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Abstract The coffee berry borer (CBB) Hypothenemus
hampei is the most limiting pest of coffee production
worldwide. The CBB genome has been recently sequenced;
however, information regarding the presence and charac-
teristics of transposable elements (TEs) was not provided.
Using systematic searching strategies based on both de
novo and homology-based approaches, we present a library
of TEs from the draft genome of CBB sequenced by the
Colombian Coffee Growers Federation. The library con-
sists of 880 sequences classified as 66% Class I (LTRs:
46%, non-LTRs: 20%) and 34% Class II (DNA transposons:
8%, Helitrons: 16% and MITEs: 10%) elements, including
families of the three main LTR (Gypsy, Bel-Pao and Copia)
and non-LTR (CRI, Daphne, 1/Nimb, Jockey, Kiri, RI1, R2
and R4) clades and DNA superfamilies (TcI-mariner, hAT,
Merlin, P, PIF-Harbinger, PiggyBac and Helitron). We
propose the existence of novel families: Hypo, belonging
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to the LTR Gypsy superfamily; Hamp, belonging to non-
LTRs; and rosa, belonging to Class II or DNA transposons.
Although the rosa clade has been previously described,
it was considered to be a basal subfamily of the mariner
family. Based on our phylogenetic analysis, including Tc/,
mariner, pogo, rosa and Lsra elements from other insects,
we propose that rosa and Lsra elements are subfamilies of
an independent family of Class II elements termed rosa.
The annotations obtained indicate that a low percentage
of the assembled CBB genome (approximately 8.2%) con-
sists of TEs. Although these TEs display high diversity,
most sequences are degenerate, with few full-length cop-
ies of LTR and DNA transposons and several complete
and putatively active copies of non-LTR elements. MITEs
constitute approximately 50% of the total TEs content, with
a high proportion associated with DNA transposons in the
Tcl-mariner superfamily.

Keywords De novo TEs annotation - Transposable
element library - Coffee berry borer - Hypothenemus
hampei

Abbreviations

APE Apurinic/apyrimidinic endonuclease

BLAST Basic local alignment search tool

CBB Coffee berry borer

GtRNAdb Genomic tRNA Database

GyDB Gypsy database

HSP High-scoring segment pairs

LINE Long interspersed element

LTR Long terminal repeat

MITEs Miniature inverted—repeat transposable
elements

ORFs Open reading frames

pHMMs  Profile hidden Markov models
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RNaseH  Ribonuclease H

RT Reverse transcriptase
TEs Transposable elements
TIR Terminal inverted repeat
TSD Target site duplication
WGS Whole-genome sequence
Introduction

Hypothenemus hampei Ferrari (Coleoptera: Curculioni-
dae), also known as the coffee berry borer (CBB), is the
most devastating insect pest for coffee production world-
wide. CBB action has a direct impact on the sustainabil-
ity of coffee cultivation because the insect infests coffee
beans, the marketable product. The damage caused by CBB
affects both the quality and market price of affected coffee
beans. This beetle species possesses a sexual determina-
tion system that is referred to as functional haplodiploidy
(Brun et al. 1995). The coffee berry borer was introduced
into the Americas through Brazil presumably in 1913 in
coffee seeds imported from Democratic Republic of Congo
(Infante et al. 2014) and from there it colonized other cof-
fee producing countries in the Americas and the Caribbean
region. It is still unclear though, whether a single intro-
duction of several lineages, or multiple introductions were
the source of the insect in the Americas. Gauthier (2010)
performed a worldwide CBB phylogenetic reconstruc-
tion using Bayesian methods and proposed the existence
of four genetic populations (K1-K4). All the Americans
(except from Jamaica) formed a single genetic group (K4).
These findings suggest that few founder CBB genetic lin-
eages were introduced into the Americas via Brazil and
later dispersed across the Americas. This possible founder
effect, along with an extreme inbreeding behavior (Ginger-
ich et al. 1996), may explain the low genetic diversity of
this species in the continent (Andreev et al. 1998; Gauthier
2010; Benavides et al. 2005; Gil et al. 2014). Yet, neither
the CBB reproductive behavior nor its low genetic variabil-
ity has restricted its success in colonizing new crops and its
spread among all coffee producing countries. Historically
in Colombia, CBB population sizes fluctuate along the year
according to local coffee bean densities across the country
(Bustillo 2006), but still, however, the highly diverse pat-
tern of coffee bean production in the country ensures a
significant overall CBB population size during all the year
around.

The efforts to study the population genetics, structure
and dynamics of CBB have been limited by the low genetic
variation and high inbreeding of the species. Conventional
molecular markers like microsatellites, AFLPs, SSCPs
among others, used for population structure studies have
been of little use due to their low discriminatory power.
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Due to the economical relevance of this insect, a
sequencing genomic project of the lineage infesting coffee
cultures in Hawaii was envisioned in September 2010 by
the United States Department of Agriculture (USDA) soon
after CBB colonized the Kona region (Vega et al. 2015).
The reported results indicated a very low content of identi-
fiable repeats and low-complexity regions (2.7%) and sug-
gested that repeated sequences might be underrepresented
in the assembly; however, no further analysis on the repeti-
tive elements in this genome was performed. In addition,
the National Center for Coffee Research of Colombia,
CENICAFE, has also pursued a genome sequencing pro-
ject, which is currently in the annotation phase, of the CBB
variant in Colombia. As part of the effort to characterize
the genome of CBB prevalent in Colombia, we have ana-
lyzed the global transposable element (TEs) content, con-
tributing to a better understanding of their distribution and
abundance in the genome of this important insect pest.

Due to their ubiquity, diversity and genomic impact,
the identification and characterization of TEs in newly
sequenced genomes is essential for better understand-
ing genome structure and evolution. TEs are interspersed
DNA sequences that move within the genome and have the
capacity to propagate, reaching finally high proportions of
the genome. In particular, insect genomes show great varia-
bility in TE content, varying from 2.7% in some Drosophila
species (Clark and Eisen 2007) to as much as 47% in Aedes
aegypti (Nene et al. 2007). Since there is no consensus to
date for a universal TE classification system (Piégu et al.
2015), for simplicity, we have followed the Wickers hierar-
chical system for TEs classification in eukaryotes (Wicker
et al. 2007). In this system, two classes of elements are
defined according to their genetic and structural character-
istics. Class I is composed of five orders: LTR retrotranspo-
sons, DIRS-like elements, Penelope-like elements (PLEs),
long interspersed elements (LINESs) and short interspersed
elements (SINEs). Class II is further divided into two sub-
classes. Subclass 1 (orders TIR and Crypton) comprises the
classical ‘cut-and-paste’ TEs, which are characterized by
terminal inverted repeats (TIRs) of variable length; Sub-
class 2 (orders Helitron and Polintons/Maverick) comprises
‘copy-and-paste’ elements exhibiting a transposition pro-
cess that entails replication without double-stranded cleav-
age. In this hierarchical system, TEs are further classified
into superfamilies according to widespread large-scale fea-
tures and families (also called clades or lineages) defined
by DNA sequence conservation. Additionally, elements can
be autonomous (i.e., able to transpose) or non-autonomous
(such as Class I, SINEs and miniature inverted-repeat trans-
posable elements (MITEs) of Class II).

It is well established that TEs have important impacts
on host genomes, both at the structural and functional lev-
els (e.g., Pardue et al. 1997; Kidwell and Lisch 2000; van
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de Lagemaat et al. 2003; Wong and Choo 2004; Levin
and Moran 2011). Therefore, it is not surprising that these
sequences are considered valuable tools for comparing
genomes, elucidating recent genomic dynamics and mak-
ing evolutionary inferences. In addition, transposon-based
genetic approaches are useful in both higher and lower
metazoans (e.g., transgenesis, forward genetic approaches,
insertional mutagenesis or genetic population analysis), and
are thus important tools of the genetic toolkit for several
applications (Matés et al. 2007).

The repetitive nature of TEs is one of the main difficul-
ties for the correct assembly of genomes. In addition, the
accurate detection and annotation of TEs is a difficult task
because of their great diversity. A number of computa-
tional approaches and tools have been developed for iden-
tifying TEs in assembled genomes. Two main strategies,
homology-based and de novo approaches (typically based
either on their repetitive nature or on their structural sig-
natures) are commonly used but the adoption of combined
approaches has shown to be the best strategy for obtaining
comprehensive and sensitive results (Permal et al. 2012;
Platt et al. 2016). Here, we present a detailed approach for
the de novo characterization of TEs in the CBB genome
aiming at providing basis for future studies on TE insertion
polymorphisms that can help to characterize the popula-
tions” genetic diversity.

Methods
Genomic information

The genome analyzed in this study was isolated from a
CBB strain derived from a population from Pueblo Bello
(Colombia) that has been maintained in a breeding facil-
ity of CENICAFE during 9 years. The genomic informa-
tion used in this project is property of the National Coffee
Growers Federation of Colombia and is protected by intel-
lectual property agreements.

Two genome draft versions were used in this study.
One version was produced by assembling reads resulting
from 20-kb pair-end whole-genome shotgun sequencing
(WGS) by 454-FLX Titanium pyrosequencing. This ver-
sion was used to build the repeat library, yielding a total
of 6,910,124 assembled reads and constituting a genome
of approximately 197.3 MB. The library contains 75,017
contigs (rank size 200-36,179 bp), with an average length
of 2629.5 bp, an Ns, value of 6931 bp and GC richness of
36%. The second set of sequences includes genomic infor-
mation from tag-based next-generation Illumina sequenc-
ing technology obtained from a bacterial artificial chromo-
some (BAC) library. The genome constructed from this set
of sequences has 25,643 scaffolds for a total consensus of

218.3 MB, with a rank size between 897 and 278,432 bp,
an average contig-length of 8511 bp, an Ns, value of
27,956 bp and a GC content of 38%. The completeness
analysis of the genome using annotation of core genes was
carried out. The result gave a value around 90% of genome
completeness.

Identification and annotation of TEs

We obtained data from combined independent sources,
integrating results from multiple homology-based and de
novo TE identification methods. The methods and tools uti-
lized for de novo identification of Class I (LTR and non-
LTR retrotransposons) and Class II elements in this study
are applied as follows (Fig. 1).

Identification of transposable elements
Class I elements

LTR retrotransposons Figure 2a summarizes the meth-
ods and tools used for the de novo identification of LTR
retrotransposons. The LTRharvest (Ellinghaus et al. 2008)
program was used for the de novo identification of LTR
retrotransposons with the following parameters: seed value
100, minimum LTR size 100, maximum LTR size 5000,
minimum distance between LTRs 1000, maximum dis-
tance between LTRs 20,000, similarity 85%, overlaps “best”
option, rank size of target site duplication of 4—8 bp. Auto-
mated annotation of the internal features of the identified
LTR retrotransposons was performed using the LTRdigest
software (Steinbiss et al. 2009), adding the eukaryotic-
tRNAs set from genomic tRNA database (GtRNAdb) (Chan

Draft
Genome
Assembly

45‘.‘ LTRharvest, LTRdigest, ORF finder,
lllumina hmmer, BLASTp, CDD, p-distances, CD-HIT.

2 ORF finder, tBLASTn, hmmer, BLASTp, CDD
p-distances, BLASTER, PILER, RECON, CD-HIT, RTClass1.

MITE-hunter, MAK, hmmer, BLASTER, CDD,
HelitronScanner, blastclust, blast2seq

RT domains
Self-alignment

2 RT + APE

RT + APE + RnaseH

Clustering
Classification

&=
Assembly

lllumina,

Repeats
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Fig. 1 Flowchart showing the pipeline applied for the identifica-
tion of TE canonical sequences using structural and homology-based
approaches and their classification in the genome of CBB
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Fig. 2 Flowchart for de novo TE canonical sequences identification using structural and homology-based for approaches: a LTR retrotranspo-

sons, b non-LTR retrotransposons

and Lowe 2009) and replacing its default hidden Markov
model (pHMMs) profiles library with the non-redundant
database of pHMMs from the Gypsy Database (Llorens
et al. 2011; http://gydb.org/index.php/Main_Page), which
is larger and more complete in pHMMs than the database
associated with LTRdigest. Positive hits with pHMMs were
visually inspected using the graphical desktop tool LTRsift
(Steinbiss et al. 2012); this program permits better internal
structure inspection of the predicted elements and helps fil-
tering and classifying them in a functional manner. In addi-
tion to searching pHMM s in the predicted LTR retrotranspo-
sons, open reading frames (ORFs) from internal sequences
(between LTRs) were identified using the ORF Finder Tool
Server (http://www.ncbi.nlm.nih.gov/orffinder/) and blasted
against the non-redundant (nr) database using the BLASTp
program. Also, hits with conserved protein domains were
detected (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi).

Clustering of sequences and subsequent generation
of consensus was performed using the CD-HIT program
(Li and Godzik 2006) considering a similarity of 80%
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following the Wicker’s rules for TEs classification (Wicker
et al. 2007). Finally, a step for the classification of elements
into superfamilies was incorporated based on p-distances
and clade bootstrap. The inferred amino acid sequences
corresponding to the reverse transcriptase of the identified
LTR retrotransposons were grouped with the insects LTR
sequences available in GyDB. Multiple sequence align-
ments of the RT domains with LTR reference sequences of
insects (Table S2) were performed to further classify the H.
hampei elements by phylogenetic analyses.

Non-LTR retrotransposons Figure 2b summarizes the
methods and tools used for the de novo identification of non-
LTR retrotransposons. First, the location coordinates of the
LTR retrotransposons previously identified in the genome
were masked to avoid hits with the RT domains already
identified. Non-LTRs have been previously classified into
clades or lineages (Malik et al. 1999), and subsequently
into different families; only two of the clades have a sin-
gle domain encoding the RT (R2 and CRE clades), the oth-
ers contain an additional coding region for an apyrimidinic
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endonuclease domain (APE). Other elements, such as those
belonging to clade I, have an additional RNaseH domain;
nevertheless, classification of non-LTRs has generally been
based on the sequence for RT (Xiong and Eickbush 1990;
Kapitonov et al. 2009). We then performed a search with
hmmsearch (HMMER 3.0) (Eddy 2011) of the genomic
sequences that hit the RT hidden Markov model profile
EMBL: DS36752 calibrated with the program MGEScan-
nonLTR (Rho and Tang 2009) as well as to the PFO0078
Pfam profile (27.0) (Finn et al. 2014). This pHMMs search
was performed against the ORFs extracted from the masked
genome using the geforf tool from the EMBOSS v6.4.0.0
package. A minimum OREF size of 500 bp was considered
to contemplate the APE domain (rank size between 600 and
800 bp in 97% of inspected non-LTR elements).

The BLASTER algorithm (Quesneville et al. 2005) was
implemented on all the scaffolds showing matches with
the query domains already mentioned, allowing all-by-all
alignments between sequences. This process helped defin-
ing the non-LTR boundaries. The BLASTER program can
use either the WU-BLAST or NCBI-BLAST programs to
compare a genome with itself to detect repeats; its binaries
are distributed with the REPET pipeline (Flutre and Duprat
2011). After clustering, hmmer and tBLASTn searches were
implemented to define the three main groups of non-LTRs
according to the presence of specific domains: only RT
(CRE and R2 clades), RT+ APE (Rex, L2, Jockey, CRI,
LI, Rand and RTE clades) and RT + APE +RNaseH (7ad,
I and RI clades). The FASTA sequences and the pHMMs
used were those reported by Malik et al. (1999). The ini-
tial step in each element classification was based on several
BLAST searches (BLASTn, tBLASTx and BLASTX) against
the non-LTR retroelements deposited in Repbase (Jurka
et al. 2005). For each representative non-LTR clade, the
identified RT amino acid sequence was submitted to the
Genetic Information Research Institute server (GIRI) that
hosts RTclassl, a tool that assigns an unclassified non-
LTR retrotransposon to one of the known non-LTR retro-
transposons clades based on phylogenetic analysis of the
RT domain (Kapitonov et al. 2009). Multiple sequence
alignments together with non-LTR reference sequences of
insects (Table S2) were performed for further non-LTR ret-
rotransposons classification of the H. hampei sequences by
phylogenetic analyses.

Class II elements

We have used a methodology for the detection of DNA
transposons based on the initial identification of non-
autonomous elements, such as MITEs, in the genome.
The general idea is that non-autonomous elements fre-
quently outnumber their autonomous counterparts and that
autonomous elements are lost from the genome, whereas

non-autonomous elements persist. In addition, non-auton-
omous elements may not arise simply by deletions of the
autonomous elements (Kapitonov et al. 2009) and strate-
gies based on the detection of non-autonomous elements
from their autonomous counterparts would result in an
underestimation of non-autonomous elements by its alloca-
tion to a specific autonomous element (Jiang 2013).

To identify non-autonomous elements, the program
MITE-Hunter was used (Han and Wessler 2010). This
program was designed for identification of MITEs (Tour-
ist and Stowaway elements) and other Class 2 non-auton-
omous elements containing terminal inverted repeats
(TIRs). MITE-Hunter uses a search mechanism similar to
that of other well-known programs such as FINDMITE
and MUST (MITE Uncovering SysTem) that are based on
locating of TIRs and TSDs in adjacent regions; however,
MITE-Hunter has a subsequent filtering step for retrieving
MITE candidates and their flanking sequences after distin-
guishing homology between candidate sequence and flank-
ing sequences, thereby achieving a false positive rate of
only 4.4% relative to the 85% or higher false positive rates
obtained with the other programs. MITE-Hunter was used
with default parameters with a maximal length threshold of
800 bp.

The candidates MITEs identified were further classi-
fied based on the structural features of DNA transposons.
Visual inspection was performed to identify structural fea-
tures that define the putative associated family, using less
conservative judgment because of the draft state of this
genome; thus, when a candidate MITE displayed several
structural features of a given family (Jiang 2013) it was
assigned to that family. Hence, to associate a MITE with
the hAT elements, its sequence was required to meet one of
the following conditions: a TSD=8 bp; TIR size between
8 and 22 bp; or a terminal sequence (5’ ... 3') with nucleo-
tides [CT]A ... T[AG]. In the same way, to be associated
with the CACTA elements, the criteria were TSD=3 bp,
TIR size between 12 and 28 bp or a terminal sequence
(5" ... 3") with nucleotides CACT[AG] ... [CT]AGTG; to
be associated with MULE elements, TSD=7-11 bp, TIR
size between 0 and 800 bp or a terminal sequence (5'.0.3")
containing nucleotides [GC] ... [GC]; to be associated
with Tourist (PIF/Pong) elements, a TSD=TNA (N being
any nucleotide), TIR size between 14 and 60 bp or a ter-
minal sequence (5’ ... 3') with nucleotides G[GC][GC] ...
[GC][GCI]C or G[AG]CA ... TGC[TC] for PIF and Pong,
respectively.

We then used a searching strategy based on the finding
of autonomous and long non-autonomous elements start-
ing from the identification of the TIR homologies with
short non-autonomous elements (MITEs) using the MITE
Analysis Tool kit (MAK) (Yang and Hall 2003). The input
used corresponds to a set of “known” MITEs sequences
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(MITE-Hunter output); the -long and -anchor functions
were used to identify both “long elements” (non-autono-
mous and non-MITEs>800 bp) and “anchor elements”
(autonomous) that were identified by BLAST against trans-
posase protein sequences extracted from RepBase (REPET
pipeline edition:RepBase 18.08).

Four hundred fifty-one Pfam profiles related to trans-
posase were used for hmmersearch against the genome;
once identified by a hit with the Tpase motif, 5-kb
sequence extension to the flanking regions was extracts
and subsequently cluster the sequences to search for TIRs
of each putative DNA transposon. The clustering process
involved the all-by-all alignment of sequences with hits to
Tpase previously identified using the BLASTER program
and blastclust with the 80% rule. Finally, TIRs identifica-
tion was performed by blast2seq, and the ORFs between
TIRs were blasted against the conserved domain database
(CDD) to verify the presence transposase-like domain in
each element. The allocation of each type of element to a
given superfamily was performed by CENSOR in the GIRI
server (http://www.girinst.org/censor/), forcing a translated
search of the sequences and considering the superfamily of
elements in agreement with their masking scores to known
repeats in Repbase. Multiple sequence alignments with
DNA transposon reference sequences of insects (Table S2)
were performed for further DNA transposon classification
in the H. hampei by phylogenetic analyses.

Finally, for the Helitrons identification, a two-layered
local combinational variable (LCV) tool HelitronScan-
ner, was used. This tool scores 5’ and 3’ termini based on
a training set of published Helitrons and merges the coor-
dinates and scores for putative Helitron-like sequences
(Xiong et al. 2014).

Transposable elements annotation

Determination of copy number, frequency, genomic cov-
erage, divergence values and masking of H. hampei TE
sequences were performed using the repeat library here
generated and the H. hampei genome by RepeatMasker.

It is well known that events of retroelement amplifica-
tion and LTR recombination are counteracting mechanisms
related to genome size reduction and/or expansion. The
unequal homologous recombination that generates the for-
mation of solo LTRs can be identified by RepeatMasker as
long as it is guaranteed in the input data. Therefore, each
of the LTR elements has their LTR region independently
counted of their internal region.

Phylogenetic analyses

Phylogenetic analyses were performed with MEGAS5
(Tamura et al. 2011) using MAFFT (Katoh and Standley
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2013, http://mafft.cbrc.jp/alignment/server/) for multiple
alignments construction using consensus sequences from
H. hampei and reference sequences representing different
lineages or families from other insect genomes. The pro-
gressive method with iterative refinement method (param-
eters G-INS-i) was used.

The MSA were visually inspected and the highly vari-
able regions for which the positional homology could not
be determined were manually excluded.

The trees were reconstructed using the neighbor join-
ing (based on pairwise distances) and maximum likeli-
hood (based on the best amino acid substitution models
according to the lowest BIC scores—Bayesian Informa-
tion Criterion) methods, as implemented in MEGA 5.0.
The evolutionary distances were computed using the Gen-
eral Reverse Transcriptase + FrEq. method and are in the
units of the number of amino acid substitutions per site.
The identification of unambiguously aligned position was
performed visually to retain the largest number of sites for
phylogeny reconstruction. Bootstrap values for each branch
were assessed from 1000 to 100 replicates for NJ and ML,
respectively.

Results

Using systematic searching strategies based on both de
novo and homology-based approaches, a TE reference
library was created from the draft genome of the CBB
variant prevalent in Colombia. The methodologies imple-
mented led to the construction of a library consisting of 880
TE sequences, including Class I (LTR and non-LTR retro-
transposons) and Class II elements (TIR elements, Heli-
trons and MITEs). The TE sequences annotated according
to this library comprise 18,098,679 bp, or 8.29%, of the
CBB genome (Table 1).

Construction of the coffee berry borer repeat library

The use of multiple methods for identifying and anno-
tating TEs is the only way to obtain reliable results, as
different elements vary considerably in genetic struc-
ture and sequence (Quesneville et al. 2005; Permal et al.
2012; Hoen et al. 2015; Platt et al. 2016). We used differ-
ent approaches and methodologies to identify each class
and order of TEs present in the genome of this insect
(Fig. 1). LTR elements were identified using LTRhar-
vest (Ellinghaus et al. 2008), and internal sequences
were annotated using LTRdigest (Steinbiss et al. 2009)
with profile hidden Markov protein models. Simultane-
ously, open reading frames (ORFs) were identified and
confirmed as transposition machinery-related domains
(Fig. 2a). Reverse transcriptase (RT), endonuclease and
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Table 1 Summary of transposable elements in the H. hampei draft genome (238.7 MB) using a species specific de novo library

Class Order Superfamily No. of matches ~ Total bases ~ TEs percentage  Percentage % of divergence
of genome mean (min—
max)
Class I
Retrotransposon LTR Gypsy 5186 236,5071 13.07 1.08 19 (0-50.1)
Copia 226 137,861 0.76 0.06 18.6 (0-46.1)
BellPao 711 519,180 2.87 0.24 18 (0-40)
Total LTR 6123 3,022,112 16.7 1.38 18.3
DIRS DIRS-like 533 247,802 1.37 0.11 24.4 (0-38.6)
LINE RI 1246 808,616 4.47 0.37 21.9 (0-40.3)
Jockey 518 258,341 1.43 0.12 21.5 (0-38.7)
CRI 103 87,885 0.49 0.04 24 (0.2-37.8)
I 248 199,151 1.10 0.09 25 (0-39.3)
Nimb 208 199,172 1.10 0.09 21 (0.1-36.1)
Daphne 32 28,785 0.16 0.01 26.6 (0-38.2)
R2 15 6090 0.03 0.00 17.7 (1-31)
R4 58 40,101 0.22 0.02 8.6 (1.4-18.2)
Kiri 63 46,213 0.26 0.02 6.6 (0-33.6)
Unknown 5 4307 0.02 0.00 13.4 (9.6-17.9)
Total LINE 2496 1,678,661 10.65 0.76 18.6
Total Class I 9152 4,948,575 27.35 225 20.5
Class II
DNA transposon ~ TIR Tcl-Mariner 8005 2,083,022 11.51 0.95 24.2 (0-66)
hAT 255 67,933 0.38 0.03 18.1 (0-35.3)
P 665 179,390 0.99 0.08 18.5 (0-36)
PIF-Harbinger 125 35,560 0.20 0.02 27.6 (0-38.2)
PiggyBAC 158 44,627 0.25 0.02 21.3 (0-36)
Merlin 331 85,671 0.47 0.04 13 (0-44.7)
Total TIR 9539 2,496,203 13.8 0.19 20.4
Helitron Helitron-like 8158 1,741,627 9.62 0.80 22.5 (0-54)
Total DNA 17,697 4,237,830 23.42 1.94 21.5
MITE MITE 48,321 8,912,274 49.24 4.08 14.6 (0-69)
Total Class II 66,018 13,150,104 72.65 6.02 18.0
Total 75,170 18,098,679  100.00 8.27 19.3

ribonuclease H domains were identified hierarchically,
and alignment of the RT region was used to identify non-
LTR retrotransposons. Classification of these sequences
into different clades was performed using R7classI (Kap-
itonov et al. 2009), a tool for the automatic assignment
of novel non-LTR retrotransposons to known or novel
clades using phylogenetic analysis of RT domain protein
sequences (Fig. 2b). Non-autonomous DNA elements
(MITEs and degraded DNA transposons) were identi-
fied by their TIRs and TSDs, which were later used for
identification of autonomous counterparts based on the
presence of the transposase domain. Specific software
(HelitronScanner) was used for identifying Helitron-like
sequences (Xiong et al. 2014).

LTR retrotransposons identification

LTRharvest predicted the presence of 282 sequences har-
boring both LTRs, covering almost 1.24 Mb and with an
average size of 4405 bp. The most frequent target size
duplication identified (TSD) was the TTTT motif, which
appeared 11 times, followed by ATAT (nine times), TTTA
(eight times) and ATTT and TATA (seven times each). LTR
retrotransposons superfamilies are defined by the presence
of GAG complex plus the presence and order of coding
regions for retrotransposition enzymes, and the automated
annotation of these internal features inside the identified
LTR retrotransposons was performed using LTRdigest. A
total of 113 sequences that hit at least one hidden Markov
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model profile (pPHMM) were identified. Of those, 105 hit
the RT profile; 104 of which hit the integrase enzyme,
102 the RNaseH, 69 the aspartic proteinase (AP), and 70
the GAG domain. Positive hits with pHMMs were visually
inspected using the graphical desktop tool LTRsift (Stein-
biss et al. 2012). A blast search against the CDD database
helped to corroborate the sequences with previous pHMM
hits; 96 elements contained ORFs that hit this database.

Sequence clustering following Wicker’s 80-80-80 rule
(sequences longer than 80 bp, sharing more than 80%
sequence identity, over 80% of their length) and iden-
tification of masked sequences using both RepeatMas-
ker and Censor resulted in 94 representative sequences
that were allocated to the three main LTR superfamilies
reported in metazoans (65 Gypsy, 22 Bel-Pao and 7 Copia)
(Table S1-A).

Phylogenetic analyses by both neighbor joining (data not
shown) and maximum likelihood using sequences present-
ing full-length RTs (42 Gypsy, 20 Bel-Pao and 6 Copia, as
one of the identified sequences was truncated at the N ter-
minus, and therefore not used in the alignment), together

Fig. 3 Phylogenetic relation-
ships of 42 consensus sequences
from H. hampei spanning the
RT domain and 44 reference
sequences belonging to the
Gypsy superfamily plus two
outgroup sequences. The MSA
were visually inspected and
highly variable regions for
which the positional homol-
ogy could not be clearly
determined, were excluded.
The phylogeny was inferred
using maximum likelihood
method with 100 bootstrapping
resamplings (values over 70%
are shown) as implemented

in MEGAS. The evolutionary
distances were computed using
the General Reverse Tran-
scriptase + Freq. method. The
analysis involved 88 amino acid
sequences. There were a total
of 190 positions in the final
dataset. Different color lines
were used to indicate differ-

ent lineages within the Gypsy
superfamily as follows: dark
blue: Mdg3; red: Hypo, purple:
CsRnl, olive green: Mdgl; light
green: Osvaldo; green: Gypsy,
brown: putative novel family,
and light blue: MAG. Colored
dots were used to represent

the sequences isolated from H.
hampei. (Color figure online)

@ Springer

with published reference sequences (accession numbers
are listed in Table S2), were performed to further classify
the sequences of each superfamily into different clades,
families and subfamilies. This phylogenetic analysis cor-
roborated the classification of the LTR retrotransposons
obtained by de novo methodology. The LTR sequences
identified in the CBB genome (belonging to Gypsy, Pao-
Bel and Copia) clustered together with the respective refer-
ence sequences in insects (Table S2), with highly supported
bootstrap values (Figs. 3, 4, 5).

Gypsy elements in insects have been previously clas-
sified into five distinct clades (Mag, Mdgl, Mdg3, Gypsy
and CsRnl). The 42 Gypsy sequences spanning the entire
RT domain (177 aa) identified in H. hampei together with
44 reference sequences representing the Gypsy clades
described thus far and two outgroup sequences were
aligned and used in phylogenetic analyses (Fig. 3). The
Gypsy sequences in H. hampei are highly divergent and
could be classified into four of the previously character-
ized clades: one sequence belongs to the Mag clade, four to
Gypsy, eight to Mdg3 and 13 to CsRnl. We also identified
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14 sequences clustering together, with high bootstrap value
and separately from any other previously characterized
Gypsy family (Fig. 3, red dots). The overall average identity
in the RT region for all the sequences in this clade is higher
than 90%, indicating that they constitute a specific Gypsy-
Hha lineage that we propose to be called Hypo.

Two other sequences (Gypsy63-Hha and Gypsy50-Hha,
brown dots in Fig. 3) do not cluster either with other mem-
bers of this superfamily or with each other indicating that
they also might represent specific Gypsy families in the
CBB genome, although we cannot rule this possibility out,
with such a limited number of sequences.

The Bel-Pao superfamily has been previously classified
into seven discrete lineages or clades (Pao, Sinbad, Bel, Tas,
Suzu, Flow and Dan), which tend to cluster according to
host species phylogeny (Copeland et al. 2005; de la Chaux
and Wagner 2011). We identified 20 Bel-Pao sequences
corresponding to full-length RT (213 aa) that were aligned
to 37 reference sequences matching the seven described

clades (accession numbers are listed in Table S2). One
sequence each of Gypsy and Copia were used as outgroup
retrotransposons. The great majority of the sequences in H.
hampei belong to the Bel clades (19/20), whereas only one
corresponds to the Tas clade (Fig. 4). Finally, six sequences
spanning the full-length RT domain (246 aa) correspond-
ing to the Copia superfamily in H. hampei were aligned to
a set of 37 Copia reference sequences from insects (acces-
sion numbers are listed in Table S2). The ML tree suggests
that the Copia elements in H. hampei are not monophyletic;
these elements do not cluster with significant bootstrap val-
ues that allow robust classification with any of the reference
sequences (Fig. 5). To our knowledge, the Copia superfam-
ily in insects has not been formally classified into differ-
ent families or clades. In our phylogeny, the elements used
as references clustered into at least five different groups,
one of which corresponds only to Drosophila sequences,
whereas the others contain a mixture of sequences belong-
ing to various mosquito species.
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Fig. 5 Phylogenetic relationships of six consensus sequences from
H. hampei spanning the RT domain and 37 reference sequences
belonging to the Copia superfamily plus two outgroup sequences.
The MSA were visually inspected and highly variable regions for
which the positional homology could not be clearly determined, were
excluded. The phylogeny was inferred using the maximum likelihood
method with 100 bootstrapping resamplings (values over 70% are
shown) as implemented in MEGAS. The evolutionary distances were
computed using the General Reverse Transcriptase+FrEq. method
[2] and are in the units of the number of amino acid substitutions
per site. The analysis involved 45 amino acid sequences. All posi-
tions with less than 0% site coverage were eliminated. That is, fewer
than 100% alignment gaps, missing data, and ambiguous bases were
allowed at any position. There were a total of 241 positions in the
final dataset. Different color lines were used to indicate different line-
ages according to the criteria of bootstrap values higher than 70. Red
dots were used to represent the sequences isolated from H. hampei.
(Color figure online)

Some of the LTR elements described herein present
extremely long LTRs (>1000 nt) in comparison to the
LTR length values found in already characterized LTR ele-
ments. This was observed in three Bel sequences (Bell5-
Hha, Bel16-Hha and Bel21-Hha) with LTRs sizes of 4389,
1261 and 2393 nt, respectively, two Gypsys (Gypsy53-Hha
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and Gypsy60-Hha) belonging to the CsRnl clade, with
LTR sizes of 2174 and 1751 nt, respectively, and five
Hypo sequences (Hypoll-Hha, Hypol2-Hha, Hypol4-
Hha, Hypol7-Hha and Hypo9-Hha) with LTRs rang-
ing from 1019 to 2145 nt (Table S1). A closer analysis of
these sequences showed the presence of ORFs and specific
TEs conserved domains (Table S1-A). A closer analysis
of these sequences showed the presence of ORFs and spe-
cific TEs conserved domains within the so-called LTRs
(Table S1-A). The presence of PeptidaseA17, RVE, RT and
RH domains clearly indicates that these sequences repre-
sent nested elements, i.e., pre-existing TEs with secondary
TE insertions, and not LTRs as were originally described
by our methodology. Although present in many species,
nested TEs are relatively less abundant than non-nested
TEs. A general TE assessment to detect nested TEs using
available databases showed the occurrence of 6% nested
TEs: 802 of a total of 11,329 TEs inserted into 690 host
TEs (Gao et al. 2012).

In addition to sequences containing direct repeats, two
DIRS-like elements were identified and included in the
CBB repeat library. Members of this order contain the unu-
sual features of a tyrosine recombinase instead of an inte-
grase, and their termini resemble either split direct repeats
(SDRs) or inverted repeats, indicating an integration mech-
anism different from that of LTRs and LINEs. Neverthe-
less, their reverse transcriptase gene places them in Class
I. Members of this order have been detected in diverse spe-
cies, ranging from green algae to animals and fungi (Good-
win and Poulter 2004).

Non-LTR retrotransposons identification

In an initial search, protein sequences homologous to
reverse transcriptase (pHMMs PF00078 and DS36752)
were found in 1038 scaffolds. MATCHER software per-
formed defragmentation of 1,045 sequences that together
with 1456 sequences recovered by PILER and RECON,
were saved in a FASTA file. Finally, a clustering process
of the sequences identified by MATCHER, RECON and
PILER resulted in 1,903 sequences with 100% identity.
These sequences were further filtered with a 1-kb threshold,
resulting in 995 representative sequences that correspond
to non-LTRs. A hierarchical tBLASTn search for additional
domains (APE and RNaseH) in scaffolds with homology to
RT identified 273 scaffolds with APE hits, resulting in 259
unique sequences in the genome with RT + APE structure,
which is characteristic of non-LTR retrotransposons. A
total of 171 assembled sequences were discarded because
they only hit the APE and/or the RNaseH domain, and
therefore lack the main protein domain corresponding to
reverse transcriptase.
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A restricted hidden Markov model search (e
value <1 x 107%%) implemented with model profiles for RT
(DS36752) and APE (DS36736) enzymes resulted in 138
sequences that hit only the RT domain and 106 sequences
that hit RT 4+ APE domains. These sequences were searched
against non-LTR elements in Repbase using tBLASTx,
tBLASTn and BLASTx. This approach enabled a prelimi-
nary classification of the elements into clades based on the
three types of BLAST evidence. Finally, 80 representative
sequences of non-LTR retrotransposons distributed in the
Jockey, 1/Nimb, CRI, Kiri, Daphne, R2 and R4 clades were
clustered using Wicker’s criterion.

The results of classification based on the phylogenetic
relationships among 65 sequences spanning full-length
(196 aa) or nearly full-length RT from H. hampei and
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Fig. 6 Phylogenetic relationships of 65 consensus sequences from H.
hampei spanning the RT domain and 54 reference sequences from the
most representative superfamilies within the class I, non-LTR order.
The MSA were visually inspected and highly variable regions for
which the positional homology could not be clearly determined, were
excluded. The phylogeny was inferred using the maximum likelihood
method with 100 bootstrapping resamplings (values over 70% are
shown) as implemented in MEGAS. The evolutionary distances were
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54 reference sequences (Table S2) permitted the identi-
fication of sequences belonging to most of the previously
identified clades described in insects (eight out of twelve,
i.e.,, RI: 26 sequences; Jockey: 11 sequences; I/Nimb: 6
sequences; CRI: 6 sequences; Kiri: 6 sequences; Daphne,
R2 and R4: 1 sequence each) (Biedler and Tu 2006)
(Fig. 6; Table S1-B), indicating a high diversity of non-
LTR retrotransposons in this species. Moreover, we iden-
tified seven sequences (classified as clade I according to
tBLASTn) representing a novel non-LTR clade, which
we named Hamp. These sequences, shown in orange in
Fig. 6, cluster together in a monophyletic clade (bootstrap
value 100%) apart from the sequences clearly classified
in previously described non-LTR clades.

Jockey-6-Hha
Jock+Hha

computed using the General Reverse Transcriptase+ Freq. method
and are in the units of the number of amino acid substitutions per site.
The analysis involved 118 amino acid sequences. There were a total
of 337 positions in the final dataset. Different color dots were used
to indicate the different lineages to which the H. hampei sequences
belong to. Brown: Kiri; pink: Daphne; blue: CR1; light blue: Jockey;
orange: Hamp; red: Nimb; turquoise: RI; green: R2 and purple: R4.
(Color figure online)
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DNA transposons identification

The search for DNA transposons resulted in 48 sequences
classified as TIR elements (DNA transposon subclass
1), 66 as Helitron-like sequences and 488 as MITEs
(Table S1D). Most of the DNA transposons from the TIR
order belong to the superfamily Tcl-mariner, a result that is
not surprising considering that this superfamily is present
in all eukaryotes and can be successfully horizontally trans-
ferred between species, thereby ensuring its persistence and
ubiquity. Other identified elements correspond to the Mer-
lin (3), P-element (3), PiggyBAC (2), hAT (2) and PIF-Har-
binger (1) superfamilies (Table S1-C). The structure-based

approach to identify Helitrons resulted in the inclusion of
66 sequences in the repeat library (Table S1-E).

A multiple sequence alignment was performed with
33 Tcl-mariner-like sequences covering the full-length
transposase domain (114 aa) and 81 reference sequences
corresponding to Tcl, mariner, Pogo and rosa families
previously described in this superfamily (Table S2). The
alignment spanning over 180 aa positions was used for
neighbor joining (data not shown) and maximum likelihood
phylogenetic (Fig. 7) analyses. The resulting phylogenies
indicated the presence of three groups of sequences cor-
responding to the Tcl (14 sequences), Pogo (5 sequences)
and rosa (14 sequences) families. Conversely, no sequences

s &
Iex &
< =P =4 z
2% 2x® §
% ° 828 oS0l
. P2 el o2 o
2. e SEEEIP
,0‘90 _Jmﬁzwq%,},»‘?q,(
% % o987 7798 TS. @
Q2 ) & 350{5&@0% 2l
~ 5 y
Ooéﬁ’ £ S V\?& L fc),\o QX@
%y AN ELNCE 4
% 4 ONCEX
76,57 > PV R
g oAy
%,/ csod
7 Jer " = S0 g v
PaRST22 ] ACTHE SN
RiSs 5H PSRN
2 N i,
S 8 Aeg9ring
AeT. 3 a8
SN
Tet-17.100 iy 12 il S e e
g rosa-3+ha
P AT
9 osa MiMs
95 § 053 Q;
ros Sj
g ,Cgsa U)aRp
~ &y 73 /biab},
L 25978
R (o?
/bé‘a cf
Y DS 2,
2 0308
% S a0
& @Q$O@
oA ¥ % @47 %
5
&%
e T
<3 22 33>
- s B 5
= <
EET AP
$33330s8823>
2238%%% % 3.7
0="2"333%R
b T A=
® = ERNTY

Fig. 7 Phylogenetic relationships of 33 consensus sequences span-
ning the transposase domain from H. hampei and 81 reference
sequences from the Pogo, Tcl, mariner, rosa and Lsra families. The
MSA were visually inspected and highly variable regions for which
the positional homology could not be clearly determined, were
excluded. The phylogeny was inferred using the maximum likelihood
method with 100 bootstrapping resamplings (values over 70% are
shown) as implemented in MEGAS. The evolutionary distances were
computed using the General Reverse Transcriptase+ Freq. method
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and are in the units of the number of amino acid substitutions per
site. The analysis involved 114 amino acid sequences. There were a
total of 195 positions in the final dataset. Different color lines were
used to indicate different families within the Class II as follows: dark
blue: Pogo; light green: Tcl; red: Lsra; dark blue: rosa. Colored dots
were used to represent the sequences isolated from H. hampei. All
the other sequences correspond to the subfamilies within the mariner
family. (Color figure online)
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belonging to the mariner family were identified. The rosa
monophyletic group has been proposed as a basal subfam-
ily of the mariner family (Gomulski et al. 2001).

Using a broader set of reference sequences from other
insects, we identified a unique sequence, rosa-3-Hha, clus-
tering with the rosa reference sequences, with a high boot-
strap value (95%), and 13 sequences clustering together
with Lsra sequences, recently described as a novel sister
clade of the rosa subfamily (Zhang and Shen 2016). The
main distinguishing characteristics of the Lsra elements
are the D,D41D motif, a variant of the D,D34D catalytic
domain of mariner elements, and large TIRs (ranging from
35 to 1878 bp); in contrast, rosa elements have shorter
TIRs (28-45 bp). The Lsra sequences in H. hampei harbor
the D,D41D motif (Fig. 8) and long TIRs ranging from 133
to 708 nt. For comparison, the only rosa sequence identi-
fied in this study contains TIRs of 33 nt, within the range
of the reference rosa TIRs. The TIR sequences of the Lsra
elements in H. hampei do not show sequence conservation.

A search for MITEs performed with MITE-Hunter
resulted in 104 sequences grouped into 38 families of
2-12 members. In addition, 384 singlet sequences were
found (Table S1-D). Most of the families were identified
as related to the Tcl-mariner superfamily (Charlesworth
and Langley 1986). Three families are related to MULE,
one to Pif-Pong-Tourist and one to CATCA. Finally, one
family was classified as unknown. A total of 46 long ele-
ments share the same terminal inverted repeat with a par-
ticular MITE; 19 of these match the transposase domain
and most likely represent autonomous elements associ-
ated with only five of the MITE families identified here.

Rosa-3-Hha
Lsra-34-Hha
Lsra-32.100-Hha
Lsra-30-Hha
Lsra-29-Hha
Lsra-27-Hha
Lsra-26-Hha
Lsra-25.99-Hha
Lsra-24.100-Hha
Lsra-19.97-Hha
Lsra-18.99-Hha
Lsra-12.100-Hha
Lsra-11.98-Hha
Lsra-10.97-Hha

¥HVS SONSIRH|NISFE]

Rosa-3-Hha NFFLPNEN--ERGL--------
Lsra-34-Hha NELPVLEE--DVPLETR
Lsra-32.100-Hha NNLSDL@#D--DIPLELR e
Lsra-30-Hha DLYPALYE-~LYPNENRPDVPSDTLIFQOBE
Lsra-29-Hha NNLPELWE--NVPLAIR
Lsra-27-Hha QQITPAMR--LIYGDGI
Lsra-26-Hha NGLPRLEE--HLPDRVQ
Lsra-25.99-Hha DAVIPAMVATIEDDDVD
Lsra-24.100-Hha DVLPDL#DNANVPMDIR
Lsra-19.97-Hha NQLYDF#D--ELPLOER
Lsra-18.99-Hha TRVLPFEN--TLEPEVR
Lsra-12.100-Hha NDLPVLM#E--EVPLNIR
Lsra-11.98-Hha TFFEDHM@E--NLPLDYR
Lsra-10.97-Hha NELQGLME--DVPLNIR

eaTARTAAPVMRVEBREHFPGRLASLR--GDIQEPRS POLAPCRFFFMGL 147

In total, 13 long coding elements related to MITEs do not
belong to any known family or singlet sequence.

Annotation of TEs

A total of 75,170 matches against the repeat library were
detected in the CBB genome, occupying at least 18.1 Mb,
or 8.27%, of the total draft sequence (Fig. 9; Table 1). For
Class I elements, LTRs correspond to 16.7% of the anno-
tated TEs, DIRS to only 1.37% and LINEs to 10.65%, for
a total TE content of 27.5%. For Class II elements, TIRs
correspond to 13.8%, Helitrons to 9.62% and MITES to
49.24%, for a total TE content of 76.25%.

Transposable Elements Content
of the H. hampei Genome

LTR Retrotransposons
m DIRS
m NLTR-Retrotransposons
m DNA Transposons
= MITEs
m Helitrons

Fig. 9 Transposable elements content of the H. hampei draft genome

i

LTAEKHLELER

TV
SNVLFSEES THTNHEAVNRENLEF@S AV PHWLREVEHQRPWS VN LNGEMMRNF#H
DKILFSH® TITLNE?LNRHNCI E E;EPHWMEEAHTQRPQKIN LTTI?ELQL!E
OEJOHRVLE INHQGHFSVN Y]
EGDV§PEWFQETHTQH POKLNVJAEIMA DK
FNSRNSEVDDHYPHAAWIRGHQTQLALNMAEIVGDFNes
TVSSONSEWESEAFPNF T IKTGNQYCFKTN
EWQ AEPHYVINKRSQRYKKVN
NNCRNTEV[S IEFPHS IRSTNFONRFSVNVJABLVNDI]

CE1FKN YFFRQS -~~~ -MNAK! LQF Q
CETFLD: FFIEGN LNQHVMLN TS
LTGENILNFIQ

CNROSHLEMEN

FAGNVRQFEDE SPNRI 134
YARQVRVFMNRS|JPGR 148
YHVDVRAYMNE IJJPGRI 151
FSRTSREADEMMP DR 140
FGLEVRNFMNLV|ZPNRI 146
INARNVR I F§EE Hg - NN 144
FYLPVREY@NNERPGRWMGRR - -GVVESAIRS PDLAPPNEFFLWGY 148
FARHVQNHMNQOPGR GRG**GPI'JERFSPDLSPLWFFLWGY 148

STVAVRE YONVEINGKVMHRY -~ SDLE] YFFGGI 146
CTALIRQWMONQIRGARWMSRE - -GPVHNZA
FRRDVRLFMDNI|JPNKWMGRN - -G PVARIZPIIS PDLT PC}}
I ANEVVGWINDKJ3GPRWIMGRN - -GP T Ljjla
SARQVKQQMDDM§PGRIWMGRG- - GP I S|IiFPIRS

FFLWGA 146

SFFLWGY 146
PEISPDLTLMBMFLWGR 146
PDLTPLBYCLWGW 146

A SoEw.

Fig. 8 Identification of DD41D in one rosa and 12 Lsra sequences according to the Color Align Conservation results (http://www.bioinformat-
ics.org/sms2/color_align_cons.html). The asterisks correspond to the predicted DDD sites
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LTR retrotransposons

We analyzed the proportion of the genome corresponding
to complete or fragmented LTR retrotransposons; this por-
tion corresponded to ~3.3 Mb, equivalent to 1.38% of the
total genome assembly, distributed among 2,823 scaffolds.
The divergence levels of the LTR retrotransposon copies,
which were approximately 19% (substitutions in matching
regions compared to the consensus), were similar for the
three superfamilies (Gypsy, Bel-Pao and Copia), and indels
were close to 2% (Table 1). The Gypsy elements account for
the most important LTR fraction, corresponding to 1.08%
of the genome; Bel-Pao sequences account for 0.24% and
Copia only 0.06%. The most numerous families are Copia-
6, with 21 fragments detected, Gypsy-41 and Gypsy-31,
with 17 copies each, followed by Gypsy-3 with 15 copies,
Bel-3 with 13 and Gypsy-52 and Gypsy-53 with 12 copies
each. Forty-two solo LTRs, i.e., sequences representing one
or both flanking LTRs, were identified; 35 of these corre-
spond to Gypsy, four to Bel-Pao and three to Copia.

Non-LTR retrotransposons

H. hampei harbors a high diversity of elements belonging
to the main clades of non-LTR retrotransposons (approxi-
mately 1.7 Mb distributed among 972 scaffolds correspond-
ing to 0.76% of the genome). The most abundant elements
belong to the R1 and Jockey clades, with 301 and 110 cop-
ies, respectively. The copies show divergence values of
up to 40%, with RI and Jockey elements being the most
divergent and R4 and Kiri less divergent elements (less
than 20%). As expected for dead-on-arrival elements, most
of the non-LTR families/clades identified are fragmented,
and therefore inactive. Nevertheless, several representative
sequences of various clades were found in more than one
complete copy, with low divergence. Jockey elements are
represented by 13 putative complete copies corresponding
to different families; also, 47 complete copies correspond-
ing to the R/ clade were identified, with the most abundant
families corresponding to R/-29 (eight copies) and R1-18
(five copies). Another clade displaying a high number of
complete copies was Nimb, with 14 sequences distributed
among different families. Considering that the diversity of
non-LTR families in Anopheles gambiae, including 31 fam-
ilies in clade CR1, 25 in Jockey and 16 in R1, is reported as
being unprecedented (Biedler and Tu 2003), the non-LTR
diversity in the CBB genome is outstanding. Our approach
also allowed the identification of a novel non-LTR clade
called Hamp. It is important to note that the complete cop-
ies mentioned above display remarkable ORF integrity and
low divergence (less than 20% for most of them). These
findings suggest that transpositional activity from a source
element may have occurred recently in these clades. Our
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analysis provided no evidence of the existence of SINEs in
the genome of H. hampei.

DNA transposons

DNA transposons consist of 9499 regions distributed
among 3955 different scaffolds (approximately 2.5 Mb
of the CBB genome assembly), occupying 1.94% of the
genome. The divergence levels are 20.5% for TIR ele-
ments and 22.5% for Helitrons (Table 1). The Tcl-mariner
superfamily exceeds the other superfamilies by fivefold.
The large content of highly fragmented Class II elements
is an expected finding because nucleotide loss is the main
cause of vertical inactivation in this class. The great diver-
sity of elements and the gradient in the degree of conser-
vation and/or deterioration suggest a distant ancestry for
many Tcl-mariner elements. The content of Helitron-like
sequence covers approximately 1.4 Mb of the H. hampei
genome assembly, occupying 3551 scaffolds and corre-
sponding to 9% of the total TE content. Of the 8,158 total
matches, only 879 could be considered putative Helitron-
like sequences.

MITEs

MITE:S constitute a large proportion of the total TE content
of the H. hampei genome and globally represents 4.08% of
the genome. The total number of hits was 48,321, distrib-
uted among 9605 scaffolds. Two superfamilies are repre-
sented by more than 1000 fragments (F29 and F16), with
the F29.2 family being the most abundant (2018 fragments)
and classified as unknown. The F16 family, which is asso-
ciated with Tcl-mariner, is the second most abundant. A
total of 172 complete copies (>90% of the reference) of the
F16.7 family were found throughout the genome, and more
than 100 of these are 100% intact copies. This may sug-
gest high cross-mobilization inside this superfamily; how-
ever, for the DNA transposon repeat library, no associated
full-length copies were found as counterparts that could be
responsible for their mobilization.

Discussion

Implementation of a systematic analysis for estimating
the total content of TEs resulted in an efficient strategy.
To date, this is the most complete characterization of the
TEs content of a coleopteran genome. A total of 75,170
matches against the TE repeat library were detected in the
H. hampei genome, occupying at least 18.1 Mb, or 8.2%,
of the total draft sequence. The TE content varies among
insect genomes by more than an order of magnitude. In
Drosophila, the values range from ~2.7% in D. simulans,
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D. pseudoobscura and D. grimshawi to 25% in D. anana-
ssae (Clark and Eisen 2007). For coleopteran sequenced
genomes, the TE content is equally variable, ranging from
5 to 6% (Richards and Gibbs 2008; Wang and Lorenzen
2008) in Tribolium castaneum, 15.4% in Dendroctonus
ponderosae (Keeling et al. 2013) and to 29.2% in Oryctes
borbonicus (Meyer and Markov 2016). It should be noted
that these TE annotations did not include MITEs. Moreo-
ver, TE annotation of 16 Anopheline mosquito genomes,
including MITE annotation, showed variation of the same
order of magnitude for the total TE content, from 2.29%
(Anopheles darlingi, Marinotti et al. 2013) to 17.78% (A.
gambiae, Neafsey et al. 2014). Hence, the TE occupancy of
the H. hampei genome is within the lower range of that of
other insects.

Why species harbor different proportions of TEs has
been a matter of debate, but it has been proposed to be
mainly related to the reproductive characteristics and popu-
lation size of the host (Kidwell 1977; Wrigth and Finnegan
2001). Sexual reproduction and outcrossing provide TEs
with a means of spreading to all individuals in a population,
but in asexual organisms, the rates of infection between dif-
ferent lines are reduced preventing or hampering the spread
of TEs (Hickey 1982; Arkhipova and Meselson 2000).
Due to the negative fitness consequences associated with
TE insertions in coding and regulatory regions, selection
against TE may be less effective in smaller populations
(Brookfield and Badge 1997) and the fraction of TEs capa-
ble of drifting to fixation must decline with increasing N..
Nevertheless, specialized species with small population
size may also harbor low TE copy numbers (Capy et al.
1992; Granzotto et al. 2009). The coffee berry borer CBB
presents particularities regarding both the reproductive
characteristics and the population size that may be related
to low TE content. Its functional haplodiploidy, in which
males have a condensed, probably non-functional chromo-
some set (Brun et al. 1995) that is not transmitted to the
next generation (Borsa and Kjellberg 1996) could partly
prevent the spread of transposable elements, likewise in
asexual populations. Population size variation along the
CBB evolutionary history, associated to its introduction
into the Americas, with possible founder effect, as well
as to fluctuations along the years according to local cof-
fee bean densities (Bustillo 2006) can have also played a
role, reducing the total amount of TEs in nowadays CBB
populations.

Novel TE families

Based on our library, we propose the existence of three
novel families in the CBB genome, two belonging to
Class I, Hypo and Hamp and rosa belonging to Class
II. The two Class I families consist of completely new,

undescribed sequences. Hypo, represented in our library
by 14 sequences, belongs to the LTR Gypsy superfamily,
and Hamp, represented by seven sequences, belongs to the
non-LTR order. Each group of sequences cluster together
in monophyletic clades (bootstrap values over 99%) apart
from sequences clearly classified within the Gypsy super-
family and non-LTRs, respectively.

We also propose the creation of a family named rosa.
The clade rosa was originally created using sequences
of Tcl-mariner elements found in Tephritidae fruit flies
(Ceratitis rosa, C. capitata, Anastrepha ludens, A. sus-
pense and Bactrocera tryoni) as well as in D. melanogaster
(Gomulski et al. 2001). Since this group of sequences clus-
ters basally to mariner sequences, the authors proposed
this clade as a divergent subfamily of the mariner family.
Here, using a broader set of reference sequences from other
insects, we identified two reciprocally monophyletic groups
of rosa-like sequences (bootstrap: 98%): one composed of
sequences previously identified as rosa and the CBB rosa-
3-Hha sequence (bootstrap: 95%) and other composed of
14 Lsra sequences recently described in insects (Zhang and
Shen 2016) and 13 Lsra sequences of H. hampei (bootstrap:
81%). The proposal to consider rosa as a bona fide fam-
ily of Tcl-mariner is supported by its monophyly and due
to the presence of conserved transposase catalytic domain
with the D,D41D motif. Moreover, the sharing of short
TIRs by the rosa clade and long TIRs by the Lsra clade and
their reciprocal monophyly support this proposal as two
bona fide subfamilies within the rosa family. We followed
the law of priority for scientific classification and maintain
the name rosa for the new family as well as for the previ-
ously described subfamily.

Rank-order abundances of TEs

In insect genomes, the proportion of different TE classes,
orders and superfamilies varies as much as the total TE
content. Using again the example of the rank order of
TE abundance in genome with the two extreme TE con-
tents in Anophelines, A. darlingi (Marinotti et al. 2013)
and A. gambiae (Neafsey et al. 2014), both contain more
Class I than Class I elements. However, these genomes
differ in the order of their abundances (A. darlingi: non-
LTRs>MITEs >LTRs >DNA transposons; A. gambiae:
LTRs>MITEs >non-LTRs>DNA transposons). The
content of MITEs in particular is also highly variable. As
two extreme examples, Class II elements (3.55%) surpass
Class I (2.07%) in the genome of the kissing bug Rhod-
nius prolixus (5.62% total TE content), and the majority
of Class II elements belong to the mariner family (2.66%)
of the TcI-mariner superfamily, with MITEs correspond-
ing to only 14% of this percentage (Fernandez-Medina
et al. 2016; Mesquita et al. 2015). In contrast, although
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Class II elements (19.5%) also surpass Class I (8.5%)
in the mosquito Culex quinquefasciatus (28% of TEs),
MITEs correspond to 87% of the Class II content (Arens-
burger et al. 2010).

In the CBB genome, the Class II content is threefold
higher (6.02%) than the Class 1 (2.25%). The Class I
elements surpass Class II when MITE elements are not
considered (Fig. S1). Thus, for comparison with pub-
lished genomes, we might analyze the rank-order abun-
dance of TEs in CBB in two ways, including and not
including MITES. When including MITEs, the order is
MITEs > DNA transposons > LTRS >non-LTRs (Fig. 9);
when not including MITEs, the order is DNA transpo-
sons > LTRs>non-LTRS (Fig. S1). Regardless, Class II
elements are the main bulk of the H. hampei TE content,
as in the above comparisons, and members of the Tcl-
mariner superfamily together with MITEs comprise the
main fraction.

Our strategy of first identifying non-autonomous
DNA elements (according to the criteria of their TIRs
and TSD sequences) gains importance because the num-
ber of MITEs present in this genome would have other-
wise been seriously underestimated. Although the MITE
sequences identified in the CBB genome do not appear
to have been derived from autonomous DNA transpo-
sons, they have clearly been successful in their per-
sistence in this genome. It is known that co-evolution
between transposases and TIR sequences occurs, and any
changes in transposase sequence are most likely accom-
panied by changes in TIR sequences (Feschotte et al.
2003; Lampe et al. 2001). Therefore, it is suggested that
cross-mobilization is inefficient to a certain degree of
identity (Lampe et al. 2001). Despite the great diversity
of Tcl-mariner elements in the H. hampei genome, it is
possible that ancient DNA transposons have been lost or
inactivated due to loss of some of the TIRs (a possible
reason why they were not structurally identified). Never-
theless, the existence of some transposases belonging to
unknown elements that target sequence motifs in MITEs
might enhance their cross-mobilization and amplifica-
tion (Fattash et al. 2013). Finally, the large proportion
of MITEs compared to the TE content found in the H.
hampei genome could have originated de novo from rear-
rangements of palindromic sequences, which are com-
mon in eukaryotes (Feschotte et al. 2003).

The causes (or even the consequences) of the high
degree of variability in the distribution, amount and rela-
tive proportion of TEs in different genomes are not well
understood. However, it is still important to keep on char-
acterizing this important fraction of eukaryotic genomes,
since they can bring light into evolutionary phenomena
and genomic rearrangements that have occurred in the
past.

@ Springer

Concluding remarks

Despite its low TE content, the H. hampei genome presents
a high diversity of TE superfamilies. Although most of the
sequences appear to be degenerate, a few elements are pre-
sent in at least one copy with an intact structure, suggesting
recent transposition and consequently activity. Our study is
the first contribution to the knowledge of the composition
of this genomic fraction of the coffee berry borer. How-
ever, further studies are necessary to elucidate the func-
tional relationship of TEs to the evolution of the H. hampei
genome and to determine whether insertional variation of
TEs at the inter-population level exists and whether these
sequences can be used as new genetic markers in innova-
tive pest control strategies.
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