. DHX: Helitrons. DMX: Maverick. DTX: TIRs elements. DXX: Other Class II transposons. RIX: LINEs. RLX: LTR

retrotransposons. RSX: SINEs. RXX_TRIM: Terminal Repeat Transposons in Miniature. RPX: Penelopes. The x-axis refers to the percentage of TEs per chromosomes.

https://doi.org/10.1371/journal.pone.0257996.g001
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• Tc1/mariner elements

It is the most diverse superfamily in the genome of M. destructor showing 32% of the Class

II transposon including 956 copies, which belong to 28 different lineages, and cover 347209 bp

(S2 Table). Most copies were fragmented due to deletions that occurred in different parts of

the TEs (Fig 3), while only 6.88% of the annotated Tc1/mariner showed sizes bigger than 900

bp including four potentially active copies with conserved target site duplication (TSD).

Analyses of consensus sequences of this superfamily have shown their distribution into

three major families: The Mariner-like Elements (MLEs), the Tc1-Like-Elements (TLEs) and

the pogo elements. The MLEs are the most diverse in subfamilies with 21 lineages from which

different whole copies were potentially active. The latter have a complete ORF and their trans-

posases contain the HTH and DDD domains necessary for the MLE transposition (Fig 3).

However, the TLEs and the pogo elements were less diverse and less frequent and distributed

respectively into three and four groups. No complete copies have been detected in these two

families. Indel mutations occur in their DDD/E catalytic domains in the C terminal region (C-

ter) and the N terminal HTH domain (N-ter).

• hAT elements

The hAT elements constitute the second major superfamily in the Class II elements ofM.

destructor covering 30% of identified Class II transposons. Analyses have shown that 1150 hAT
insertions belonged to 24 lineages with a genome coverage of 325844 bp (S2 Table). Notably, 78%

of those copies were found to have sizes less than 1000 bp originating from deletions involving the

N-ter or the C-ter as well as the TIR sequences. However, other copies were deleted because of the

gaps between the contigs; indeed, several hAT copies were localized in the contigs or scaffolds ends.

About ten copies whose sizes ranged from 2 kb to 4.5 kb contain the potential domains necessary

for hAT transposition. Nevertheless, terminal inverted repeats could not be identified. Moreover,

only two hAT consensuses were highly similar (85% of identity), while all others (representing the

different lineages) showed a high diversity with identity percentage ranging from 34 to 56%.

• Mutator elements

Mutator-like elements (MULEs) represent only 2% of the Class II transposons identified in

the genome of M. destructor (Fig 3). Twenty-eight copies have been annotated by two consen-

suses covering 20893 bp of the genome of this pest. The identified MULE copies were small

sized as the deletions cover the TIRs and some regions of their ORFs.

• CACTA elements

These elements cover 29,431 bp of M. destructor genome and constitute 3% of identified

Class II elements. They belong to two lineages whose consensuses are 1042 and 1664 bp of

length, respectively. One of the CACTA copies showed TIRs of 334 bp containing in their

extremities the CACTA motif modified into CTCGA. They are much longer than known

CACTA TIRs whose sizes are of 13 bp to 30 bp.

Fig 2. Schematic representation of Class I TE structures in Mayetiola destructor genome. The numbers of copies and

consensuses representing lineages of each Class I order are mentioned. Full length copies and some inactive forms of Class I

elements are mentioned a. LTR elements with the three identified superfamilies Ty3/gypsy, Bel-Pao and Ty1/copia. LTR are

indicated by black bold arrows, gag and pol domains are respectively represented in purple and orange rectangles with gene

names written in bold letters, deletions are represented by thin black lines, repeated motifs are indicated in thin repeated

arrows. b. N-LTR elements with the two identified superfamilies Jockey and I elements. Gag and pol domains are

respectively represented by pink and blue rectangles, deletions are indicated in thin black lines. c. Penelope-like elements. RT
and Env domains are shown respectively in green and pink rectangles. GIY-YIG motif is indicated as well.

https://doi.org/10.1371/journal.pone.0257996.g002
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• Pif-harbinger elements

About 69 detected insertions covered 16,440 bp of M. destructor genome and all the copies

belong to the same lineage. Some of them have perfect TIRs with 84 bp of length flanking

Fig 3. Schematic representation of class II TE structures in Mayetiola destructor genome. The numbers of copies and consensuses representing lineages of each Class

II order are mentioned. Full-length copies and some inactive forms of DNA transposons are mentioned a. TIR elements. Only the most frequent superfamilies were

represented, they correspond to the mariner-like elements (MLEs) and hAT as well as inactive TIR forms, the MITEs. TIR structures are represented by black bold

arrows and ORFs are indicated by rectangles. Internal deletions are represented by thin black lines. In Tc1/mariner like elements, the Helix Turn Helix (HTH) region of

the DNA binding domain is indicated as well as the three aspartic or glutamic amino acids (DDxD/E) characterizing the C-ter Tc1/mariner-like elements. In hAT
transposons, the Zinc Finger and Dimerisation domains are shown in bold letters. b. and c. The inactive forms of helitrons and Mavericks are represented showing the 5’

or the 3’ regions with their appropriate domains.

https://doi.org/10.1371/journal.pone.0257996.g003
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deleted ORFs whereas some others have complete ORF with the DDE domain but without

TIRs.

• MITEs

The screening of MITEs by the REPET package enabled the identification of 83 lineages

representing 5681 copies with a median size of 507 bp. TIR sizes are highly variable ranging

from 17 to 777 bp. As TIR-flanked regions were noticeably short sizing 50 bp (Fig 3; S2 Table),

it was hard to determine their corresponding superfamilies. Thus, MITE tracker was used, and

219563 putative MITEs were identified. The analysis of terminal TIRs and TSD sequences

allowed the classification of 1237 MITE sequences into six Superfamilies. The P and TC1/mari-

ner superfamilies were the most represented, with 515 and 312 MITEs, respectively, followed

by the CACTA superfamily with 182 MITEs, then Pif-Harbinger and hAT with 80 and 79 ele-

ments, respectively. The PiggyBac superfamily was represented by only seven MITEs. The

remaining sequences were unclassified.

Helitrons. Helitrons were identified via the conserved helicase domain enabling to annotate

220 copies, which belong to seven lineages and constitute 11% of the identified Class II ele-

ments (Fig 3 and S2 Table). Consensuses have sizes ranging from 600 to 2400 bp and similari-

ties with Helitrons isolated from Drosophilidae and aquatic organisms like cnidarians Hydra
vulgaris and lamprey Petromyzon marinus. They are characterized by a Pif1-like helicase
domain belonging to the P-loop_NTPase superfamily at their C-terminal region.

Mavericks. Mavericks constitute 21% of the identified Class II elements annotated by 10 con-

sensuses whose sizes vary from 600 to 4500 bp. The median size of 1243 bp reflect the fragmented

state of the 408 Maverick copies with accumulated deletions. Indeed, Mavericks including the

Maverick/polintons superfamily were considered as giant elements sized from 15 to 30 kb [73, 74].

The identified elements have only the DNA Polymerase or the Integrase domain.

noCat repeats. These unclassified repeats were distributed into 843 consensuses spanning

about 11.93% of the genomic assembly and 70.48% of the covering repeatome. These consen-

suses were mostly short (70% are less than 1000bp). Moreover, the filtration step showed that

only 30 noCats consensuses were generated by more than three copies. The blast of the 843

noCat consensuses against the identified TE library allowed the reclassification of 37 consen-

suses including one LTR, five LINEs, three SINEs, three retrotransposons, eight TIRs and 17

MITEs. The rest of the noCats could be parts of TEs which could not be fully generated

because of the highly fragmented state of the draft genome of M. destructor. Indeed, 16,273

contigs were less than 1kb in length.

Phylogenetic analyses

The identified TEs were aligned (S1 Appendix) then classified per superfamily. Among Class I ret-

rotransposons, the Ty3/gypsy and Bel-Pao elements from the LTR order exhibited extensive diversi-

fications (S1 and S2 Figs) compared to the copia and the Non-LTR elements (S3–S5 Figs). In Class

II transposons, TIR elements,Mavericks/Polintons andHelitrons also showed a noticeable diversity

among families and subfamilies (S6–S10 Figs). Among TIR transposons, hAT elements were

grouped with plant hAT families in clusters supported by high bootstrap values (S8 Fig). Otherwise,

Maverickswere clustered with TEs isolated from aquatic vertebrates and cnidarians (S10 Fig).

TEs age estimation

TEs age estimation and dynamic studies were carried out based on the divergence rates using

the terminal fork branch lengths from TE families’ phylogenies (Figs 4 and 5). The divergence

estimation of copies from their consensuses (putative ancestral sequences) informs about the
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ages of these TEs and the divergence measures between copies of terminal fork make it possi-

ble to estimate the ages of the last transposition events. The more the divergence between close

copies is important, the more the activity is ancient.

These estimations reveal the ages of last events give no information about a possible activity

of the most recent copies. Age of TE activities was estimated in divergence units. Analysis

revealed a first peak (from 1 to 2% of divergence from present) showing waves of TEs invasion

recently occurring during the same period by several TE families through many bursts of

transpositions. This period was characterized by the amplification of Class II elements which

is likely more important than those of Class I.

About ¼ of these TEs belongs to the hAT superfamily followed by Tc1/mariner and Gypsy
superfamilies. As for the hAT, many transposition events emerged significantly including at

least nine bursts (between 1 and 2% of divergence from present) suggesting M. destructor spe-

cific TEs activities. As for Tc1/mariner and Gypsy elements, despite their recent explosion,

their activity seems to be regular and common to other species since they are known to be

widespread in eukaryotes including insects. This recent peak of invasions includes the emer-

gence of new TE families such as Mutator-like elements with low copy numbers. This emer-

gence suggests a very recent invasion of the genome of M. destructor by this Class II TE group

or a resurrection of this superfamily to proliferate again after a long period of silencing.

Fig 4. Estimate of TE ages and transposition events in Mayetiola destructor genome. The age of TEs is given as the percentage of substitutions from their consensus

sequences shown in the x-axis. Recent events of transposition have low substitution levels. The y-axis shows the TEs’ copy number.

https://doi.org/10.1371/journal.pone.0257996.g004
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Analysis revealed also a second peak at 20% of divergence from present showing ancient

mobilization of many TE families, notably Tc1/mariner and Gypsy but less important than the

most recent ones.

Activities of TEs belonging to Bel-Pao, Jockey, Penelope, CACTA and Helitrons superfami-

lies were found to be partially or completely extinct after a period of ancient transposition

events at different times. However, they display more recent transposition events suggesting

the reinvasion of the genome of M. destructor by these families through horizontal transfer, the

reemergence of some lineages from defective copies or by their reactivation by trans-mobiliza-

tion. Copia elements were extinct for a long period of time before to reemerge with a low copy

number in the recent peak of bursts.

The number of bursts reflects the diversification of TE families; the more the number of

consensuses is important the more TEs are diversified. Tc1/mariner and hAT elements seem to

be more diversified than Gypsy elements.

The analysis of MITEs transposition events showed the same evolution as the other TEs

with two peaks of bursts.

TEs near genes

TE insertions in the vicinity of M. destructor genes were classified into two main categories:

TEs inserted close or inside the gene (Fig 6; Table 2). The first category has 114 insertions at

Fig 5. Estimate of MITEs and TEs transposition events inMayetiola destructor genome. The age of TEs is given as the percentage of substitutions from their

consensus sequences shown in the x-axis. Recent events of transposition have low substitution levels. The y-axis shows the TEs’ copy number. The age distributions

suggest dominance MITEs activity between 1 and 6% of divergence.

https://doi.org/10.1371/journal.pone.0257996.g005
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less than 2 kb from the gene. Different positions were however analysed in the second category

with the most abundant into the first exon with 251 insertions. Few TE insertions overlap the

5’ and 3’ extremities with a significant difference in orientation on the 5’side (Chi-square test

Fig 6. Schematic representation of the different TEs positions in the vicinity of the host genes of M. destructor. Genes and TEs are respectively indicated in grey

rectangles and red double arrows. The number of insertions is indicated on the right of each diagram. The screening of TE insertions in genes involved in the Hessian fly

virulence revealed insertions of a MITE and a gypsy element in SSGP genes which induce the formation of galls in the stem and the nutritive tissue of the host plants.

The MITE was detected in the 5’ end at reverse orientation and exhibits a recent event of transposition at 0.61% of divergence whereas the Gypsy element dating at

0.07% was found in the reverse orientation of the SSGP gene in its 3’ region.

https://doi.org/10.1371/journal.pone.0257996.g006
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p-value = 0.05, ddl = 4). Some genes included inside the TEs, were excluded from analysis, and

considered as TEs, which are not well annotated.

TEs having shown a recent activity at less than 2% of divergence were selected to study

whether recent insertions occurred into or next to the host genes. We have revealed 86 such

insertions from which 14 were inserted close to the genes. Among them 10 occurred at less

than 2 kb and four at the 5’ side of host genes. Forty-one TEs were inserted inside genes,

among which 21 TE copies had exonic insertions with 12 in the first CDS and 31 overlapping

the 5’ or the 3’ side of the gene. Analyses of inserted TEs copies showed the prevalence of

MITEs (66.67%), followed by hAT (17.86%), Tc1/mariner (9.52%) then the Gypsy and mutator
elements with (4.76%) and (1.19%), respectively (Table 3).

SSGP genes also show older TE insertions dating from 3% to 15% of divergence, and

belonging to the different superfamilies Gypsy, Bel-Pao, Jockey, Penelope, tc1/mariner, hAT,

CACTA and MITEs. These insertions were represented mainly by MITEs (34% of insertions)

and Gypsy retrotransposons (28% of insertions).

Additionally, analyses of TE insertions in the chemosensory genes have shown nine inser-

tions among which a single MITE copy having its last transposition activity at 12% of diver-

gence is inserted in the same orientation as a gene encoding Gustatory Receptors (GRs). No

recent activities have been shown for the other TEs that were inserted in genes encoding Olfac-

tory Receptors (ORs).

Table 2. Representation of the cases and numbers of TE amongMayetiola destructor genes.

Position TE sense insertion TE antisense insertion Chi2-Test

Outside of the gene Next to the gene 620 573 Non-significant

Inside of the gene TEs included into the gene 1849 1847 Non-significant

Genes included into the TEs 205 165 Significant

5’ region of the gene 304 239 Significant

3’ region of the gene 412 406 Non-significant

Beginning of the gene = End of TE TE included in the gene 0 9 -�

Gene included in the TE

End of the gene = Beginning of the TE TE included in the gene 0 12 -�

Gene included in the TE

�Chi-2 test was not performed for these positions as TEs orientations are already determined.

https://doi.org/10.1371/journal.pone.0257996.t002

Table 3. Categories of insertion sites and numbers of TEs having recently transposed (less than 2% of divergence).

Superfamily Number of insertion sites Next to genes Included inside the gene Gene 5’ side Gene 3’ side

Ty3/gypsy 4 0 0 3 1

hAT 15 0 6 Exonic insertions 3 5

1 Intronic insertion

Tc1/mariner 8 3 (5’ side) 2 Exonic insertions 0 0

3 Intronic insertions

Mutator 1 0 0 1 0

MITEs 58 10 (3’ side) 13 Exonic insertions 10 8

1 (5’ side) 16 Intronic insertions

Total 86 14 Sens Anti-sens Sens Anti-Sens Sens Anti-sens

17 24 9 8 5 9

https://doi.org/10.1371/journal.pone.0257996.t003
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Discussion

DNA transposons are more abundant than retrotransposable elements

The present study assesses the TE content in the sequenced genome of the Hessian fly. The

Mayetiola genome is estimated to be 153Mb in length, and we reported that TEs make up

16.36% of its sequence. Similar proportions were estimated in other Dipteran genomes like the

Drosophilidae species whose TE content varies between 3 and 25% [75].

Our evaluation of TE content is probably an underestimation and TEs may be obscured by

the large “unclassified” repeated sequences found by our de novo approach. These repeated

sequences, considered as noCats, could constitute new or highly divergent types of TEs that

had been disregarded here [6]. Additionally, the WGS assembly may be missing some regions

that are rich in repeated sequences like centromeres or other heterochromatic regions which

could be parts of genomic gaps [76].

The comparison of genome proportions of TE classes showed that DNA transposons occur

in higher amounts than Class I elements do. The situation is similar in the mosquito Anopheles
gambiae [77], the hymenopteran Jerdon’s jumping ant Harpegnathos [6] and the coleopterans,

Tribolium castaneum and Anoplophora glabripennis [78].

Analysis of TE composition revealed that TIR elements dominate the population of TEs in

the Mayetiola genome followed by LTRs and Non-LTR. TIRs abundance has been also

described quite recently in six tsetse fly species [79]. The prevalence of the TIR transposons

may be related to the activity of such elements, which may depend on just a few active copies

of the family. This hypothesis is supported by the presence of potentially active copies found in

Tc1/mariner superfamily.

Waves of transposition explain the observed TE diversity. Transposition event date esti-

mates in M. destructor revealed recent bursts which involved essentially DNA transposons. It

has been reported by previous studies that Class II elements are active for short time periods

then escape the defense systems of the host by horizontal transfer unlike retrotransposons

which establish long-term associations with the host genome [80].

In M. destructor, the most recent bursts show an explosion of hAT elements with the emer-

gence of new lineages, which would originate from horizontal transfer. Noticeably, in some

Diptera species, different hAT families have shown similar activities such as Herves family in

Anopheles gambiae, Hermes in Musca domestica and Aedes aegypti as well as hobo in Drosophi-

lidae [81].

The identified MITEs in M. destructor are highly frequent which reflect their high level of

transposition. The high abundance of MITEs was previously reported in several insect species

with similarly high rates of activities [82]. The small size of MITEs would allow them to escape

the defense system of the host genome leading therefore to their accumulation [89]. Most iden-

tified MITEs exhibited terminal inverted repeats, noticeably short ORFs that would come

from relics of old DNA transposons after an Abortive Gap Repair [83–85].

Analysis of retrotransposons showed that, except for one Copia element, all the copies are

inactive despite the polymorphism of their insertions and the large diversity of the identified

LTR lineages. This could be explained by old activities of a high number of copies which

invaded the species followed by inactivation processes and mutations [77, 86]. In addition, we

cannot exclude the presence of an eventual active elements in M. destructor genome but these

LTR sequences would be presumably missed because of eventual erroneous assembly of this

insect WGS. Indeed, the genome sequences were assembled by combining Illumina and 454

sequence data which are characterized by short reads of 35 to 300 bp [87]. Therefore, these

read sizes are impeding the complete reconstruction of genomes and can affect further analy-

ses and mislead biological interpretations [88].
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Among LTR retrotransposons, Ty3/gypsy elements showed a regular activity during a long

period of time. It could be due to the cooperation of deleted copies whose products are com-

plementary to catalyse the transposition process. According to Sabot and Schulman [89], a sin-

gle copy containing at least one ORF or a complete domain can be considered as an

autonomous element which would promote the amplification of defective elements leading to

their expansion in M. destructor genome.

Bel-Pao and copia retrotransposons, have shown recent activities after their extinction. This

reactivation would have taken place simultaneously with the invasion of new variants involv-

ing complete copies which may act in trans to mobilize the TEs of the other lineages [90].

The Non-LTR elements have shown a large fraction of copies with deleted 5’ regions. This

has also been observed in Anopheles funestus and has been reported as a “Dead On Arrival”

mechanism (DOA) when these elements lose a part of their 5’ region after an incomplete

reverse transcription which in turn inhibit their transposition activity [81, 91] (Fernandez

2017, Han 2010). The activity profile of Jockey and I elements shows an old activity which has

been reactivated recently (at 2% of divergence).

The study of the consensuses representing TE lineages has shown that Class II elements

contain more consensuses than Class I elements, thus reflecting the diversity of DNA transpo-

son lineages in M. destructor genome. These results are in line with prior studies on insects

comparing TEs repertoires which showed that DNA transposons are more diverse than retro-

transposons [92].

Phylogenetic analyses of the different superfamilies identified in the M. destructor genome

have shown different types of consensuses representing diverse lineages and families. Some of

these groups have already been identified in other species and some others formed new groups

suggesting new classifications. A part of the observed TEs diversity could be due to the small

size of the Hessian fly genome as shown by Elliot et al [93].

Phylogenetic trees revealed that several identified TEs were found to be originated from

species from other kingdoms which could be explained by the lateral movements of transpo-

sons across eukaryotic phyla. This Horizontal transfer (HT) was previously reported in many

taxa including insects with plants, crustaceans, and cnidarians [94–96].

Possible role of TEs in M. destructor adaptation. The identified TE insertion sites were

investigated for their possible involvement in certain key genes regulations as those related to

the pest virulence. Elements inserted within 2 kb of the gene have been particularly studied

because at this distance, TE insertion may influence the cis regulation of the gene expression

[97].

On the one hand, most insertions were revealed inside introns or covering a part of the

exon and the nearby intron. Insertions in the introns could have no impact since these regions

are characterized by high levels of mutations and TEs should accumulate different mutations

by neutral selection [11]. Nevertheless, insertions covering the exon-intron junction could

involve modifications of the splice sites within the insect [98, 99]. Further in-depth functional

studies would be needed to confirm these impacts on the studied genes.

On the other hand, a low number of insertions occurred in the exons as well as the 5’and 3’

extremities. This could be explained by a purifying selection leading to the removal of these

elements to protect the coding region and the regulatory domains corresponding to gene pro-

moters and terminators [97, 98]. However, a significant difference between insertion orienta-

tions has been shown in the 5’ regions of host genes in favor of the sense insertion which could

lead to a disturbance of the gene expression [100, 101] whereas the antisense insertions could

generate transcripts interfering with sense transcripts [98].

TE insertions in the vicinity of virulence and chemosensory genes occurred more fre-

quently in the SSGP virulence effector genes. This could be explained by a higher selective
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pressure on the chemosensory genes for their important role in the life cycle of this pest,

mainly in the adult stage which is noticeably short and requires the functionality of these genes

for finding the partner, mating, and laying eggs [37].

Recent events of transposition of Ty3/gypsy elements and MITEs in genes encoding SSGP

proteins is consistent with researches led by Wessler et al. [102] and Casacuberta & Santiago

[103] who noted an association between LTR elements and MITEs and the host genes contrib-

uting to their evolution.

Hence, the mobilome dynamic in the Hessian fly genome originates from the interaction

between the multitude of coexisting TE lineages and families reflecting different evolutionary

scenarios. Consequently, the inactive forms of certain lineages of Class I retrotransposons may

cooperate to ensure their amplification despite the mutations they have accumulated, while the

non-autonomous Class II transposons would ensure their activity by trans-mobilization using

potentially active copies.

Conclusions

In this work, we performed a Genome-Wide bioinformatics Scanning of transposable ele-

ments in Hessian fly. TEs have shown a large diversity with different waves of invasions and

activities. Some elements were inserted in the vicinity of host genes that may be important for

adaptation. Therefore, the analyses carried out constitute a crucial step for subsequent in-

depth studies focusing on promoter, end of transcription signals, as well as splicing signals

originated from TEs, to better estimate their impact on the virulence genes of this insect pest.
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