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Abstract Copia is a retrotransposon that appears to be

distributed widely among the Drosophilidae subfamily.

Evolutionary analyses of regulatory regions have indicated

that the Copia retrotransposon evolved through both posi-

tive and purifying selection, and that horizontal transfer

(HT) could also explain its patchy distribution of the

among the subfamilies of the melanogaster subgroup.

Additionally, Copia elements could also have transferred

between melanogaster subgroup and other species of

Drosophilidae—D. willistoni and Z. tuberculatus. In this

study, we surveyed seven species of the Zaprionus genus

by sequencing the LTR–ULR and reverse transcriptase

regions, and by using RT–PCR in order to understand the

distribution and evolutionary history of Copia in the

Zaprionus genus. The Copia element was detected, and

was transcriptionally active, in all species investigated.

Structural and selection analysis revealed Zaprionus ele-

ments to be closely related to the most ancient subfamily of

the melanogaster subgroup, and they seem to be evolving

mainly under relaxed purifying selection. Taken together,

these results allowed us to classify the Zaprionus sequences

as a new subfamily—ZapCopia, a member of the Copia

retrotransposon family of the melanogaster subgroup.

These findings indicate that the Copia retrotransposon is an

ancient component of the genomes of the Zaprionus spe-

cies and broaden our understanding of the diversity of

retrotransposons in the Zaprionus genus.
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Introduction

The Copia retrotransposon is broadly but patchily distrib-

uted in the Drosophilidae family (Biémont and Cizeron

1999). Despite its wide distribution, studies involving

nucleotide sequences have focused on the LTR–ULR

region of the melanogaster subgroup and the repleta spe-

cies group of Drosophila. This Copia region contains

transcriptional promoters and enhancers such as the TATA

box, dyad symmetric enhancer and homeoprotein-binding

sites, as well as the translation start and stop sites (Mount

and Rubin 1985; Cavarec and Heidmann 1993; Wilson

et al. 1998; Almeida and Carareto 2006).

The variability in the LTR–ULR region allows identi-

fication of families and subfamilies of the Copia element

(Almeida and Carareto 2006; Jordan and McDonald

1998a). Within the repleta group, Copia shows high

nucleotide similarity; however, it is highly divergent from

melanogaster subgroup sequences. This pattern indicates a
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Copia family specific to the repleta group that has been

subject to selective constraints promoting conservation of

regulatory sites in the eight species already studied

(Almeida and Carareto 2006). In the melanogaster sub-

group, horizontal transfer (HT), as well as positive and

purifying selection, have been associated with the diver-

sification of three Copia subfamilies: Full-length (the most

recent subfamily), ULR-gap and Double-gap (the oldest

subfamily; Jordan and McDonald 1998a, b), which are

differentiated by the presence of 39 and 28 nt duplications

in the LTR and ULR regions, respectively. The Full-length

has both duplications, ULR-gap only the ULR duplication,

and Double-gap has no duplications (Matyunina et al.

1996). These duplications generate an imperfect repeat in

the LTR region and a dyad symmetric enhancer in the ULR

region (McDonald et al. 1997). Seven of nine species of the

melanogaster subgroup (D. melanogaster, D. simulans, D.

sechellia, D. mauritiana, D. yakuba, D. teissieri, and D.

erecta) were examined for the presence of these three

subfamilies, which were found to be distributed discon-

tinuously among these species. Additionally, some species

contain more than one subfamily. For example, D. simu-

lans harbors all three subfamilies, D. melanogaster, the

Full-length and the ULR-gap, while D. sechellia has only

the Double-gap subfamily (Jordan and McDonald 1998a,

b). The high levels of sequence conservation and the dis-

continuous distribution of subfamilies suggest HT of Copia

within the melanogaster subgroup (Jordan and McDonald

1998a; Bowen and McDonald 2001; Sánchez-Gracia et al.

2005), as well as between D. melanogaster and D. willi-

stoni (Jordan et al. 1999) and between Zaprionus tuber-

culatus and either D. willistoni or an unknown species of

the melanogaster subgroup (Almeida and Carareto 2006).

The genus Zaprionus Coquillet, 1991 (Drosophilidae) is

composed of two monophyletic subgenera. Anaprionus

subgenus (10 species) is distributed in the Oriental biogeo-

graphic region, and Zaprionus subgenus (49 species) is

concentrated in the Afrotropical region (Okada and Carson

1983; Yassin et al. 2008a, b) with the exception of two

species that have invaded other continents, Z. indianus and

Z. tuberculatus (Chassagnard and Kraaijeveld 1991; Vilela

1999; Yassin and Abou-Youssef 2004). Zaprionus species

seem to have evolved during the Middle- to Early-Miocene

periods in the Oriental region and then diversified in Tropical

Africa (Yassin et al. 2008a). Interestingly, this is the same

age and geographic origin as the melanogaster subgroup

(Lachaise and Silvain 2004). This overlap of time and place

of origin and diversification permits a number of compara-

tive genetic, morphological, and behavioral studies.

The phylogenetic relationships of Zaprionus species

within the Drosophilidae family remain a matter of debate.

The status of the Zaprionus genus within the Drosophilidae

family stands for now (Grimaldi 1990; De Salle 1992),

although several studies cluster Zaprionus as a subgenus

within the genus Drosophila, as originally proposed by

Throckmorton (1975) (Thomas and Hunt 1993; Pélandakis

and Solignac 1993; Kwiatowski et al. 1994; Russo et al.

1995; Remsen and DeSalle 1998; Kwiatowski and Ayala

1999; Tatarenkov et al. 1999; Robe et al. 2005; Da Lage et al.

2007; Yassin et al. 2008a). One of the difficulties with

including Zaprionus in the Drosophila genus is the dis-

crepancy between the results of phylogenetic reconstructions

of its placement within Drosophila versus the Sophophora

subgenera. Nevertheless, most molecular marker studies

reinforce the notion that Zaprionus species are closely rela-

ted to the Drosophila subgenus (Pélandakis and Solignac

1993; Russo et al. 1995; Robe et al. 2005; Tatarenkov et al.

1999; Da Lage et al. 2007; Yassin et al. 2008a (Fig. 1)).

Unlike Drosophila, transposable elements have rarely

been studied in Zaprionus (Maruyama and Hartl 1991;

Montchamp-Moreau et al. 1993; McDonald et al. 1997;

Cizeron et al. 1998; Brunet et al. 1999; Heredia et al. 2004; De

Setta and Carareto 2007; De Setta et al. 2009; Vidal et al. 2009,

Mota et al. 2009, Deprá et al. 2010). Such studies have been

restricted to partial sequences of the retrotransposons Copia,

Gypsy, Micropia, and Rover and the transposons Mariner and

Hosimary (Maruyama and Hartl 1991; McDonald et al. 1997;

Brunet et al. 1999; Heredia et al. 2004; De Setta et al. 2009;

Vidal et al. 2009, Deprá et al. 2010). Interestingly, the results

indicated that the elements analyzed have been involved in at

least 21 HT events with the melanogaster species subgroup

(Maruyama and Hartl 1991; Brunet et al. 1999; Heredia et al.

2004; Almeida and Carareto 2006; De Setta et al. 2009; Vidal

et al. 2009; Deprá et al. 2010).

Zaprionus stands out as an important model for com-

parative studies of Drosophila species focusing on under-

standing the relevance of horizontal and vertical transfer to

the evolutionary dynamics of transposable elements in

Drosophilidae because of the similarity between evolu-

tionary features of the genus Zaprionus and the melano-

gaster subgroup, their species richness and their ecological

diversity. Here, we present a survey of seven Zaprionus

species, conducted to analyze the distribution and evolution

of the Copia retrotransposon and to evaluate the inheri-

tance mechanisms responsible for its distribution within

Drosophilidae. This was achieved by comparing Copia

sequences of the Zaprionus genus, melanogaster subgroup

and repleta species group.

Materials and Methods

Species

Seven species of the Zaprionus genus were investigated in

this study, using strains kindly provided by Drs. Jean David
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and Amir Yassin from LEGS, CNRS, France. The taxo-

nomic classification and geographic origins are shown in

Table 1.

PCR, Cloning, and Sequencing

Genomic DNA was extracted from 10 individuals of each

strain, using the phenol–chloroform method (Jowett 1986).

Two pairs of primers were used to amplify and sequence

two different regions of the Copia retrotransposon: the

primers COP-LTR (50-CTATTCAACCTACAAAAATA

ACG-30) and COP-PCS (50-ATTACGTTTAGCCTTG

TCCAT-30) that amplify 421 bp of the LTR–ULR region

(Jordan and McDonald 1998a), and the primers ZCopRTF

(50-GTTGCACGAGGATTCACTCA-30) and ZCopRTR

(50-GCTTGAGTCCGTAAATTGCC-30) which anneal to

region 3306-3558 of the Copia reverse transcriptase domain

(RT), producing a 253 bp fragment in D. melanogaster

Fig. 1 Schematic

representation for the

phylogenetic relationships of

the main Drosophilidae species

groups illustrating the

positioning of the Zaprionus
genus and the melanogaster
subgroup species mentioned in

this study, as well as the

divergence time between

Drosophila and Sophophora
subgenus, Zaprionus and

Anaprionus subgenus and,

D. yakuba and D. melanogaster,

D. simulans and D. sechellia.

The phylogenetic relationships

and divergence times were

based on the reports of

Kwiatowski and Ayala (1999),

Tamura et al. (2004a, b),

Lachaise and Silvain (2004),

Yassin et al. (2008a, b)

Table 1 Species used,

taxonomic classification (Yassin

et al. 2008a), geographic origin

of the strains, and GenBank

accession numbers

Species Geographic origin GenBank accessions

LTR–ULR RT

Subgenus Anaprionus

Z. multistriatus Bangalore (India) FJ715493

Subgenus Zaprionus

Group inermis

Complex tuberculatus

Z. tuberculatus Ithala (South Africa) FJ755275 to FJ755279 FJ715494

Group armatus

Complex lachaisei

Z. camerounensis Amani (Tanzania) FJ755280 to FJ755284 FJ715495

Complex davidi

Z. davidi São Tomé (São Tomé and Prı́ncipe) FJ715496

Complex indianus

Z. gabonicus Makokou (Gabon) FJ755285 to FJ755289 FJ715497

Z. africanus Kibale (Uganda) FJ755290 to FJ755294 FJ715498

Z. indianus Brası́lia (Brazil) FJ755295 to FJ755299 FJ715499

328 J Mol Evol (2011) 72:326–338
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(X04456). The PCR reaction conditions were as follows:

200 ng of genomic DNA, 0.4 mM of each dNTP, 7.5 mM

MgCl2, 0.4 lM of each primer, 1.5 U of Taq Platinum

polymerase (Invitrogen) in 19 PCR buffer. The reactions

were heated to 94�C for 3 min and then submitted to 40 cycles

of 30 s at 94�C, a 1 min step at 55�C, a 1 min step at 72�C,

and an additional extension step of 10 min at 72�C. DNA

from D. melanogaster and ultrapure water were used as

positive and negative controls, respectively.

PCR fragments obtained with the COP-LTR/COP-PCS

and ZCopRTF/ZCopRTR primers were purified using the

GFX PCR DNA and Gel Band Purification Kit (GE

Healthcare) and cloned with the TOPO TA Cloning Kit

(Invitrogen). For each primer, five randomly chosen clones

were automatically sequenced in an ABI PRISM 3100

Genetic Analyzer (Applied Biosystems/Hitashi).

Sequence Analysis and Phylogenetic Relationships

The sequences were manipulated using the BioEdit

Sequence Alignment Editor (Hall 1999) and aligned with

ClustalW 1.81 (Thompson et al. 1994). The reverse trans-

criptase sequences were assembled in consensus sequences,

in view of their high conservation levels ([95%). The

sequences produced were deposited in the GenBank data-

base (Table 1). Novel regulatory motifs and repetitions were

searched using the Alibaba 2.1 (Grabe 2002) and Tandem

Repeats Finder (Benson 1999) programs, respectively.

The most divergent clones of the LTR–ULR region

([25%—Z. indianus1, Z. tuberculatus1, and Z. cameroun-

ensis1), D. melanogaster Full-length sequence (X02599),

D. melanogaster ULR-gap sequence (U60292), D. simulans

Double-gap sequence (AF063880), and Z. indianus

sequence for reverse transcriptase, were selected as queries

for searching 12 Drosophila genomes available in Flybase

(http://flybase.org/blast/), using the BLASTn tool with cut-

off parameters of e-50 and 90% coverage, in order to obtain

only highly related members of the Zaprionus genus.

Redundant genomic subjects (100% identical) were not

included in the phylogenetic analyses (Supplementary

Table 1).

The phylogenetic relationships between the LTR–ULR

as well as the RT sequences were inferred using the

Maximum Likelihood (ML), Neighbor-Joining (NJ) and

Maximum Parsimony (MP) methods as implemented in

PhyML 3.0 (Guindon and Gascuel 2003), MEGA 4.1

(Tamura et al. 2007), and PAUP v.4.0b10 (Swofford 1997),

respectively. Branch support was calculated by bootstrap

analysis with 1,000 replicates (Felsenstein 1985). In the NJ

and ML analyses, the Maximum Composite Likelihood

(MCL, Tamura et al. 2004a) and the HKY85 distances

(Hasegawa et al. 1985) were used to construct distance

matrices and trees, respectively. The heuristic search (h-

search) method was used for MP reconstruction. Sequences

of the Copia family of the repleta group were used as the

outgroup (D. koepferae: AY655745, X96971; D. buzzatii:

AY655746, X96972; D. serido: AY655747; D. gouveai:

AY655748: D. seriema: AY655750; D. pachuca:

DQ494345 and D. mojavensis: DQ494346). The LTR–

ULR sequences of the melanogaster subgroup (AF063868-

AF063885, X02599, and D10880) and Z. tuberculatus

sequence published by McDonald et al. (1997) (hereafter Z.

tuberculatusMD) were also used.

RNA Extraction and RT-PCR Reactions

For each strain, heads and gonads from 10 individuals of

each sex were dissected in Testis Buffer (183 mM KCl,

47 mM NaCl, and 10 mM Tris–HCl pH 6.8). Total RNA

was isolated from dissected tissues using TRIZOL (Invit-

rogen) and genomic DNA contamination was eliminated

from the samples with RQ1 RNase-Free DNase (Promega)

treatment, according to the manufacturer’s instructions. The

cDNA pool was generated from total RNAs using a High

Capacity cDNA Archive Kit (Applied Biosystems) and

random primers at low stringent temperature (37�C)

according to the standard protocol. Primers that amplify the

RT fragment (ZCopRTF and ZCopRTR) were used to

investigate whether Copia is transcriptionally active in the

genus Zaprionus, using the same conditions applied to the

PCR reactions with genomic DNA. Total RNA contamina-

tion by genomic DNA and cDNA quality were assessed by

PCR reactions using the primers ZapGPDHF (50-GTT CGG

CAA TTG AAC CAA TG-30) and ZapGPDHR (50-AGA

GAG TCC GTG TGC ATG TG-30), which amplify a 337 bp

sequence in the Z. tuberculatus Gpdh gene (L37039). These

PCRs were carried out using 200 ng of total RNA treated

with DNAse and cDNA, 0.1 mM of each dNTP, 0.4 lM of

each primer, 2 mM MgCl2, and 1 U Taq Platinum poly-

merase (Invitrogen) in 19 PCR buffer. The cycling param-

eters were: 94�C for 2 min for initial denaturation, 35 cycles

of 94�C for 1 min, 60�C for 1 min, and 72�C for 1 min, and

an additional extension step at 72�C for 10 min.

Selection Tests for Copia and Gpdh

To test the models of Copia sequence evolution in the

Drosophilidae, two approaches were used: (i) comparison

of selective constraint strength of Copia RT sequences and

the Gpdh host gene by likelihood ratio tests of models of

sequence evolution, using x (dN/dS) variable in particular

branches, depending on the model assumed, as imple-

mented in the CODEML program of PAML 4.4a package

(Yang 2007); and (ii) the comparison of dS distances of

Copia and Gpdh sequences calculated using the MEGA 4.1

J Mol Evol (2011) 72:326–338 329
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(Tamura et al. 2007). The selection tests assume that syn-

onymous substitutions are under almost strictly neutral

evolution and that x\ 1, x = 1, and x[ 1 represent

purifying selection, neutral evolution, and positive

Darwinian selection, respectively. The dS pairwise com-

parisons were carried out using the mean dS values

between the Copia sequences. Two premature stop codons

in Z. multistriatus and one in Z. africanus RT sequences

were removed from the alignment prior the estimation of

dS and dN. The Gpdh sequences were obtained from the

D. sechellia genome and the GenBank database and

are registered under the followed numbers: FJ705445

to FJ705450, L37039, NM_057218, XM_002078253,

XM_002089126, XM_001968825 and D. sechellia geno-

mic sequence: scaffold_5/4016995-4017372. The codon

bias index (CBI) was estimated for each sequence using the

DnaSP 4.50 program (Rozas et al. 2003). Additionally, the

Copia element divergence time was estimated according to

the equation T = k/2r (Graur and Li 2000), where T is the

divergence time between species, k is the dS divergence

between Copia sequences, and r is the evolutionary rate,

using the synonymous substitutions rate for Drosophila

genes with low codon bias (0.011 substitutions per site per

MY (Tamura et al. 2004b)).

Results

Distribution and Transcriptional Activity of Copia

Retrotransposon in Zaprionus Species

PCR of the LTR–ULR regulatory region and RT domain

were performed to study the presence and distribution of

the Copia retrotransposon in Zaprionus species. Addition-

ally, RT-PCR of the RT domain was carried out to analyze

the transcriptional activity of Copia. Although it was not

possible to amplify the LTR–ULR sequences of Z. multi-

striatus and Z. davidi (data not shown), both analyses for

the RT domain indicate that Copia sequences are present

and transcriptionally active in all Zaprionus species

(Fig. 2). This confirms that the LTR–ULR must also be

present in all species, as this region is essential for retro-

transposon transcription. The lack of amplification in those

two species may be due to nucleotide divergence of that

region, at least in the primer annealing sites, as has already

been demonstrated for Copia-like retrotransposons (Costa

et al. 1999). Since the RT-PCR technique is not conducive

to quantitative analyses, the weaker amplification intensity

seen in Z. tuberculatus and Z. davidi may not reflect true

sex-specific expression levels. However, the RT-PCR

results indicate the Copia elements are at least transcrip-

tionally active components of the Zaprionus genomes.

Characterization and Structure of the Copia Regulatory

Regions of Zaprionus Species

The LTR–ULR sequences of Zaprionus species were

compared with the three Copia subfamilies of the mela-

nogaster species (Full-length, ULR-gap, and Double-gap)

and the repleta group family. The regulatory signals of the

LTR–ULR region of the repleta species were not identified

in the Zaprionus sequences (data not shown). In contrast,

the alignment with melanogaster sequences showed that

most of their Copia regulatory signals are present in the

Zaprionus sequences (Fig. 3, Table 2 and Supplementary

Fig. 1). All Zaprionus species possess one copy of a heat-

shock element, the TATA box, the transcriptional start, the

downstream element, the poly-A signal, the PBS (primer

binding site) and the BBF-2 (B-box binding factor-2) sites,

two repetitions of the DmC/EBP and engrailed regulatory

sites, although the nucleotide composition of these sites

varies in some species (particularly in Z. tuberculatus). The

search by the two diagnostic duplications revealed

sequences closely related to the Double-gap subfamily,

since we observed only one copy of the imperfect repeat

and no dyad symmetric enhancer. Moreover, a search for

Fig. 2 RT-PCR reactions of the RT Copia retrotransposon from 0- to

10-days-old germline (testes and ovaries) and somatic (heads) tissues

of Zaprionus species and D. melanogaster. Ultrapure water and D.

melanogaster DNA were used as negative and positive controls,

respectively. The Gpdh RT-PCR was used as control of cDNA

quality. # male, $ female, H head, T testis, O ovary

330 J Mol Evol (2011) 72:326–338
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repetitive regulatory signals led to identification of a novel

regulatory motif in the Zaprionus ULR sequences. This

regulatory motif, the G-box binding factor-1 site (GBF-1;

consensus sequence: NNGMCACGTS), is a leucine zipper

that has been described in plants (Xiang et al. 1997) and the

Zaprionus sequence is 90 and 70% similar, respectively, to

the corresponding sequences of Arabidopsis thaliana

(Klimczak et al. 1992) and Triticum aestivem (Tabata et al.

1991). Only a single motif is present in the ULR of Z.

tuberculatus (tuberculatus complex) and Z. camerounensis

(lachaisei complex), but it is duplicated in the indianus

complex (Z. gabonicus, Z. africanus, and Z. indianus).

Phylogenetic Analyses

An in silico search of the 12 Drosophila genomes recovered

Copia sequences for LTR–ULR regions only in D. melano-

gaster, D. simulans and D. sechellia, and for RT regions in D.

melanogaster, D. simulans, D. sechellia, and D. yakuba

species (Supplementary Table 1). Although the LTR–ULR

Copia sequences of the Full-length, ULR-gap, and Double-

gap subfamilies have been identified in seven species of the

melanogaster subgroup (D. melanogaster, D. simulans,

D. sechellia, D. mauritiana, D. yakuba, D. teissieri, and

D. erecta) (Jordan and McDonald 1998a), the search did not

retrieve LTR–ULR sequences in the D. yakuba and D. erecta

genomes nor RT sequences in the D. erecta genome. In order

to include all Copia sequences available to date, both

sequence sets were included in the phylogenetic analysis.

Figure 4 shows a LTR-ULR ML tree constructed with

26 sequences from Zaprionus species (our sequences and

Z. tuberculatus MD), 34 sequences from melanogaster

subgroup species from genome databases, 19 sequences

from melanogaster subgroup species from the GenBank

database, and 8 sequences from species of the repleta

group from the GenBank database. Reconstructions infer-

red using the NJ and MP methods produced similar results

(data not shown). The tree clustered the Copia sequences

into three well-supported and monophyletic clades: Group

A (Zaprionus species), Group B (melanogaster species and

Z. tuberculatusMD), and Group C (repleta species). The

average divergence between Groups A and B was 0.318

(Table 3 and Supplementary Table 2), about two times

smaller than those of Groups C versus B (0.569), and A

versus C (0.653). The topology within the repleta and the

melanogaster clades corroborates previous reconstructions

(Jordan and McDonald 1998a; Almeida and Carareto

2006). The Z. tuberculatus and the Z. camerounensis LTR–

ULR sequences were grouped into species-specific clades,

but those of Z. indianus, Z. africanus, and Z. gabonicus

were clustered together. The distances within Group A

varied from zero (Z. camerounensis5/Z. camerounensis3

and Z. africanus4/Z. africanus5) to 0.417 (Z. tuberculatus3/

Z. tuberculatusMD). The lack of resolution in the

Z. indianus/Z. africanus/Z. gabonicus clade may be due to

the recent diversification of these species, which can be

distinguished only by DNA barcoding (Yassin et al.

2008b). The Z. tuberculatusMD sequence did not

Fig. 3 Structure of the Copia LTR–ULR region of Zaprionus
species. The comparative analysis was based on the Copia elements

of D. melanogaster (Full-length and ULR-gap subfamilies) and D.
simulans (Double-gap subfamily). The Zaprionus structure is consid-

ered closer to the Double-gap subfamily due to the structure of the

two diagnostic duplications in the LTR (imperfect repeat: green
circles) and ULR (dyad symmetric: orange circles followed by blue
circles). Heat-shock element: white triangle; TATA box: gray

triangle; transcription start: gray oval; downstream element: white
rectangle; poly-A signal: black oval; primer binding site: gray
arrowhead; engrailed site: white oval; DmC/EBP site: blue circle;

G-box binding site factor-1: red circle; B-box binding site factor-2:

black rectangle; presence of nucleotide substitutions or indels:

diagonal line (see Supplementary Fig. 1 for more details of variable

sites) (Color figure online)
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Table 2 Sequences and location regulatory motifs of the Copia LTR–ULR in Zaprionus species and D. melanogaster Full-length

Motif D. melanogaster sequence Zaprionus species consensusa Alignment position

Heat-shock element CTACAAAAATAACG CTAMAAAdvkAAmG 10–23

TATA box CTTTATATTT yTTTATATTT 37–46

Imperfect repeat CAC(T)CTTTT(T)AT – 61–70; 98–109

Transcriptional start CTTTCCTTCTTGTACGTTTTT bCCTTCTTyTwddACkyTTyC 115–135

Downstream element CGTG CGTG 149–152

Poly-A signal AAATATAAATC Highly variable 172–193

Primer binding site GGTTATGGGCCCAG GG(TTATGGG)CCCAG 267–280

Engrailed site DVAAwTAAAk wmAAwTArAT 295–304; 307–316; 322–331

DmC/EBP site TTGTGAAw TTGTGAAA 305–311; 318–325; 331–338; 357–365; 395–403

Dyad symmetric TTTCACA/TTGTGAAw Absent 347–365; 376–403

G-box binding factor 1 Absent GTGCCACGTG 357–365; 374–392

B-box binding factor 2 AAGGCTAAACGT AWK(K)Y(T)WAACG(T) 440–451

a Nucleotides in parenthesis mean indels in the alignment

Fig. 4 Phylogenetic relationships of LTR–ULR Copia sequences of the

genus Zaprionus (red squares) and the melanogaster subgroup subfam-

ilies Full-length (blue circles), ULR-gap (blue triangles) and Double-gap

(blue squares), generated by ML analysis (HKY85 distance) as

implemented by PhyML. Branch consistencies were evaluated by the

bootstrap method (1,000 replications) and sequences of repleta species

group (green squares) were used as the outgroup. NJ and MP

reconstructions produced the same basic topology shown in that tree,

with minor differences in the melanogaster and Zaprionus clades. ***Z.
tuberculatusMD from McDonald et al. (1997) (Color figure online)
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cluster together with the other Z. tuberculatus sequences,

but rather with the melanogaster species (Group B),

according to the HT hypothesis of Almeida and Carareto

(2006).

Phylogenetic reconstruction using 36 sequences of the

RT region corroborates the LTR–ULR tree, with the

presence of Groups A, B, and C (Fig. 5). A new group

(Group D) was obtained by including the RT sequences of

three species for which LTR–ULR sequences were not

available (Z. davidi, Z. multistriatus, and D. yakuba). The

presence or absence of the RT sequences for these three

species did not change the tree topology (data not shown).

The Z. davidi sequence was included in Group A, together

with the other Zaprionus species, despite the absence of

support inside the clade. On the other hand, Z. multistriatus

clustered with D. yakuba sequences in Group D. The

divergence between Z. multistriatus and D. yakuba is

similar to that of Group A and B (0.133 for Z. multistriatus/

D. yakuba, 0.145 for Z. multistriatus/Group A, and 0.149

for D. yakuba/Group B) (Supplementary Table 3).

The striking length of the branches in the Z. multistri-

atus/D. yakuba clade could indicate that these sequences

were clustered by the long-branch attraction effect, a

phylogenetic methodological artifact resulting from con-

vergent evolution (Bergsten 2005). A strategy to prevent

long-branch attraction is to reconstruct the phylogenetic

tree, excluding the faster evolving third codon positions.

Group D was again obtained when these positions were

excluded but with a decrease in Group D branch lengths

(Supplementary Fig. 2), although the Z. multistriatus

branch remained the longest in the tree. Hence, Group D

was not considered in the posterior analyses, and Z. mul-

tistriatus and D. yakuba were each included in its relevant

species group for the evolutionary analyses.

Table 3 Genetic divergence between Copia sequences calculated using the Maximum Composite Likelihood distance as implemented in

MEGA 4.1 (Tamura et al. 2007)

Groups NS NC Mean (Mina–Max)

LTR–ULR RT

Zaprionus genus 7 25 0.113 (0–0.417) 0.065 (0.012–0.168)

melanogaster subgroup 27 15 0.033 (0–0.087) 0.024 (0–0.158)

repleta group 2 8 0.056 (0.002–0.098) 0.053

Zaprionus vs. melanogaster 34 40 0.318 (0.010–0.424) 0.090 (0.041–0.160)

Zaprionus vs. repleta 9 33 0.653 (0.587–0.781) 0.251 (0.227–0.285)

melanogaster vs. repleta 29 23 0.569 (0.500–0.649) 0.252 (0.215–0.288)

The genetic divergence was estimated for both coding and non-coding sites. NS number of sequences, NC number of pairwise comparisons. a The

‘‘zero’’ values are MCL distance approximations and mean that the pairwise sequences have only one difference in the nucleotide alignment

Fig. 5 Maximum likelihood

tree of Copia retrotransposon

reverse transcriptase sequences

of Zaprionus (red squares) and

melanogaster (blue squares)

species. The bootstrap method

was used to evaluate branch

consistencies (1,000

replications), and D. koepferae
and D. buzzatii sequences were

used as outgroups (green
squares) (Color figure online)
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HT Hypothesis Evaluation

The similarity in structure and sequence of Copia between

Zaprionus (Zaprionus genus or probably Drosophila sub-

genus) and melanogaster (Sophophora subgenus) species

can be explained by three different hypotheses: (i) vertical

transmission followed by highly selective constraints con-

serving the sequences, (ii) vertical transmission followed

by differential fixation of ancestral polymorphic subfami-

lies, and (iii) the occurrence of HT between Zaprionus and

melanogaster species. To test the first hypothesis, we

evaluated if the coding Copia sequences are under puri-

fying selection using the likelihood ratio test (LRT). We

used LRT to evaluate and compare the strength of purify-

ing selection of the constrained RT sequences and a

housekeeping host gene, Glycerol-3-phosphate dehydro-

genase (Gpdh), which is expected to have purifying

selection as the dominant evolutionary force. Here, we

hypothesized that Copia sequences are under weaker

selective constraints than Gpdh, since the Gpdh gene plays

an essential role in glycerophospholipid metabolism in

Drosophila. Also, it is important to note that, even under

stronger purifying selection, the Gpdh sequences of

Zaprionus and melanogaster species are not closely related

when compared to the repleta group as observed for Copia

elements (Gpdh MCL distances, Zaprionus vs. melano-

gaster: 0.157, Zaprionus vs. repleta: 0.142 and melano-

gaster vs. repleta: 0.133; Supplementary Table 4). The

LRT analysis was performed by comparing the log likeli-

hood values for both Copia and Gpdh using a one-ratio

model, which assumes the same x free- or fixed-parameter

for the entire tree (Models I and II, Table 4). Afterward,

the log likelihood values of Models I and II were compared

in a hypothesis test (Table 5). The hypothesis test refuted

the neutral Model II (x = 1) for both Copia and Gpdh

sequences, indicating that purifying selection indeed plays

a role in their evolution.

We also looked for some evidence of differential

selection intensities in the Zaprionus and melanogaster

groups separately (A: Zaprionus and B: melanogaster;

Table 4). This analysis could show if the selection signal

observed for the entire tree could be a mixture of higher

constrained and neutral evolving sequences, or a general

pattern of selection for the whole tree. Here, a two-ratio

model was applied, since we assumed that the sequence

group of interest has a dN/dS ratio (x1) that is different

from that of the background (x0). This means that, within

each group, all branches were fixed as x = 1 (Models III

and IV) and then compared against models with a single

freely estimated x for the equivalent group (Models IV and

VI). Again, purifying selection was detected in the Zapri-

onus and melanogaster sequences of the Copia retro-

transposon and Gpdh gene (Tables 4, 5). Finally, we also

evaluated if the high levels of divergence observed in the

D. yakuba and Z. multistriatus RT sequences could influ-

ence the selection results in the melanogaster and Zapri-

onus groups by performing the LRT tests excluding these

sequences. The results showed significant difference only

for the two-ratio model for the Copia retrotransposon in the

melanogaster subgroup (2D‘: 0.11; P [ 0.05), indicating

that the RT clade of the melanogaster subgroup is not

under selective constraint if the D. yakuba sequence is not

considered in the analyses. Although a fraction of Copia

RT sequences is under purifying selection, selection on the

TE is much more relaxed than on the Gpdh gene. The

Copia x values are 14 and 11 times higher than those of

Gpdh for the one-ratio and the Zaprionus two-ratio tests,

respectively. For the melanogaster two-ratio test, the Copia

x is more than 2,000 times higher than those of Gpdh;

however, we cannot ignore the fact that the melanogaster

two-ratio Gpdh x value could be underestimated due to the

invariability of the non-synonymous positions between

melanogaster species sequences (Supplementary Table 5).

Since the relaxed x values for Copia sequences could be

due to weak selection acting on non-synonymous sites or to

strong selection acting on the synonymous sites we cal-

culated the CBI index, whose value (0.505) indicates the

former. All the comparisons performed indicate that the

high similarity between Zaprionus and melanogaster spe-

cies cannot be due to highly selective constraints acting on

these species groups.

Table 4 Log likelihoood values (ln‘) and parameter estimates under

different models of sequence evolution of Copia retrotransposon and

the Gpdh host gene

Model P x0 xother ln‘

ICopia 72 0.2141 =x0 -1053.54

IICopia 71 1 =x0 -1088.56

IIICopia 72 0.1788 xA = 1 -1054.51

IVCopia 73 0.1837 xA free = 0.3414 -1050.72

VCopia 72 0.1701 xB = 1 -1060.44

VICopia 73 0.1900 xB free = 0.2629 -1051.42

IGpdh 24 0.0155 =x0 -630.67

IIGpdh 23 1 =x0 -732.40

IIIGpdh 24 0.0001 xA = 1 -671.84

IVGpdh 25 0.0001 xA free = 0.0311 -627.21

VGpdh 24 0.0175 xB = 1 -646.02

VIGpdh 25 0.0176 xB free = 0.0001 -630.02

Note: The pairwise dN, dS, and x values are shown in detail in the

Supplementary Tables 4, 5, and 6

A Zaprionus sequences, B melanogaster sequences, P number of

parameters in the model, x0 background dN/dS ratio for the freely

estimated tree, xother dN/dS ratio in the sequence groups under con-

sideration, fixed or estimated separately from the background
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Since the selective test showed that selection constraints

are stronger in the Gpdh gene than in RT Copia sequences,

the pairwise dS distances between the melanogaster and

Zaprionus sequences were compared in order to test the

hypothesis that vertical transmission was followed by

ancestral polymorphism. This test is possible because

dS values can be used as an estimate of neutral evolution in

the absence of a strong codon usage bias (mean CBI for

Copia: 0.505; CBI Gpdh: 0.600). When sequences of two

species are compared in a general vertical transfer scenario,

selective constraints are expected to be stronger on host

genes, given their functional significance, than on TEs. On

the other hand, lower dS values for TEs could mean that

these sequences share a more recent common ancestor than

that of the species, pointing to the occurrence of HT. All

pairwise comparisons show Copia dS values lower than

those of Gpdh (mean dS value for Copia: 0.248 ± 0.074;

mean dS value for Gpdh: 0.989 ± 0.165, Supplementary

Tables 4, 5), with no overlap and proportions varying from

1.8 (Z. davidi vs. D. yakuba) to 9.9 (Z. camerounensis vs.

D. simulans) times lower, favoring the hypothesis that

HT has shaped Copia retrotransposon evolution. This

hypothesis is corroborated by the similar structure of the

LTR–ULR region of the Double-gap subfamily and the

Zaprionus Copia sequences.

Discussion

To further understand the evolutionary history of the Copia

retrotransposon, we analyzed its distribution, structure, and

transcriptional activity, focusing on the Zaprionus species.

Copia elements have previously been identified only in a

single species of this genus—Z. tuberculatus—from a

single LTR–ULR sequence (McDonald et al. 1997). The

data obtained here show that Copia is distributed widely in

the genus Zaprionus as well as being a transcriptionally

active component of the genomes of all Zaprionus species

analyzed. Furthermore, it has experienced both ancestral

HT and vertical routes of transmission combined with

subfamily diversification, as already demonstrated for

elements of the melanogaster and repleta species groups

(McDonald et al. 1997; Jordan and McDonald 1998a, b;

Jordan et al. 1999; Bowen and McDonald 2001; Sánchez-

Gracia et al. 2005; Almeida and Carareto 2006).

Wicker et al. (2007) proposed the 80–80–80 criteria for

transposable elements family classification, that is, 80%

identity in 80% of coding or functional sequences, con-

sidering sequences longer than 80 bp. Since our partial

sequences only cover about 11% of the canonical Copia of

D. melanogaster coding region, we used a 20% divergence

criteria to classify our Zaprionus sequences, as previously

used in Drosophila retroelement classification (Heredia

et al. 2004; Ludwig et al. 2008; De Setta et al. 2009). Thus,

the low nucleotide divergence (0.09) and the close phylo-

genetic relationships between the Zaprionus and the mel-

anogaster sequences suggest that the Zaprionus sequences

belong to the Copia family of the melanogaster subgroup.

Further, we propose that the Zaprionus Copia sequences

should be classified in a new subfamily, hereafter ZapCo-

pia, based on the robust clustering of ZapCopia sequences

in the trees, the close structural similarities between the

LTR–ULR region with the most ancient Double-gap sub-

family, the lack of diagnostic repetitions (imperfect repeat

and dyad symmetric), and the presence of the GBF-1

binding site. Moreover, the high nucleotide and structural

divergence from repleta sequences suggest that the

ancestor of the Drosophilidae family harbored at least one

type of Copia retrotransposon, which could have diversi-

fied, giving rise to the repleta group and the melanogaster/

Zaprionus Copia families. Later, the latter family gave rise

to the three subfamilies of the melanogaster subgroup

(Full-length, ULR-gap, and Double-gap) and the ZapCopia

subfamily of genus Zaprionus by means of at least one HT

event.

Horizontal transfer has previously been suggested as a

mechanism driving Copia evolution within the melano-

gaster subgroup (Jordan and McDonald 1998a; Bowen and

McDonald 2001; Sánchez-Gracia et al. 2005), between

D. melanogaster and D. willistoni (Jordan et al. 1999), and

Table 5 Likelihood ratio test for testing model of sequence evolution of Copia retrotransposon and Gpdh host gene

Models compared Null hypothesis 2D‘ Conclusion

ICopia vs. IICopia x0 = 1 70.04* Purifying selection in the Copia tree

IGpdh vs. IIGpdh x0 = 1 203.46* Purifying selection in the Gpdh tree

IIICopia vs. IVCopia xA = 1 7.58* Purifying selection in the Zaprionus Copia clade

VCopia vs. VICopia xB = 1 18.04* Purifying selection in the melanogaster Copia clade

IIIGpdh vs. IVGpdh xA = 1 89.26* Purifying selection in the Zaprionus Gpdh tree

VGpdh vs. VIGpdh xB = 1 32.00* Purifying selection in the melanogaster Gpdh tree

The likelihood ratio statistic (2D‘) is approximated by the X2 distribution. A Zaprionus sequences, B melanogaster sequences, * P \ 0.01;

2D‘ = 2 (H1 - H0)
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between an unknown species of the melanogaster subgroup

and Z. tuberculatus (Almeida and Carareto 2006). We were

unable to identify any Z. tuberculatus Copia sequence

closely related to elements from the melanogaster species

subgroup, such as Z. tuberculatusMD (McDonald et al.

1997). Since we believe that the authors took all precau-

tions to avoid sample contamination, we suggest that the

absence of Z. tuberculatus Full-length subfamily in our

survey is due to inter-population variability in the Copia

retrotransposon subfamilies distribution. Therefore, our

results do not invalidate the proposal of Almeida and

Carareto (2006) that HT occurred between Z. tuberculatus

and an unknown species of the melanogaster subgroup. On

the contrary, this could mean that an additional transfer

between Z. tuberculatus and a melanogaster species could

have happened more recently. Another two incongruences

in Copia element distribution were observed. In contrast to

the distribution of Copia sequences reported by Jordan and

McDonald (1998a), we were unable to identify Copia

elements in the LTR–ULR regions of D. erecta and D.

yakuba in the available genome databases. This incongru-

ence could have at least two different explanations. The

first is that some regions of the D. yakuba and D. erecta

genomes are still missing or misassembled in the databases.

The second is a Copia subfamily polymorphism among

populations of D. yakuba and D. erecta species. Further,

Copia analyses using other natural populations of Z.

tuberculatus, D. yakuba, and D. erecta may clarify this issue.

Our codon-based analyses indicate that the ZapCopia,

Full-length, ULR-gap, and Double-gap Copia subfamilies

of Zaprionus and melanogaster species have a more recent

common ancestor than the host species. This was demon-

strated by the closer phylogenetic relationships of Zapri-

onus sequences to those of melanogaster Copia than to the

repleta elements and the levels of dS divergence (when

compared to the Gpdh gene). The structure of the LTR–

ULR region of the ZapCopia and the melanogaster

subfamilies could be additional evidence of this close

relationship. Therefore, we can envisage one ancient HT

between the ancestors of the Zaprionus genus and

D. melanogaster/D. simulans/D. sechellia/D. yakuba spe-

cies. The divergence time between Zaprionus and the

melanogaster species sequences, estimated by the diver-

gence rate of synonymous sites in Drosophila (0.011 per

million years (Tamura et al. 2004b)) is also compatible

with the HT scenario. If the mean dS between melano-

gaster and Zaprionus Copia sequences is 0.248 (0.099 and

0.509 as minimum and maximum values, respectively), the

time of divergence between the ZapCopia subfamily and

the melanogaster elements would be about 11 (4.5–23.1)

MYA. This is the period during which the Zaprionus

subgenus diverged (7–9 MYA (Yassin et al. 2008a)) and

during the divergence of D. yakuba and D. melanogaster/

D. simulans/D. sechellia ancestors (8–15 MYA (Lachaise

and Silvain 2004)). Hence, the proposed HT probably

occurred in the Afrotropical region during the Late-Mio-

cene period (Gradstein et al. 2006).

None of this evidence, however, can rule out the possi-

bility that a more ancient, or even an additional, HT event has

occurred, given that the Double-gap subfamily has been

identified in strains of D. yakuba, D. erecta, and D. teissieri

(Jordan and McDonald 1998a), despite the fact that it is

absent in the genome database. The grouping of D. yakuba

and Z. multistriatus Copia sequences suggests that an extra

HT event may have occurred. However, the lack of geo-

graphic overlap between these species, in addition to the

similar distances in Group D relative to Groups A and B,

favors the hypothesis that clustering is due to convergent

evolution and a long-branch attraction phenomenon within

the tree. The lack of amplification of the LTR-ULR region of

Z. multistriatus and the nucleotide divergence of Copia in

this species supports this hypothesis. An alternative

hypothesis to explain the entire evolutionary history of

Copia in Zaprionus genus, melanogaster subgroup, and

repleta group would be a complex scenario of multiple

stochastic losses of Copia since the Drosophilidae ancestor,

explaining the heterogeneous distribution at higher taxo-

nomical levels, for example, the absence of the melano-

gaster/Zaprionus family in the repleta species, as well as at

species level, shown by the incongruences in Z. tuberculatus,

D. yakuba, and D. erecta genomes. Although such multiple

losses cannot be completely ruled out, further examination

of Copia evolutionary features, including evaluation of ret-

rotransposon mutation rates and vector in vitro essays may

indicate which would be the most parsimonious explanation

for the Copia distribution observed in this study.

An important aspect of a putative HT is the direction of

the transfer. For the HT event described above, the direc-

tion cannot be clearly determined. Studies to date have

either not inferred a direction for HT between Zaprionus

and melanogaster species (Maruyama and Hartl 1991;

Brunet et al. 1999; Almeida and Carareto 2006; Deprá et al.

2010) or they have assumed that melanogaster (Heredia

et al. 2004; De Setta et al. 2009; Vidal et al. 2009) or an

unknown species (De Setta et al. 2009) served as donors.

Whatever the direction of transfer, a growing body of data

on the exchange of transposable elements between Zapri-

onus and melanogaster species shows that HT involving

these species groups may be a relatively frequent event.

Our results reinforce the importance of enlarging the

sample of TEs investigated in order to have a broader

understanding of the susceptibility of invasion and the

frequency of HT events between the Zaprionus and mela-

nogaster species. The sharing of evolutionary space and

time during the initial stages of diversification of the

Zaprionus subgenus and melanogaster subgroup in Africa
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may have provided the minimum requirements for the

transfer of TEs. Further studies testing potential vectors and

mechanisms of TE fixation in natural populations may

result in new insights in the history of TEs in these species

groups.
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