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Abstract

Background: A significant fraction of mammalian genomes is composed of endogenous retroviral (ERV) sequences
that are formed by germline infiltration of various retroviruses. In contrast to other retroviral genera, lentiviruses
only rarely form ERV copies. We performed a computational search aimed at identification of novel endogenous
lentiviruses in vertebrate genomes.

Findings: Using the in silico strategy, we have screened 104 publicly available vertebrate genomes for the presence
of endogenous lentivirus sequences. In addition to the previously described cases, the search revealed the presence
of endogenous lentivirus in the genome of Malayan colugo (Galeopterus variegatus). At least three complete copies
of this virus, denoted ELVgv, were detected in the colugo genome, and approximately one hundred solo LTR
sequences. The assembled consensus sequence of ELVgv had typical lentivirus genome organization including three
predicted accessory genes. Phylogenetic analysis placed this virus as a distinct subgroup within the lentivirus genus.
The time of insertion into the dermopteran lineage was estimated to be more than thirteen million years ago.

Conclusions: We report the discovery of the first endogenous lentivirus in the mammalian order Dermoptera, which is
a taxon close to the Primates. Lentiviruses have infiltrated the mammalian germline several times across millions of years.
The colugo virus described here represents possibly the oldest documented endogenization event and its discovery can
lead to new insights into lentivirus evolution. This is also the first report of an endogenous lentivirus in an Asian mammal,
indicating a long-term presence of this retrovirus family in Asian continent.
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Findings
The lentiviruses have been described in several mamma-
lian orders, including Primates, Artiodactyls, Perissodac-
tyls, and Carnivores. They are the cause of a variety of
chronic diseases and constitute a major public health
concern, especially due to the HIV/AIDS pandemic. In
contrast to other retroviral genera, lentiviruses rarely
generate ERV copies [1]. The ERVs are formed following
germline infection and further vertical transmission of
the integrated provirus [2]. The presence of such gen-
omic “viral fossils” enables the study of long-term evolu-
tionary history and evolution of lentiviruses [1]. The first
endogenous lentivirus has been described in 2007 in the

genome of European rabbit [3]. Since then, there have
been only a few additional reports of lentiviruses infil-
trating into the genomes of hares, lemurs and ferrets
[4-8]. We have performed a large-scale screening of all
publicly available vertebrate genomes for the presence of
endogenous lentivirus sequences. Here, we report the
identification of the first endogenous lentivirus in the
mammalian order Dermoptera, in the genome of the
Malayan colugo (G. variegatus). We discuss the genomic
and phylogenetic characteristics of this virus, which
place it as one of the oldest described members of the
lentivirus genus.
We have implemented a computational approach

based on automated BLAST searches and the best bidir-
ectional hit (BBH) strategy against custom retroviral
database. This enabled us to screen for candidate lenti-
viral sequences in multiple genomic datasets (Figure 1A).
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A search of 104 publicly available vertebrate genomes
recovered 8,179 candidate hits, each aligned to lentiviral
sequence with a given bit score (Figure 1B). We identi-
fied false positive bit scores <100 in majority of animals.
However, a few hits from rabbit, domestic ferret, and
grey mouse lemur reached significantly higher bit scores.
These sequences corresponded to previously described
endogenous lentiviruses in the above mentioned species
[3-6,8]. High scoring hits were also found in the genome
of colugo. The matching sequences were manually ex-
tracted and found to cluster robustly with lentiviruses
upon preliminary phylogenetic analysis. The endogen-
ous lentivirus in the G. variegatus genome was denoted
ELVgv.
Further BLAST searches of the colugo genomic con-

tigs revealed the presence of three complete ELVgv pro-
viruses (provirus Ι at positions 11,594-19,841 of contig
JMZW01084956; provirus ΙΙ at positions 14,164-23,469
of contig JMZW01174031; provirus ΙΙΙ at positions
40,701-51,516 of contig JMZW01021293). This search
also identified approximately 100 solo long terminal
repeats (LTR), which are formed by recombination
between the two LTRs flanking the viral internal se-
quences [9]. The BLASTn parameters employed for

the identification of solo LTRs were the following:
e-value < 10−100, identity to the LTR of full-length
ELVgv provirus at least 80%, and coverage at least 50%.
In addition, several smaller contigs containing frag-
ments of internal virus sequences were detected (data
not shown). The colugo genome assembly covers ma-
jority of the genome (assembly size 2.8 Gbp, accession
number JMZW00000000), therefore it can be assumed
that there are at least three complete provirus copies
and ~30 times more solo LTRs per genome.
Alignment of all available contig sequences was used to

reconstruct the ELVgv full consensus sequence (Figure 2
and Additional files 1 and 2). The reconstructed provirus
is 10,040 bp long and flanked by LTRs of approximately
420 bp. The genome organization is typical for a lentivirus,
with three long open reading frames (ORFs) correspond-
ing to gag, pol, and env genes. The gag and pol genes lie in
different reading frames and pol is predicted to be trans-
lated via ribosomal frameshifting. Consistent with that, a
hairpin RNA secondary structure is predicted in the gag-
pol overlapping region (Additional file 3) [10]. A feature
present also in other nonprimate lentiviruses is the occur-
rence of dUTPase between RNaseH and integrase do-
mains of the ELVgv pol gene. Two short ORFs, named

Figure 1 Screening for lentiviral ERVs. (A) Schematic depiction of the computational screening pipeline. The first step of the best bidirectional
hit (BBH) strategy was performed by tblastn search in vertebrate genome database to identify candidate endogenous lentivirus fragments (i).
In this step the following Pol amino acid sequences were used as baits: human immunodeficiency virus type 1 (HIV-1), feline immunodeficiency
virus (FIV), Visna/maedi virus, rabbit endogenous lentivirus type K (RELIK), gray mouse lemur prosimian immunodeficiency virus (pSIVgml), and
domestic ferret (Mustela putorius furo) endogenous lentivirus (ELVmpf). The cutoff for the blast search was set at E-value < 10−5. To filter out
non-lentiviral sequences, translated hits were used as a query for backward blastp search against database of retroviral Pol sequences belonging
to all retroviral genera (ii). Hits aligned with the best bit score to lentiviral sequences in the backward blast search were further analyzed. (B).
Graph shows bit scores of all lentiviral candidate hits ordered by species in which they were found. Each species is represented by different color.
Newly discovered lentiviral sequence in colugo (ELVgv) as well endogenous lentiviruses in rabbit [3], domestic ferret [6], and gray mouse lemur
[4,5] are indicated. Previously published endogenous lentivirus sequences were excluded as baits for their corresponding host species (e.g. RELIK
against the rabbit genome) to avoid identical matching of the hits.
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orf1 and orf2, were detected in the intervening region be-
tween pol and env (Figure 2 and Additional file 1). The
orf2 (103 aa) could be identified by sequence similarity as
a tat gene (Additional file 3). A corresponding TAR (trans-
activating responsive region) was predicted in the LTR
downstream of the putative promoter (Additional file 3)
[10]. The orf1 gene (272 aa) partially overlaps in an alter-
native reading frame with pol. No sequence similarity of
orf1 with any lentiviral accessory gene was detected.
According to its size and genomic location, orf1 might
encode a vif homolog. A third short ORF, orf3 (83aa), par-
tially overlaps with the end of env, and extends towards
the 3’LTR. As for orf1, the sequence of orf3 did not point
to any specific accessory gene. The location and size indi-
cate that orf3 might be a homolog of lentiviral rev. The
presence of a limited number of viral accessory genes is in
agreement with the previously described evolutionarily an-
cient lentiviruses [4].
To establish the phylogenetic placement of ELVgv

within lentiviruses, we have aligned the amino acid se-
quence of the highly conserved reverse transcriptase
(RT) region of pol with sequences from representatives

of all retrovirus genera. In subsequent phylogenetic ana-
lysis using both maximum likelihood (ML) and Bayesian
methods, ELVgv RT clustered inside the lentivirus clade
with high support (ML bootstrap 100, Bayesian posterior
probability = 1) (Figure 3A; alignment is available in
Additional file 4). In accordance with this clustering, the
highest-scoring BLASTp hits of ELVgv gag, pol and env
genes were the genes from a lentivirus, feline immuno-
deficiency virus (FIV; the similarity/identity to FIV coun-
terparts of gag, pol and env genes were 48%/31%, 54%/
35% and 27%/17%, respectively). To analyze the relation-
ship of ELVgv to other lentiviruses in more detail, we
have used the dataset of conserved regions of gag and
pol lentiviral sequences from Gilbert et al. [5], together
with the recently described ELVmpf [6,8]. ML phyloge-
nies generated using this alignment placed ELVgv as a
deep branch of the lentivirus tree (Figure 3B; alignment
is available in Additional file 5), forming a distinct lenti-
virus subgroup. As in previous analyses of lentivirus
phylogenies, basal nodes did not have strong support
[3-6], and the ML tree differed slightly from the phyl-
ogeny obtained by Bayesian analysis (compare Figure 3B

Figure 2 Genome organization of ELVgv. The consensus sequence of ELVgv is shown schematically below the scale. The position of open
reading frames and other genomic features is indicated. The structure of the three complete proviruses recovered from the whole genome
shotgun (WGS) contigs is shown below; their accession numbers are [GenBank:JMZW01084956], [Genbank:JMZW01174031], and [Genbank:
JMZW01021293]. For each contig, the length of the provirus and its corresponding target site duplication is shown. Deletions and insertions >3
bp are depicted by open and closed triangles, respectively, together with their length. The four longest deletions are indicated by thin dashed
line. Insertions of retroelements were detected by Censor [11] and are depicted by large open arrows, drawn not to scale. ENV coding regions
were characterized with the help of specialized prediction servers [12-14]. LTR, long terminal repeat; MA, matrix; CA, capsid; NC, nucleocapsid; PR,
protease; RT, reverse transcriptase; RH, RNaseH; dUTP, dUTPase; IN, integrase; PBS, primer binding site; f.h., frameshift hairpin; PPT, polypurine tract;
SINE, short interspersed nuclear element; LINE, long interspersed nuclear element; dupl., duplication.
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and Additional file 6). While in the ML analysis ELVgv
clustered weakly (bootstrap support 46.7) together with
the ovine/caprine lentivirus subgroup, in the Bayesian
tree it formed an isolated deep branch. Separate analysis
of the gag and pol genes excluded any evident recombin-
ation event (data not shown). Re-running the analysis with
the three individual provirus sequences instead of the re-
constructed ELVgv consensus sequence also did not influ-
ence the results (ML tree in Additional file 7). Therefore,
the precise relationship of ELVgv to primate and nonpri-
mate lentivirus groups could not be determined.
There are four lines of evidence suggesting that ELVgv

inserted into the colugo germline millions of years ago.
First, the three complete proviruses accumulated many
genetic defects. These include insertions and deletions

of various sizes, multiple frameshifts and stop codons,
and insertions of SINE and LINE sequences (Figure 2).
Second, the solo LTRs are formed only after prolonged
existence in the germline [9]. Third, comparison of LTR
sequences belonging to individual proviruses can be
used to estimate the insertion times [19]. These esti-
mates are only very approximate and use the fact that
the 5’ and 3’ LTRs are identical at the time of insertion.
Any divergence between them is supposed to have been
formed postintegration and at neutral substitution rate of
the host genome [19]. We assumed the range of mamma-
lian substitution rates to be between 2.2 and 4.5 × 10−9

per site per year [20,21]. The provirus Ι had 20 differences
between 5’ and 3’ LTRs, resulting in an estimated time of
insertion of 5.1 - 10.3 million years ago (MYA). Similarly,

Figure 3 Phylogenetic relationship of ELVgv to other retroviruses. (A) Phylogeny of ELVgv and other retroviruses, based on alignment of
RT amino acid sequences (Additional file 4 contains the alignment in FASTA format and the full names of the retroviruses). The alignment was
generated in MEGA5 software [15] using the MUSCLE algorithm [16]. The ML tree was constructed in MEGA5 software, using the rtREV amino
acid substitution matrix [17], Nearest-Neighbor-Interchange ML heuristic method and otherwise default parameters. Support for ML tree was
assessed by 1,000 nonparametric bootstrap replicates. Bayesian analysis was run for 200,000 steps, sampling every 1,000 steps and discarding
first 25% of the trees. Average standard deviation of split frequencies converged during 10,000 steps bellow 0.001. The amino acid model F81 in
program MrBayes was used [18]. The support values are indicated above the branches (percent Bootstrap scores/Bayesian posterior probabilities).
The ELVgv position is highlighted in bold and underlined. The names of the retrovirus genera are shown on the right. (B) Phylogenetic relationship of
ELVgv to other exogenous and endogenous lentiviruses. The analysis was based on alignment including 2,350 most conserved nucleotides of gag-pol
from 31 lentiviruses (used also in Gilbert et al. [5]), together with ELVmpf [6,8], and ELVgv from this work (alignment available in Additional file 5). The
alignment was generated in MEGA5 program [15] using the MUSCLE algorithm [16]. The ML analysis was performed using MEGA5 program under
Tamura-Nei model, Nearest-Neighbor-Interchange ML heuristic method and otherwise default parameters. Bootstrap supports (percent out of 1,000
replicates) are shown. Grey lines designate groups of exogenous lentiviruses. The endogenous lentiviruses are denoted by black dots. Scale bars
indicate number of substitutions (amino acid or nucleotide) per site.
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proviruses ΙΙ and ΙΙΙ yielded integration time estimates
of 10.1 - 20.7 MYA and 13.2 - 27.0 MYA, respectively. We
note that all three proviruses have different perfect or al-
most perfect target site duplications, indicating that they
have not undergone recombination events after integra-
tion and that the LTRs belong to the original integrating
virus (Figure 2). The genetic distances between the indi-
vidual proviruses are between 0.078 and 0.105 substitu-
tions per site. However, we did not attempt to use the
distances to estimate the integration age. It is not known
whether they were formed by independent insertions of
circulating exogenous virus, by reinfection of germline
cells or by intracellular retrotranspositions. In addition,
the assembly of genomic contigs from short Illumina reads
is inherently very difficult in repeat regions that include
ERVs. Especially the parsing of reads among the ortholo-
gous internal positions of different proviruses might not
be exact. A fourth line of evidence pointing to ancient ori-
gin of ELVgv came from the fact that seven of the solo
LTR insertions reside in regions of apparent segmental
genomic duplications (Additional file 8). The virus inte-
gration must have happened before the duplication event.
This allows estimating the lower age limit of the integra-
tions, which is up to 7 MYA.
The Malayan colugo (G. variegatus) belongs to a tiny

order Dermoptera, which contains only one additional
extant species, Philippine colugo (Cynocephalus volans)
[22]. Colugos, primates, and treeshrews (Scandentia)
cluster together in a taxonomic subgroup Euarchonta
[23]. There is an ongoing dispute about the placement
of Dermoptera. Chromosome painting comparison of
these groups suggested that tree-shrews and colugos had
a closer phylogenetic relationship and formed a sister
group to primates [24]. However, screening of protein-
coding exons indicated that colugos are closer to pri-
mates than to tree-shrews [25]. In either scenario, the
split of the dermopteran lineage is estimated to be be-
tween 80–90 MYA. This is considerably older than the
highest estimate of the ELVgv insertion age and indicates
that the genome invasion was an independent event in
Dermoptera. In accordance with this fact, about half of
the ELVgv integration sites could be identified in pri-
mates and other mammals in its empty pre-integration
form (data not shown). It will be informative to ascertain
the presence of ELVgv in the Cynocephalus genus, which
diverged from the genus Galeopterus about 18.3 MYA
[25,26], and in the multiple subspecies of Galeopterus
variegatus [22]. The timescale of the ELVgv genome in-
filtration is at the upper limit of the previously described
lentiviral invasions in leporid species (12 MYA) [3,7], le-
murs (4.2 MYA) [4,5] and ferrets (12 MYA) [6,8]. The
source and ancestral relationships between these ancient
lentiviruses are not possible to resolve with the current
data due to the inconclusive nature of phylogenetic

analyses. The ancient origin and presence in a poten-
tially closest relative of primates makes the colugo virus
an interesting addition to the lentivirus family and may
add to our understanding of lentivirus evolution.

Additional files

Additional file 1: ELVgv consensus sequence with annotation. The
positions of individual virus genes and their domains were determined
by alignments with other lentiviral genomes. In the env gene, the
position of signal peptide, transmembrane region in TM, and the furin
cleavage site between SU and TM subunits were determined by
dedicated prediction servers [12-14]. SU, surface glycoprotein; TM,
transmembrane glycoprotein; polyA, polyadenylation site.

Additional file 2: ELVgv consensus sequence. Sequence identical to
Additional file 1, provided in simple text format.

Additional file 3: (Upper) RNA secondary structure motifs predicted
by mfold thermodynamic folding algorithm, with the associated
change in Gibbs free energy (dG) [10]. (Lower) Alignment of
homologous regions of the deduced amino acid sequence of ELVgv
orf2 with HIV-1 Tat [GenBank:ABF00629.1].

Additional file 4: Alignment of retroviral RT amino acid sequences.
The alignment of 16 retroviral RT amino acid sequences used to generate
the tree in Figure 3A. RT domains from the following viruses were used:
HIV-1 [GenBank:K03455]; simian immunodeficiency virus, SIV [GenBank:
NC758887]; FIV [GenBank:NC001482]; equine infectious anemia virus, EIAV
[GenBank:NP_056902]; Visna/maedi virus [GenBank:NC001452]; caprine arthritis
encephalitis virus, CAEV [GenBank:NP_040939]; bovine immunodeficiency
virus, BIV [GenBank:NP_040563]; Rous sarcoma virus, RSV [GenBank:AF033808];
Mason-Pfizer monkey virus, MPMV[ GenBank:NC001550]; murine leukemia
virus, MLV [GenBank:NC001501]; walleye dermal sarcoma virus, WDSV
[GenBank:AF033822]; simian foamy virus, SFV [GenBank:NC001364]; bovine
leukemia virus, BLV [GenBank:NC_001414]; human T-lyphotropic virus 1,
HTLV-1 [GenBank:D13784]; HTLV-2 [GenBank:M10060].

Additional file 5: Alignment of lentiviral gag-pol nucelotide sequences.
The alignment of 35 conserved regions of gag and pol lentiviral sequences
from Gilbert et al. [5], together with the recently described ELVmpf [6,8] and
the ELVgv described here. This alignment was used to generate the tree in
Figure 3B.

Additional file 6: Phylogenetic relationship of ELVgv to other
lentiviruses using Bayesian analysis. The same alignment of 33
lentiviral gag-pol sequences as in ML analysis in Figure 3B was used.
Bayesian analysis was run for 1,000,000 steps, sampling every 5,000 steps
and discarding first 25% of the trees. Average standard deviation of split
frequencies converged bellow 0.001. The GTR+I+gamma nucleotide
model (a General Time Reversible model with a proportion of invariable
sites and a gamma-shaped distribution of rates across sites) was employed
in MrBayes program [18]. Appropriate model was selected using program
jModeltest vs (Darriba D, et al: jModelTest2: more models, new heuristics
and parallel computing. Nat Methods 2012, 9:772). Values of posterior
probabilities are shown. Grey lines designate groups of exogenous lentiviruses.
The endogenous lentiviruses are denoted by black dots. Scale bar indicates
number of nucleotide substitutions per site.

Additional file 7: Phylogenetic relationship of three full-length
ELVgv insertions to other lentiviruses using ML analysis. The same
alignment of lentiviral gag-pol sequences as in ML analysis in Figure 3B
was used, with the ELVgv consensus sequence substituted by sequences
of proviruses I, II and III. The alignment was generated in MEGA5 program
[15] using the MUSCLE algorithm [16]. The ML analysis was performed
using MEGA5 program under Tamura-Nei model, Nearest-Neighbor-
Interchange ML heuristic method and otherwise default parameters. Bootstrap
supports (percent out of 1,000 replicates) are shown. Grey lines designate
groups of exogenous lentiviruses. The endogenous lentiviruses are denoted
by black dots. Scale bars indicate number of nucleotide substitutions per site.

Additional file 8: List of ELVgv insertions residing in regions of
putative genome duplication. The table lists accession numbers for
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each pair of colugo genomic contigs that show large regions of apparent
segmental duplications (size up to ~ 20 kb). All contigs harbor ELVgv solo
LTR sequences in the duplicated regions. The genetic distance of the
duplicated region was used to estimate the age of the duplication event,
using the same formula as for the estimates based on LTR sequences.
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Abstract

Endogenous retroviruses are genomic elements formed by germline infiltration by originally exogenous viruses. These
molecular fossils provide valuable information about the evolution of the retroviral family. Lentiviruses are an extensively
studied genus of retroviruses infecting a broad range of mammals. Despite a wealth of information on their modern
evolution, little is known about their origins. This is partially due to the scarcity of their endogenous forms. Recently, an
endogenous lentivirus, ELVgv, was discovered in the genome of the Malayan colugo (order Dermoptera). This represents
the oldest lentiviral evidence available and promises to lead to further insights into the history of this genus. In this study,
we analyzed ELVgv integrations at several genomic locations in four distinct colugo specimens covering all the extant
dermopteran species. We confirmed ELVgv integrations in all the specimens examined, which implies that the virus
originated before the dermopteran diversification. Using a locus-specific dermopteran substitution rate, we estimated
that the proviral integrations occurred 21–40 Ma. Using phylogenetic analysis, we estimated that ELVgv invaded an
ancestor of today’s Dermoptera in an even more distant past. We also provide evidence of selective pressure on the TRIM5
antiviral restriction factor, something usually taken as indirect evidence of past retroviral infections. Interestingly,
we show that TRIM5 was under strong positive selection pressure only in the common dermopteran ancestor, where
the ELVgv endogenization occurred. Further experiments are required to determine whether ELVgv participated in the
TRIM5 selection.

Key words: endogenous retrovirus, dermoptera, TRIM5.

Introduction
Endogenous retroviruses (ERVs) are genomic elements pre-
sent in all the vertebrate genomes hitherto analyzed. They are
formed when an originally exogenous retrovirus integrates
into the host germline genome and becomes transmitted
from generation to generation. The vast majority of these
“viral fossils” are of ancient origin and thus provide valuable
insight into the evolutionary history of retroviruses and their
interactions with hosts. The phylogenetic structure of ERVs
matches that of the main genera of the exogenous retrovi-
ruses hitherto described. However, the diversity of ERVs is
much greater, as they represent the footprints of viral infec-
tions that occurred throughout the entire retroviral evolution
(Hayward et al. 2015; Johnson 2015). The basic approach
to uncovering the origin and phylogenetic relationships
between particular retroviral genera is through the genetic
analysis of ERV lineages.

There are several methods to estimate the time interval
when a specific ERV infiltrated the germline of its host species.
The most straightforward way is to determine the presence or
absence of ERV in the genomes of phylogenetically related
species (Johnson 2015). In general, any ERV infiltration should
have occurred in the most recent common ancestor of all the
ERV-positive species. This method is very robust, but it only

yields a broad interval for the ERV age. A second approach,
which yields age estimates for specific ERV integrations, in-
volves the sequence analysis of viral long terminal repeats
(LTRs). The 50 and 30 LTRs are formed during retroviral reverse
transcription and should be identical at the time of integra-
tion. Integration can therefore be dated using the LTRs’ se-
quence divergence generated post-integration at the genome
substitution rate (Johnson and Coffin 1999). A third method
uses the fact that ERV integration can be dated if the genomic
locus with the ERV integration is duplicated. If the virus is
present in both regions, then the duplication event must have
occurred after virus integration. Therefore, the age of the
duplication provides a lower estimate for the ERV integration
(Katzourakis et al. 2007; Hron et al. 2014). The fourth—and
the most sophisticated—approach involves the time-
calibrated phylogenetic analysis of orthologous proviral se-
quences from multiple species (Tonjes and Niebert 2003;
Jha et al. 2009, 2011; Kamath et al. 2014). In addition to de-
scribing individual integrations, this method is able to reveal
the evolutionary history of the entire ERV lineage.

Apart from the study of ERV sequences, additional indirect
evidence for ancient retroviral infections can be obtained
by identifying positively selected host antiretroviral factors
(Aswad and Katzourakis 2012). This is based on the
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assumption that antiviral factors are forced to continually
adapt to the infecting virus. A great example of such virus-
host coevolution is provided by the TRIM5 restriction factor,
which blocks retroviral infection by binding the capsid (CA)
component of the viral core (Stremlau et al. 2004; Perez-
Caballero et al. 2005). The antiretroviral activity of this protein
is determined mainly by the B30.2 domain, which has been
clearly shown to have been subjected to positive selection
pressure (Sawyer et al. 2005). In fact, TRIM5 evolution also
reflects ancient lentiviral infections. In lagomorphs (rabbits
and hares) and primates, the pattern of positive selection
and/or antiretroviral activity of TRIM5 have been linked to
the presence of endogenous lentiviruses (Fletcher et al. 2010;
de Matos et al. 2011; Rahm et al. 2011; Yap and Stoye 2013;
McCarthy et al. 2015).

Lentiviruses represent one of the most extensively studied
retroviral genera, mainly because of their ability to cause var-
ious chronic diseases in a broad range of mammals. They also
constitute a major public health concern due to the HIV/
AIDS pandemic. Until recently, lentiviruses were regarded as a
young retroviral genus and no endogenous counterparts were
known. This changed in 2007, when the first endogenous
lentivirus was discovered in the rabbit genome (Katzourakis
et al. 2007). There followed the discoveries of other endoge-
nous lentiviral lineages in lemurs, ferrets and colugos
(Gifford et al. 2008; Cui and Holmes 2012; Hron et al. 2014).
All these lineages are quite distant from the extant lentivi-
ruses, forming deep, separate branches in the lentiviral
phylogeny.

The lemur virus, pSIV, is the only documented case of
endogenous lentivirus in primates. Its individual proviral se-
quences integrated�3–6 Ma (Gifford et al. 2008; Gilbert et al.
2009). Lentiviral endogenization in rabbits and ferrets seems
to have occurred deeper in the past—�12 Ma (Keckesova
et al. 2009; van der Loo et al. 2009; Cui and Holmes 2012; Han
and Worobey 2012). The oldest known lentiviral lineage is
represented by the colugo endogenous lentivirus, ELVgv.
The dates of the individual ELVgv integrations fall into the
5–30 Ma interval (Hron et al. 2014; Han and Worobey 2015).
In all of the earlier-mentioned cases, no detailed phylogenetic
analysis was performed that could be used to derive the evo-
lutionary history of the ERV lineage.

The Malayan colugo (Galeopterus variegatus), the modern
descendant of an ancient ELVgv host, is a mammal found in
Southeast Asia. It belongs to the order Dermoptera, which
contains only two extant genera, Galeopterus and
Cynocephalus, which split �15 Ma (Janecka et al. 2008).
The Dermoptera are considered the closest order to the order
primates, from which they split �81 Ma (Hedges et al. 2006;
Janecka et al. 2007).

In this work, we focus on the endogenous lentivirus ELVgv
in the colugo genome. It is the oldest lentiviral lineage de-
scribed to date and can therefore provide a valuable insight
into the origins of lentiviruses. Using genomic DNA samples
from multiple dermopteran species, we uncovered the evo-
lutionary history of ELVgv and estimated the time when it
invaded the host genome. To obtain indirect evidence of past
retroviral infections in Dermoptera, we also sequenced the

dermopteran TRIM5 restriction factor and described the
signature of its positive selection.

Results and Discussion

Detection of ELVgv Integrations in Dermoptera
In our previous work, we showed the presence of ELVgv in the
genomic draft assembly of Malayan colugo (Hron et al. 2014).
This is the only dermopteran species whose genome assembly
is publicly available (GenBank: GCA_000696425; the speci-
men that was sequenced is designated here as GVAgb). To
narrow down the time interval of ELVgv endogenization, we
decided to detect its sequence in the genomes of different
colugo specimens. Three samples of genomic DNAs, covering
both of the extant dermopteran genera, were kindly provided
by W. Murphy (Texas A&M University). These included two
G. variegatus subspecies (designated as GVA3, and GVA5)
and Cynocephalus volans (CVO) (Janecka et al. 2008). Due
to the very low amounts of DNA available, we performed
most of the following experiments with whole genome
amplified samples (see Materials and Methods section).

First, we checked for the presence of an ELVgv proviral
sequence in the dermopteran samples. This was done by PCR
amplification with two primer pairs targeting the ELVgv re-
verse transcriptase (RT), the most conserved retrovirus gene.
Interestingly, we confirmed the presence of ELVgv sequences
in all the genomic samples analyzed (fig. 1; RT1 and RT2).
To describe the pattern of particular proviral integrations
in Dermoptera, we then focused on three full-length ELVgv
copies previously described in GVAgb genome assembly (des-
ignated here as A, B and C, corresponding to proviruses I, II
and III, respectively, in the previous study) (Hron et al. 2014).
Using primers that specifically amplify the junctions of viral
30-LTR and dermopteran genomic DNA, we detected all three
proviral integrations in each dermopteran specimen (fig. 1; 30

junction). PCR analysis with primers detecting empty pre-
integration sites did not yield any product, which implies
that all three integrations are homozygous in the animals
tested. To exclude cross-contamination and wrong identifi-
cation of genomic DNA in our samples, we PCR-amplified
and sequenced control genomic loci in dermopteran genes
previously described (Janecka et al. 2008). Their comparison
with previously published sequences for individual species
was in good agreement (supplementary fig. S1,
Supplementary Material online), confirming the identity of
the genomic samples and the absence of contamination.

These results imply that the A, B and C integrations
all occurred in the common ancestor of Galeopterus and
Cynocephalus and therefore must be older than the split
of both species (�15.3 Ma; Hedges et al. 2006). These are
surprising findings, considering the fact that the provirus A
integration was previously estimated to have taken place in
the interval of 5.1–10.3 Ma (Hron et al. 2014).

Sequencing of ELVgv Proviruses in Dermopteran
Specimens
To obtain more information for each of the ELVgv integra-
tions (A, B and C), we decided to sequence proviral DNA
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from all three dermopteran individuals (GVA3, GVA5, CVO).
Due to the limited amount and fragmentary nature of whole
genome-amplified DNA, we decided to sequence only the 50

parts of the proviruses (fig. 2). Using a set of primers anchored
in the 50 flank of the dermopteran genome and in the proviral
regions, we amplified and sequenced four ELVgv fragments
�3 kilobases (kb) in length and four shorter fragments 0.7–
1 kb in length. In the GVA3 specimen, we were able to amplify
only the very end of the provirus C sequence, probably either
due to the low quality of whole genome-amplified template
DNA or due to the mutations/deletions in the regions tar-
geted by the primers. The short sequence amplified was ex-
cluded from further analyses. All together, we obtained a total
of 11 partial ELVgv sequences from four animals, including
three provirus sequences reconstructed in silico in GVAgb
genome assembly (GenBank: KX022581-9).

The A, B and C proviruses, which represent independent
integration events, are mutually different, as described before
(Hron et al. 2014). All proviral sequences analyzed contain

number of nonsense mutations and indels in their coding
regions (supplementary fig. S2, Supplementary Material on-
line). Moreover, each provirus differs in many sites between
individual animals (fig. 2). These differences have accumu-
lated in the provirus after the split of the dermopteran line-
ages analyzed. The differences detected include: substitutions,
short indels and three long insertions (formed by integrations
of SINE and LINE repetitive elements). For each provirus, the
sequences in CVO always substantially differ from the se-
quences in Galeopterus (GVA3, GVA5, GVAgb), reflecting
the separate evolution of the Cynocephalus and Galeopterus
species. The pattern of sequence differences observed for
each proviral integration enabled us to analyze the ELVgv
evolutionary history in Dermoptera.

Improved Timing Estimates of ELVgv Integrations
As mentioned earlier, the fact that the A, B, and C proviruses
can be detected in both the Cynocephalus and Galeopterus
genomic DNA samples indicates that they all entered the

FIG. 1. Detection of ELVgv integrations in the dermopteran genomic samples. Upper: schematics of ELVgv provirus with primer positions. Lower:
PCR amplifications using primers targeting two regions of the ELVgv reverse transcriptase (RT), the three individual virus-host junctions and their
corresponding pre-integration sites (proviruses A, B, and C), and two control loci (FES, CHRNA1) in dermopteran genome (Janecka et al. 2008).
CVO, C. volans specimen; GVA3, GVA5, G. variegatus specimens; NTC, nontemplate PCR control.
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dermopteran germline before the two genera diverged
(�15.3 Ma). Furthermore, ELVgv is limited exclusively to
Dermoptera and is not found in other mammals (Hron
et al. 2014). Since Dermoptera split from the other mammals
�81.3 Ma (Hedges et al. 2006), the time interval when ELVgv
endogenization must have occurred is 15.3–81.3 Ma.

Previously, the LTR-aging method has been used to date
ELVgv integrations (Hron et al. 2014). The method used a
range of average mammalian substitution rates (2.2–
4.5�10� 9 per site per year). However, this range represents
only a rough estimate, as substitution rates greatly vary across
species and genomic loci (Hodgkinson and Eyre-Walker
2011). We therefore decided to calculate relevant locus-
specific substitution rates to obtain more accurate dates
for ELVgv integrations (Martins and Villesen 2011). As men-
tioned earlier, we partially sequenced ELVgv proviruses in
both Galeopterus and Cynocephalus, whose divergence time
is known. This enabled us to estimate the substitution rate
for each proviral locus (table 1; details available in Materials

and Methods). These estimated substitution rates were 0.95,
1.25 and 1.57�10� 9 per site per year for provirus A, B and C,
respectively. For control purposes, we also calculated substi-
tution rates for several dermopteran genes for which both
Galeopterus and Cynocephalus sequences are publicly avail-
able, obtaining values in the range of 0.732–1.34�10� 9 per
site per year. All the estimates we obtained show only slight
variation and are substantially lower than the average mam-
malian rates used in previous works. These new low values are
consistent with a recent study that proposed an average
dermopteran substitution rate of 0.69�10� 9 per site per
year (Perelman et al. 2011).

We used the LTR-aging method with these new values and
obtained more accurate estimates for the A, B and C integra-
tion ages: 21.1, 37.6 and 40.0 Ma, respectively (table 1). This
almost doubles the ages suggested previously (Hron et al.
2014). This is consistent with the earlier-mentioned broad
time interval for ELVgv endogenization (15.3–81.3 Ma). On
the other hand, the LTR-aging method may yield too low an

FIG. 2. Sequence variability of three ELVgv proviruses integrated in the dermopteran genome. Upper: Schematic depiction of ELVgv genomic
organization (Hron et al. 2014). Region analyzed by sequencing is highlighted by grey box. Lower: Graphical representation of individual partial
proviral sequences, with scale indicated earlier. Each line represents one proviral sequence in particular specimen (CVO, GVA3, GVA5, GVAgb).
Three blocks of lines correspond to the three proviral integrations (A, B, and C), where the sequence from GVAgb is taken in each case as a
reference. Vertical lines indicate single nucleotide substitutions relative to the reference sequence. Insertions and deletions are depicted by upward
and downward-pointing triangles, respectively, with the length indicated below. Heterozygous sites are indicated by asterisks.
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estimate in cases where gene conversion between 50 and 30

LTRs occurred (Kijima and Innan 2010). Moreover, the esti-
mated ages of very old integrations may be imprecise, as the
more recent substitution rates on which they are based might
not apply.

More information about the age of ERV integration can be
obtained in cases where the genomic locus containing ERV
integration site is duplicated. This has previously been used to
corroborate the age estimates for RELIK infiltration into the
rabbit genome (Katzourakis et al. 2007) and for ELVgv infil-
tration into the colugo genome (Hron et al. 2014). The weak
point of this method is that it is dependent on the correct
genomic assembly of the duplicated regions, a task made
extremely difficult due to their high degree of similarity.

In view of this, we proceeded to experimentally confirm
the presence of the putative ELVgv-containing duplications in
our genomic DNA dermopteran samples using quantitative
digital droplet PCR (ddPCR) method. Out of the seven pre-
viously described ELVgv integrations in duplicated regions
(Hron et al. 2014), only two were suitable for PCR primer
design due to their extremely high genomic repeat content.
One of these regions (region G2; supplementary fig. S3,
Supplementary Material online) shows copy number values
consistent with duplication or even multiplication. However,
the other region (region G1; supplementary fig. S3,
Supplementary Material online) has a copy number consis-
tent with single copy genomic locus. For control purposes, we
also tested two out of three putatively duplicated RELIK in-
tegrations in the rabbit genome (Katzourakis et al. 2007).
Both of these regions yielded copy number values confirming
their multiplication. These data indicate that duplications
implied by genomic assemblies might be incorrect. Their con-
firmation by experiment is, therefore, required for this aging
method to be reliable.

Evolutionary History of ELVgv
It is generally assumed that all proviruses forming a single ERV
group are the descendants of a single original integration (Jern
and Coffin 2008). To describe the mutual relationships of A, B
and C proviruses, we constructed their maximum likelihood
(ML) phylogeny (fig. 3B). The tree topology was strongly sup-
ported by high bootstrap values. As expected, the branches
corresponding to each provirus cluster monophyletically,
which is consistent with the finding that their integrations
precede the split of the species analyzed. The tree also indi-
cates that the most recent common ancestor (MRCA) of A
and B originated from the MRCA of all three proviruses.
Additionally, divergences between 50 and 30 LTRs (table 1),

which reflect the accumulated evolutionary changes follow-
ing proviral integration, were used to identify points corre-
sponding to the provirus integrations. The distance was
measured from the tips of the GVAgb branches, for which
the LTR aging had been calculated (fig. 3B; arrows). As ex-
pected, the estimated integrations lie, in all three cases, on the
branch corresponding exclusively to the provirus concerned
and precede the MRCA of the species analyzed. The ML
phylogeny was further corroborated using the Bayesian ap-
proach. The tree topology and branch lengths of the Bayesian
tree were in good agreement with the ML tree (data not
shown).

According to the molecular clock hypothesis, the nodes of
a phylogenetic tree can be calibrated using known evolution-
ary events, such as species divergence times (Drummond
et al. 2006). Our ML phylogeny, coupled with the use of
the Galeopterus/Cynocephalus divergence time as a calibra-
tion constraint, allowed us to estimate the time when differ-
ent ELVgv lineages originated (fig. 3A). The ages of the A/B
and A/B/C MRCAs were estimated at �40 and 60 Ma, re-
spectively. We corroborated the ML analysis by the Bayesian
approach using BEAST2 (Bouckaert et al. 2014). This ap-
proach yielded the estimated ages of 37.1 Ma (95% highest
posterior density interval 27.6–46.0) for the A/B MRCA and
53.1 Ma (38.1–65.9) for the A/B/C MRCA. These intervals are
consistent with the ML estimates.

Taken together, this phylogenetic analysis allowed us to
estimate the evolutionary ages of individual ELVgv integra-
tions and the relationships between them. We show that
ELVgv infiltration of the dermopteran germline occurred ap-
proximately between 60 and 20 Ma. However, these data
should be regarded with caution. One reason is that the virus
life history from the MRCA until the time of the provirus
integration may have involved exogenous stages, i.e., the en-
dogenous copy may have undergone several cycles of rein-
fection or retrotransposition. During such stages, the virus
would have been subjected to exogenous retrovirus substitu-
tion rates, which are six orders of magnitude higher than
neutral host substitution rates (Li et al. 1988). This would
have reduced the estimated MRCA-to-integration interval.
This uncertain part of ELVgv’s life history is denoted by the
dashed line (fig. 3A).

The time we propose for ELVgv endogenization implies
that this lentiviral lineage infected the ancestors of the extant
Dermoptera after their split from the other mammalian
orders. As ELVgv is the most ancient lentivirus identified
to date, the genus Lentivirus originated >40 Ma, possibly
even >60 Ma, i.e., before the beginning of the Cenozoic era.

Table 1. Dermopteran Substitution Rate Calculation and LTR Aging of ELVgv Proviruses.

Provirus Divergence between GVA and
CVO [substitutions/nt]

Substitution Rate
[substitutions/nt/year]

Integration Time Estimation
Based on LTR Aging

GVAgb/CVO GVA5/CVO GVA3/CVO Average LTR Divergence
[substitution/nt]

Age Estimate
[millions of years]

A 0.0263 0.0328 0.0281 0.0291 0.95�10�9 0.0401 21.1
B 0.0382 0.0384 0.0379 0.0381 1.25�10�9 0.0937 37.6
C 0.0462 0.0500 – 0.0481 1.57�10�9 0.1259 40.0
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This age is still much lower than the presumed origin of the
rest of the retroviral family, which is estimated to be>100 My
old (Katzourakis et al. 2009; Johnson 2015). If more endoge-
nous lentiviral sequences are found, it is possible that the
origin of the lentiviral genus will be moved even further
into the past.

Identification and Positive Selection Analysis of
Dermopteran TRIM5
As the long-term occurrence of retroviral infections usually
creates a selective pressure on host antiretroviral factors, we
tried to investigate the pattern of positive selection acting on
one of the most studied host restriction factors, TRIM5. We
chose the longest TRIM5a protein isoform, which was re-
ported to have the restriction activity (Stremlau et al.
2004). First, we assembled a TRIM5a coding sequence
(GenBank: BK009414) from publicly available RNA-seq data
from GVAgb (details in Materials and Methods). This se-
quence is predicted to encode a protein of 486 amino acids,
with one noncoding and seven coding exons, similarly to
human TRIM5a structure. Using this sequence information,
we designed primers to amplify and sequence TRIM5a coding
regions from the dermopteran genomic DNA samples
(GVA3, GVA5, CVO). In addition to the TRIM5a sequence

from GVAgb reconstructed in silico, we obtained >91% of
the TRIM5a coding sequences from GVA3, GVA5 and CVO
(GenBank: KX022578-80). To check that we sequenced real
orthologs of TRIM5 and not some other member of the TRIM
family, we constructed a ML tree for the dermopteran se-
quences along with TRIM5 and its closest paralogs (TRIM22
and TRIM33) from other mammals (supplementary fig. S4,
Supplementary Material online). This constitutes the first
experimental identification of an antiviral restriction factor
from the order Dermoptera.

To analyze the selection pressures acting on the TRIM5
restriction factor, we used the dataset of dermopteran coding
sequences together with sequences from selected primates,
which represent the closest order to the order Dermoptera.
The ML tree generated from these TRIM5a sequences showed
the well-supported topology corresponding to the phyloge-
netic relationships expected between the species (fig. 4).

The general measure of natural selection is the dN/dS, i.e.,
the ratio of the nonsynonymous substitution rate (dN) and
the synonymous substitution rate (dS) pertaining to the cod-
ing sequence analyzed. To estimate dN/dS values for our
dataset, we used the PAML 4.7 software (Yang 2007) and
the Datamonkey web server (Pond and Frost 2005a;
Delport et al. 2010). In agreement with previous studies

FIG. 3. Evolutionary analysis of three ELVgv integrations. (A) Schematic depiction of ELVgv life history. The bottom axis depicts evolutionary time
since present in millions of years. Ages of the most recent common ancestors of analyzed proviruses were estimated from ML phylogeny by
assuming a known time of the Galeopterus/Cynocephalus split. Dashed line indicates the time preceding the integration of each provirus. Various
evolutionary events are shown in the bottom part of the scheme. (B) ML tree of ELVgv proviral nucleotide sequences. Different colors correspond
to the three proviral integrations (A, B, and C). Numbers next to nodes correspond to bootstrap values. Points corresponding to the estimated
integration events of each provirus (details in main text) are depicted by arrows. Scale bar represents number of substitutions per nucleotide.
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(Sawyer et al. 2007), the overall dN/dS calculated for each
branch (fig. 4) showed alternating patterns of positive selec-
tion among primate species. In the dermopteran branch, the
values do not point to strong positive selection.

In general, the majority of sites in a protein are subjected to
purifying selection pressure conserving the protein function
and only a few sites are free to diversify (Yang et al. 2000).
Therefore, we also employed more sensitive branch-site
model analysis assuming the variation of dN/dS in each
sequence (Yang and Nielsen 2002; Zhang et al. 2005) and
calculated the significance of positive selection for each
branch using likelihood-ratio test. Specifically, we used the

branch-site model of positive selection (Zhang et al. 2005)
in the PAML software and the branch-site Random Effect
Likelihood (REL) test for episodic positive selection (Pond
et al. 2011) in Datamonkey. The results are summarized in
table 2. As expected, highly significant positive selection
(dN/dS¼ 4.0 in 16.3% of the amino acid residues, P val-
ue< 0.0001) was detected for the entire primate clade.
In contrast, no evidence of positive selection was detected
for individual dermopteran species nor for the internal
branches of the dermopteran clade (fig. 4; nodes I and II).
Importantly, Datamonkey detected strong positive
selection (dN/dS¼ 12.6 in 10.4% of the amino acid residues,

FIG. 4. Analysis of selective pressures acting on TRIM5a sequence in dermopteran and primate species. ML tree of TRIM5a coding nucleotide
sequences is shown. Bootstrap support values are depicted either as closed circles (bootstrap support> 95%) or open circles (bootstrap< 95%)
for each node. Ages of most recent common ancestors, suggested in TimeTree (Hedges et al. 2006), are denoted next to the corresponding nodes in
millions of years (MY). Values above terminal branches correspond to mean dN/dS estimates calculated in Datamonkey. This values do not differ
by> 10% from the results obtained using PAML (data not shown). Result from the branch-site REL test for episodic positive selection performed in
Datamonkey is shown for the branch leading to the dermopteran clade (node III). Specifically, dN/dS estimates of the two classes of codons with
the percent of codons falling into each class are depicted. Scale bar represents number of substitutions per nucleotide.

Table 2. Significance of Positive Selection Pressure Acting on TRIM5a in Particular Primate and Dermopteran Lineages.

Clade Test of Positive
Selection (PAML)a

Test of Episodic Positive
Selection (Datamonkey)b

dN/dS (%)c LRT P valued dN/dS (%)c LRT P valued

GVAgb n.a. 0.000 1.0000 737.2 (0.3%) 7.988 0.0400*
GVA3 n.a. 0.000 1.0000 1.8 (43.0%) 0.068 1.0000
GVA5 n.a. 0.000 1.0000 1.1 (80.1%) 0.014 1.0000
CVO n.a. 0.000 1.0000 275.2 (0.4%) 1.868 0.8587
Node I 8.0 (11.1%) 0.630 0.4275 3.0 (66.8%) 0.677 1.0000
Node II n.a. 0.000 1.0000 25.8 (0.9%) 1.979 0.9567
Node III 19.6 (5.1%) 10.352 0.0013** 12.6 (10.4%) 15.686 0.0007***
Dermoptera 5.8 (2.6%) 2.233 0.1351 – – –
Primates 4.0 (16.3%) 23.402 <0.0001**** – – –

aBranch-site test of positive selection in codeml program of PAML package.
bBranch-site REL test for episodic positive selection in Datamonkey web server.
cdN/dS ratio estimate of the class of codons under positive selection with the percentage of codons falling into this class designated in parentheses.
dP values calculated from likelihood ratio test (LRT) statistics, level of significance is expressed by asterisk.
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P value¼ 0.0007) in the MRCA of the dermopteran clade
(fig. 4; node III). PAML analysis yielded similar results with
similar significance levels.

Next, we tried to locate the individual sites under positive
selection in the dermopteran TRIM5a. We calculated the dN/
dS values for each position across the entire TRIM5a align-
ment (supplementary fig. S4, Supplementary Material online).
Clusters of residues with high dN/dS values clearly overlap
with the V1–V4 variable regions in the B30.2 domain. These
variable regions are known to determine the virus specificity
of the TRIM5a restriction activity (Yap et al. 2005; James et al.
2007). Further, individual TRIM5a residues subjected to sta-
tistically significant positive selection were detected using
the REL (Pond and Frost 2005b) and Mixed Effects Model
Evolution (MEME) analyses (Murrell et al. 2012) implemented
in Datamonkey (supplementary fig. S4, Supplementary
Material online). These analyses identified 16 positively se-
lected TRIM5a residues with P value<0.05 (for MEME) or
Bayesian factor> 50 (REL). More than 80% of these sites
were also confirmed (with posterior probability> 90%) by
BEB analysis in PAML (Yang et al. 2005). Six out of eight of
the positively selected residues detected in the B30.2 domain
reside in the variable regions, as depicted in the protein align-
ment (supplementary fig. S4, Supplementary Material online).
Interestingly, at five positively selected positions in the B30.2
domain, the specific amino acid residue was conserved in all
dermopteran sequences. This suggests that the positive selec-
tion did not act on these residues after the divergence of the
extant dermopteran species, but may have acted on their
ancestor.

In summary, we obtained strong evidence that TRIM5 was
under positive selection pressure exclusively in the common
ancestor of the extant Dermoptera and not in the individual
dermopteran species. This implies that the selection of the
dermopteran TRIM5 is episodic in nature and could have
occurred anytime since the origin of the dermopteran lineage
up until the diversification of its extant species. We were not
able to specify the timing of this episode more precisely, be-
cause no other extant dermopteran species are known.
Interestingly, this interval includes the period of ELVgv endo-
genization. Therefore, ELVgv could have contributed to the
observed selection pressure on TRIM5. As TRIM5a restricts a
broad range of retroviruses (Wolf and Goff 2008), any such
retrovirus species that infected the dermopteran ancestor
could have also participated in the selection. Indeed, the
Galeopterus genome assembly contains multiple ERV lineages
in addition to ELVgv (data not shown). Further experimental
work, including functional assays, would be needed to sup-
port the existence of an arms race between the dermopteran
TRIM5 and ELVgv. Such a scenario has been proposed for the
RELIK endogenous lentivirus, where virus presence correlates
with the positive selection of lagomorph TRIM5 (Fletcher
et al. 2010; de Matos et al. 2011; Yap and Stoye 2013).
A previous study of various lemur species showed that the
variation of TRIM5a restriction specificity depends on the
presence of insertion in the V2 region of the B30.2 domain
(Rahm et al. 2011). Interestingly, the V1, V2 and V3 regions
of the dermopteran TRIM5a contain several short indels,

when compared with primate sequences (supplementary
fig. S4, Supplementary Material online). Further analysis
of the impact of these mutations on TRIM5a antiretroviral
activity could provide valuable insight into the evolution of
this restriction factor in the dermopteran lineage.

Conclusion
The analysis of orthologous proviral sequences from several
dermopteran species allowed us to study the evolutionary
history of the ELVgv endogenous lentivirus residing in the
colugo genome. Our findings strongly suggest that this virus
represents the oldest evidence of lentiviral existence to date
and move the estimated origin of the lentivirus genus sub-
stantially deeper into the past. ELVgv was probably active
during a broad time interval prior to the divergence of the
extant dermopteran species, �20–60 Ma. We also provide
evidence for episodic positive selection acting on the TRIM5
antiviral restriction factor in the common ancestor of the
extant Dermoptera. Furthermore, we describe several posi-
tively selected residues of the TRIM5a protein which may
be involved in its antiviral activity.

Materials and Methods

Whole-Genome Amplification and Validation of
Dermopteran Samples
Genomic DNA samples of two G. variegatus subspecies
(G. v. peninsulae, designated as GVA3 and G. v. variegatus,
designated as GVA5) and of C. volans (CVO) were provided
by W. Murphy (Texas A&M University). The sample identity
was confirmed by PCR amplification of FES and CHRNA1 loci,
which were described for these specimens before (Janecka
et al. 2008), using Colugo1F/1R and Colugo2F/2R primer pairs,
respectively (supplementary table S1, Supplementary
Material online). The CHRNA1 locus was verified by sequenc-
ing of the PCR products in all specimens and comparison
with previously described sequences. Due to the very low
amounts of DNA, the whole genome amplification of samples
was performed using the Illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare), as described by the
manufacturer.

PCR Amplification and Sequencing of ELVgv
Proviruses and TRIM5 Orthologs
The ELVgv RT region was amplified using two primer pairs,
ELVgvF1/R1 and ELVgvF2/R2 (supplementary table S1,
Supplementary Material online), yielding PCR products of
�245 and 215 bp, respectively. The short junctions between
ELVgv 30 end and the dermopteran genomic DNA were am-
plified with one primer anchored in ELVgv 30-LTR (primer
ColugoLTR) and the second primer anchored in the 30 flank-
ing region of proviruses A, B and C (primers ColugoA1/B1/
C1). The PCR products from proviruses A, B and C were 359,
337 and 268 bp long, respectively, and their identity was ver-
ified by sequencing. The empty pre-integration sites were
detected using primer pairs ColugoA1/A2, ColugoB1/B2
and ColugoC1/C2. To amplify the 3-kb regions from 50 parts
the ELVgv proviruses, a semi-nested PCR approach was used:
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first amplification was performed with internal viral primer
ELVgvR1 and a second primer anchored in the 50 flanking
region of proviruses A, B and C (primers ColugoA2/B2/C2).
Second PCR was then performed with viral primer ELVgvR2
and the same flanking primer as in the first PCR. In cases
when this approach was not successful, variant viral primers
ELVseq8 or ELVseq10, closer to the 50 flank, were used. The
PCR products obtained were sequenced; in cases when het-
erozygosity was detected, the products were subcloned and
multiple clones were resequenced.

TRIM5a sequence of G. variegatus was reconstructed using
the colugo genome draft assembly and high-throughput ge-
nomic and RNA-seq data (accession numbers: SRR585693,
SRR593622, SRR1261671, and SRR1261617) available at the
National Center for Biotechnology Information (NCBI) se-
quence read archive (SRA). Based on this sequence, the fol-
lowing PCR primers were designed to amplify and sequence
TRIM5a gene fragments from dermopteran genomic DNA:
Trim_f1/Trim_r1 for amplification of exons 2 and 3; Trim_f2/
Trim_r2 for exon 4 amplification; Trim_f3/Trim_r3 for am-
plification of exons 6, 7, and 8.

Datasets
A total of 11 proviral nucleotide sequences were used in
evolutionary analysis of ELVgv. These sequences correspond
to three sets of orthologous viral integrations in four dermop-
teran specimens.

To detect the signature of positive selection acting on the
dermopteran and primate TRIM5 orthologs, protein-coding
nucleotide sequences with following GenBank accession
numbers were used: Homo sapiens (NM_033034), Pan trog-
lodytes (NM_001012650), Gorilla gorilla (AY843510), Pongo
pygmaeus (AY843513), Callithrix pygmaea (AY843512),
Nomascus leucogenys (DQ229283), Macaca mulatta
(AY523632), and four dermopteran sequences.

In the phylogenetic analysis of dermopteran and primate
TRIM paralogs, following protein-coding nucleotide se-
quences were used in addition to the TRIM5 dataset men-
tioned earlier: M. mulatta TRIM22 (NM_001113359), Pongo
abelii TRIM22 (NM_001159808), H. sapiens TRIM22
(NM_006074), P. troglodytes TRIM22 (NM_001113396),
G. gorilla TRIM22 (XM_004050562), P. abelii TRIM5 (NM_
001131070), Callithrix jacchus TRIM5 (XM_009007572), C. jac-
chus TRIM22 (XM_009007574), N. leucogenys TRIM22
(NM_001280099), H. sapiens TRIM34 (NM_001003827),
P. troglodytes TRIM34 (NM_001205177), C. jacchus TRIM34
(XM_009007571), N. leucogenys TRIM34 (XM_003254844).

Copy-Number Analysis of Putative Genomic
Duplications
For accurate absolute quantification of putatively duplicated
genomic loci, ddPCR system QX200 (Bio-Rad, Hercules, CA)
was used. Each reaction mixture had a total volume of 20 ll,
containing 1� QX200 ddPCR Evagreen Supermix (Bio-Rad),
1 ng of genomic DNA (without whole genome amplification),
and 250 nM (each) the forward and reverse primers. The
reactions were treated for droplet generation according
to the manufacturer’s manual and then amplified with the

following conditions: 1 cycle of 5 min at 95 �C and then 40
cycles consisting of 15 s at 95 �C and 40 s at 59 �C followed by
1 cycle of 5 min at 72 �C, 5 min at 4 �C and 5 min at 90 �C.
Samples were analyzed by droplet reader and QuantaSoft
software (Bio-Rad) with thresholds set manually. Primers
used for ddPCR (supplementary table S1, Supplementary
Material online) were: RbXf and RbXr (control genomic locus
in rabbit X chromosome; oryCun2 rabbit genomic assembly,
chrX:15,687,175-259); RbYf and RbYr (control genomic
locus in rabbit Y chromosome; GenBank: AY785433); R1f
and R1r (R1 putative duplication in rabbit genome;
GenBank: AAGW02078017); R2f and R2r (R2 putative dupli-
cation in rabbit genome; GenBank: AAGW02075161);
Chrna1f and Chrna1r (CHRNA1 control locus in dermopteran
genome). Two putative duplications of ELVgv integration
sites (Hron et al. 2014) were analyzed; region G1 (GenBank:
JMZW01362493) and region G2 (GenBank: JMZW01477984).
For each region, two ddPCR primer pairs were used: one
primer pair overlapped the LTR-host DNA junctions (G1f1
and G1r1 for region G1, G2f1 and G2r1 for region G2), the
second primer pair was located outside the virus sequences in
the flanking regions (G1f2 and G1r2 for region G1, G2f1 and
G2r2 for region G2).

Phylogenetic Analysis
Nucleotide sequences were aligned using the MUSCLE algo-
rithm implemented in MEGA 6 software (Tamura et al. 2013)
and checked manually. ML phylogeny was generated using
MEGA 6. All positions containing gaps and missing data were
excluded. This resulted in dataset with a total of 571 positions
for alignment of 11 ELVgv proviral sequences, 1278 positions
for alignment of 24 TRIM5/22/34 sequences, and 1305 posi-
tions for alignment of 11 TRIM5a sequences. Kimura
2-parameter (K2P) model with uniform rates among sites
was used for all datasets. Bootstrap support for each node
was evaluated with 1000 replicates.

Bayesian-based phylogenetic tree was reconstructed using
BEAST2 software (Bouckaert et al. 2014). K2P model with
gamma distribution (4 categories) of rates among sites was
used as a substitution model, and Yule speciation model was
used as a tree prior. Markov chain Monte Carlo (MCMC) run
with 10 millions of generations was done. Trees were sampled
every 1000 generations. Effective Sample Size (ESS) values of
all parameters were >200. Consensus tree was constructed
using TreeAnnotator software included in BEAST2 package.

Substitution Rate Estimation and LTR Aging
Substitution rates for specific loci in the dermopteran ge-
nome were estimated using calibration constraints assuming
the Galeopterus and Cynocephalus split time as 15.3 Ma
(Hedges et al. 2006). Specifically, the genetic distance between
orthologous sequences in Cynocephalus and Galeopterus spe-
cies were calculated using the K2P model with uniform rates
among sites. Substitution rates were determined by dividing
the average Galeopterus/Cynocephalus genetic distance
for each locus by 2 times multiplied Galeopterus and
Cynocephalus split time. These substitution rates were used
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for the proviral integration dating by the LTR-aging method
(Johnson and Coffin 1999).

Time-Calibrated Phylogeny of ELVgv Proviruses
Molecular dating analysis of proviral sequences was per-
formed either by using the ML-based RelTime method im-
plemented in MEGA 6 (Tamura et al. 2013) or by Bayesian
method with BEAST2 software (Bouckaert et al. 2014).
Relative times were optimized and converted to absolute
divergence times based on the calibration constraints assum-
ing Galeopterus/Cynocephalus split time to 15.3 Ma (Hedges
et al. 2006). In the ML approach, the same parameters as in
phylogeny reconstruction were used. The suitability of mo-
lecular clock assumption was not rejected at a 5% significance
level by comparing the ML value for the given topology with
and without the molecular clock constraints.

In the BEAST analysis, the sequence evolution was as-
sumed to follow relaxed molecular clock with lognormal dis-
tribution, which was shown as an appropriate model for this
type of analysis (Drummond et al. 2006). K2P with gamma
distribution (4 categories) of rates among sites were used as a
substitution model. Yule speciation process was used as a tree
prior. Markov chain Monte Carlo (MCMC) run with 10 mil-
lions of generations was performed with sampling every 1000
generations. ESS values of all parameters were >200.

Lineage-Specific Analysis of Positive Selection
Overall dN/dS for each branch, so-called branch model (Yang
1998; Yang and Nielsen 1998), of TRIM5a phylogeny was
determined using codeml program of the PAML 4.7 package
(Yang 2007) and REL method in the Datamonkey web server
(Pond and Frost 2005a; Delport et al. 2010). For codeml pro-
gram, several simulations of a free-ratio model were per-
formed with F3X4 codon frequency model and multiple
seed dN/dS values to ensure convergence of parameter opti-
mization. In datamonkey analysis, Codon Model Selection
(CMS) module was used to select the best fitting substitution
model. The dN/dS variation across branches was also con-
firmed by comparing the one-ratio model with the free-ratio
model in PAML (data not shown).

In the further analysis, the model assuming several groups
of residues specified by different dN/dS for each branch
was employed (branch-site model). Presence of positive selec-
tion acting on particular branches was tested with branch-site
model of positive selection in codeml program (Zhang et al.
2005). Specifically, modified branch-site model A (model¼ 2
NSsites¼ 2) was compared with the null model (dN/dS value
is fixed to 1) using Likelihood Ratio Test (LRT). P values cor-
responding to positive selection significance were calculated
based on LRT statistics. Alternatively, branch-site REL test for
episodic positive selection (Pond et al. 2011) in Datamonkey
web server was employed. Similarly to PAML analysis, LRT
statistics was used to evaluate significance of positive selec-
tion acting on particular branches of TRIM5alpha phylogeny.
The P values were corrected for multiple testing using the
Holm–Bonferroni method.

Site-Specific Analysis of Positive Selection
The REL method (Pond and Frost 2005b) and MEME method
(Murrell et al. 2012) implemented in the Datamonkey web
server were used to detect positively selected residues in the
TRIM5a protein sequence. REL is an extension of a well-
known codon-based selection analysis. MEME is a more spe-
cialized codon-based method to detect episodic selection
pressure (Murrell et al. 2012). P values representing signifi-
cance of positive selection for each site were calculated using
LRT statistics. BEB positive selection analysis (Yang et al. 2005)
implemented in PAML 4.7 was performed under M2a site
model and used as a validation of the REL method.

Supplementary Material
Supplementary figures S1–S4 and table S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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Retroviruses can create endogenous forms upon infiltration into
the germline cells of their hosts. These forms are then verti-
cally transmitted and can be considered as genetic fossils of
ancient viruses. All retrovirus genera, with the exception of
deltaretroviruses, have had their representation identified in the
host genome as a virus fossil record. Here we describe the first
endogenous Deltaretrovirus, identified in the germline of long-
fingered bats (Miniopteridae). A single, heavily deleted copy of
this retrovirus has been found in the genome of Miniopterid
species, but not in the genomes of the phylogenetically closest
bat families, Vespertilionidae and Cistugonidae. Therefore, the
endogenization occurred in a time interval between 20 and 45
million years ago. This discovery closes the last major gap in the
retroviral fossil record and provides important insights into the
history of deltaretroviruses in mammals.

Deltaretroviruses | Endogenous retroviruses | Chiroptera

Introduction
Deltaretroviruses are a highly unusual genus of retroviruses (fam-
ily Retroviridae) that have only been identified in a restricted
subset of mammalian species. They include the primate T-cell
lymphotropic viruses (PTLVs) that infect apes (including hu-
mans) and Old World monkeys, and bovine leukemia virus (BLV)
that infects cattle. Deltaretrovirus infections are usually asymp-
tomatic, but can cause inflammatory and malignant disease over
the longer term. For example, in humans, infection with human
T-lymphotropic virus type 1 (HTLV-1) can cause adult T-cell
lymphoma/leukemia or HTLV-1 associated myelopathy/tropical
spastic paraparesis (1, 2). In cattle, BLV can cause persistent
lymphocytosis or leukemia/lymphoma (3, 4).

Understanding of deltaretroviruses is limited by the lack of an
endogenous ‘fossil record’ for this genus (5, 6). Retroviruses are
distinguished by a replication strategy in which a DNA copy of the
viral genome (a form called a ‘provirus’) is integrated into the nu-
clear genome of the host cell. Consequently, retroviral infection
of germline cells can lead to retroviral proviruses being vertically
inherited as host alleles, called endogenous retroviruses (ERVs).
Vertebrate genomes typically contain thousands of ERVs, many
of which are derived from retroviruses that circulated millions of
years ago. These sequences constitute a partial historical record
of the retroviruses that have been encountered by vertebrate
species during their evolution (7). However, despite many ver-
tebrate genomes having been sequenced, ERVs derived from
deltaretroviruses have yet to be identified. Here we describe the
first endogenous Deltaretrovirus, identified in the genome of
long-fingered bats (Miniopteridae).

Results
While systematically screening mammalian genomes for ERVs
(8) we detected a sequence in the genome of the Natal long-
fingered bat (Miniopterus natalensis)(9) that disclosed highly sig-

nificant similarity to Deltaretrovirus Gag proteins. This sequence
was identified in a single large contig (GenBank accession no.
LDJU01000221, 2.6 megabase-long), and was flanked by the
paired long terminal repeat (LTR) sequences characteristic of
retroviral proviruses. A 6-bp target site duplication (TSD) se-
quence (GCCCCC) was identified immediately upstream and
downstream of the proviral insertion. We performed manual
analysis of raw reads from published M. natalensis sequencing
projects to accurately recover this proviral locus (see Methods).
In addition, we used PCR to confirm the presence of the provirus
in the M. natalensis genome, as well as in four other Miniopterus
species. Complete proviruses from all five Miniopterus species
were sequenced and submitted to GenBank (accession numbers
KY250075-9). We named the provirus Miniopterus endogenous
retrovirus (MINERVa).

The orthologous proviruses obtained from the five min-
iopterid species were almost identical, differing only by several
substitutions and indels. For description of the provirus, we gen-
erated a majority rule consensus sequence. The consensus MIN-
ERVa genome comprises a 1,789-base-pair (bp) internal region
flanked by 604-bp LTRs (Fig. 1). Notably, the entire MINERVa
sequence exhibits the characteristic nucleotide composition bias
of deltaretroviruses (10), with cytosine (C) strongly overrepre-
sented (Fig. 1). A primer binding site (PBS) specific for proline
tRNA is present in the internal region, immediately downstream

Significance

Retroviruses copy their RNA genome into complementary
DNA, which is then inserted into the host chromosomal DNA
as an obligatory part of their life cycle. Such integrated viral
sequences, called proviruses, are passed to the infected cell
progeny upon cellular division. If germline cells are targeted,
the proviruses become vertically inherited as other host genes,
and are called endogenous retroviruses. Deltaretroviruses,
which include important human and veterinary pathogens
(HTLV-1 and BLV), are the last retroviral genus for which
endogenous forms were not known. We have identified the
first case of endogenous Deltaretrovirus, which entered the
genome of long-fingered bat ancestors more than 20 million
years ago. This finding opens the way for elucidating the deep
evolutionary history of deltaretroviruses.
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Fig. 1. Genome organization of MINERVa.The consensus sequence of MINERVa is shown schematically in scale. The position of open reading frames and
other genomic features are indicated. The comparison with HTLV-1 genome structure is shown (for clarity, some HTLV-1 genes were omitted). The question
mark indicates the putative accessory gene region. Nucleotide composition of MINERVa sequence and of 500-bp flanking regions is plotted in scale above the
proviral scheme (calculated in 100-bp long windows with 10% overlaps). LTR, long terminal repeat; MA, matrix; CA, capsid; RRE, rex response element; PBS,
primer binding site; SD, splice donor site; SA, splice acceptor site.

Fig. 2. Phylogenetic relationship of MINERVa to other retroviruses.The ML phylogeny of partial Gag amino acid sequences is shown. Bootstrap supports for
each branch are depicted. An arrow highlights position of MINERVa consensus sequence. Branches corresponding to the viruses of particular retroviral genera
are collapsed, with the exception of deltaretroviruses. Scale bar indicates number of amino acid substitutions per site.

of the 5’ LTR. The internal region encodes three relatively long
open reading frames (ORFs), the first of which is 376 amino
acids (aa) in length, and encodes a truncated gag gene containing

putative matrix (MA) and capsid (CA) proteins (Fig. 1 and Fig.
S1). The predicted MA and CA amino acid sequences showed
30.8% and 45.4% identity (44.5 and 60.2% similarity) respectively
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Fig. 3. The presence of MINERVa in various species
of bats.Three primer pairs used for PCR screening of
selected bat DNA samples are depicted in MINERVa
schematics. Results of the screen are shown in a phy-
logenetic tree of bat species. Plus sign next to the
species name indicates positivity for all three MIN-
ERVa amplicons; minus sign indicates negativity for
all three amplicons. Dating of split of selected species
are shown next to the branch nodes (timetree.org
estimates (15)).

to those of HTLV-1. The entire putative gag ORF was translated
and the resulting sequence aligned with Gag proteins of represen-
tative retroviruses. In phylogeny constructed using this alignment,
the MINERVa Gag grouped robustly within the Deltaretrovirus
clade, forming a basal branch separate from both BLV and PTLV
group (Fig. 2).

The second and third long ORFs (ORF1 and ORF2 in Fig. 1)
are 220 and 88 aa long, respectively, both beginning immediately
downstream of the truncated gag ORF. They overlap each other
and ORF1 is extending a short distance (76 bp) into the 3’ LTR.
We could not detect homology to any of the genetic elements
that would be expected to occur immediately downstream of
capsid - nucleocapsid (NC), protease (PR), polymerase (pol) and
envelope (env) - or indeed to any known proteins. One way this
result might be expected would be if a region spanning from end
of gag, through PR and pol and up to the end of env had been
deleted (see Fig. 1). A deletion event of this nature would leave
behind a truncated gag gene, plus the 3’ region of the provirus
genome, which is situated downstream of env and contains mul-
tiple overlapping accessory genes. The absence in MINERVa of
any homology to the relatively conserved transmembrane (TM)
domain, which occurs toward the C-terminus of the Env protein,
is consistent with this having occurred. In all previously charac-
terized deltaretroviruses, the 3’ region of the genome encodes
accessory genes, including the regulators of gene expression tax
and rex, in addition to other, less well characterized genes (Fig.
1)(11).

Additional, independent lines of evidence support the in-
ference that ORF1/2 are accessory genes derived from the 3’
region of the ancestral MINERVa genome. Firstly, we detected
the characteristic nucleotide bias of deltaretroviruses across the
entire MINERVa genome, including the region that encodes
ORF1/2, consistent with this region being derived from an ances-
tral Deltaretrovirus (as opposed to insertion of genome-derived
sequence into the MINERVa provirus following its integration,
for example). The MINERVa genome also exhibited features that
were consistent with ORF1/2 being bona fide retroviral genes
with a role in regulation of gene expression. These included: (i)

The presence of a leucine-rich region toward the C-terminus of
the predicted orf1 gene product, as is found in the tax gene of
primate and bovine deltaretroviruses (12, 13); (ii) The presence
of a predicted stem-loop (Fig. S2) in the region of the LTR
that would be expected to encode a Rex-responsive element
(presuming that MINERVa replication was regulated in a similar
post-transcriptional manner to other deltaretroviruses), and (iii)
The fact that ORF1/2 overlap, resembling the tax/rex overlap in
other deltaretroviruses (12, 14).

We performed a series of analyses to determine the distri-
bution of the MINERVa sequences in bats. From our in silico
genome screening it was already clear that the sequence was
absent in more distantly related bat groups, such as Old World
fruit bats (family Pteropodidae), as well in some more closely
related lineages (i.e. Myotis spp.). To investigate the presence of
MINERVa more thoroughly, we performed a PCR-based screen
of the phylogenetically closest bat species. In addition to the Min-
iopterus specimens already mentioned, samples were obtained
from nine bat species from other families (Vespertilionidae, Cis-
tugonidae, Molossidae and Pteropodidae) (Table S1). The species
designation of these samples was confirmed by amplification and
phylogenetic analysis of cytB or rag2 genes (see Methods). PCR
primers designed to target three different amplicons in provirus
(Table S2) confirmed that the MINERVa insertion is present in
all miniopterid bat species examined (Fig. 3). MINERVa could be
detected neither in species belonging to the most closely related
bat families (Vespertilionidae and Cistugonidae) nor in more
distant species.

To confirm that only a single MINERVa integration is present
in all five of the miniopterid species examined (i.e. two alleles per
diploid genome), we used digital droplet PCR (Fig. S3). All these
single-copy MINERVa insertions in distinct Miniopterus species
are clearly orthologous, sharing >124 bp of homologous flanking
sequence on either site of the proviral integration site. The five
Miniopterus bats included in our study are estimated to have
diverged ∼20 million years ago (MYA) (15, 16), establishing that
genomic infiltration occurred prior to this date. The absence of
related virus sequences in all members of the sister families Ves-
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pertilionidae and Cistugonidae examined indicates that invasion
is unlikely to have occurred more than 45 MYA (17). Thus, we
estimate that MINERVa entered the germline of miniopterid bat
ancestors at some point in the period spanning 45-20 MYA (Fig.
3).

An alternative approach for estimating the age of proviral
insertions is to determine the divergence between paired LTRs
(which are identical at the time of integration) and apply a molec-
ular clock (18). Taking in account the fact that ERV integration
precedes the split of the host species, each proviral LTR pair
should contain more changes (which accumulate since the time
of integration) than orthologous LTR sequences from different
species (which accumulate mainly after the species divergence).
Analysis of MINERVa sequence from individual miniopterid
species, however, showed that the divergence of LTR pairs in each
proviral sequence is much lower than divergence between orthol-
ogous LTR sequences from some of the species analyzed (e.g.
5'LTR form M. schreibersii is more similar to its 3'LTR counterpart
than to 5'LTR of M. fraterculus) (Fig. S4). This observation pro-
vides compelling evidence that multiple gene conversion events -
a phenomenon that has previously been described in ERVs (19,
20) - have occurred between the 5’ and 3’ LTRs of individual
proviruses. This fact is precluding the LTR-based approach of
age estimation. In addition to phylogenetic evidence for gene
conversion, we identified a 5-bp insertion that was unique to M.
schreibersii MINERVa provirus, but present in both LTRs. This
pattern of variation is extremely unlikely to be accounted for by
any process other than gene conversion between the 5’ and 3’
LTRs.

The divergence of internal proviral sequences (excluding
both LTRs) cannot yield a time estimate for virus integration.
However, like other genomic loci, it should reflect the changes
accumulated since the split of the miniopterid species analyzed.
M.africanus split from the other miniopterid species around 20
MYA (Fig. 3). The average sequence divergence of M. africanus
MINERVa provirus to its orthologs in other miniopterid species
was found to be 1.31 ± 0.35% (mean ± standard deviation),
which corresponds to a substitution rate of 0.66 ± 0.18 substitu-
tions/nucleotide/year. This falls within the range of mammalian
neutral substitution rate estimates (21, 22).

Given the predicted age of the insertion, it was intriguing
that the gag ORF was intact in five out of the six MINERVa
alleles. However, multiple simulations of MINERVa gag neutral
evolution recapitulated this situation in 20% of cases (1,000,000
replicates; average number of sequences with at least one stop-
codon = 2.52 out of 6). Thus, there is no strong evidence of
selection for gag coding sequence conservation, although this
approach only considers nucleotide substitutions and not indels
(23).

The genomic locus in M. natalensis where MINERVa inte-
grated does not contain any predicted genes. Orthologous loci,
without the provirus, could be detected in several of the published
bat genomes. The chromosomal location of the MINERVa locus
could not be determined, because none of the bat genomes is yet
mapped to chromosomes (24).

Discussion

Exogenous retroviruses have been grouped into seven genera,
only five of which are known to infect mammals. The discovery
of MINERVa means that endogenous fossils have now been
identified in mammalian genomes for all five of these retrovi-
ral genera. However, the representation of these five genera in
the retroviral fossil record is very uneven. ERVs derived from
retroviruses with simpler genome structures (Gammaretrovirus,
Betaretrovirus) are relatively common, whereas only a handful
have been identified for the Lentivirus, Spumavirus, and (now)
Deltaretrovirus genera (5, 6). This could reflect inefficient entry

of these viruses into germline cells, or inherent barriers to their
germline replication (e.g. toxicity of gene products) (7). Notably,
only a single MINERVa copy was identified. Thus, one possibility
is that MINERVa was generated with the same, highly deleted
genome structure that we see in all present day copies, and being
effectively ‘dead on arrival’, was fixed without any virus-driven
increase in germline copy number (as is presumed to occur for
endogenous sequences derived from non-retroviral viruses).

Deltaretrovirus is perhaps the most enigmatic of the five
retroviral genera that infect mammals, and the discovery of MIN-
ERVa is therefore particularly illuminating. Firstly, it provides
the first unequivocal evidence that this genus has a truly ancient
origin in mammals. We identified orthologous copies in min-
iopterid species that are estimated to have diverged ∼20 MYA,
establishing that deltaretroviruses have been infecting mammals
for at least this long. Previous studies have demonstrated that
Deltaretrovirus infection in humans likely predates the last Ice
Age (25), but MINERVa provides the first unequivocal evidence
that Deltaretrovirus infection has impacted mammals during a
substantial part of their evolution.

The calibration of Deltaretrovirus evolution through the
identification of a fossil sequence reveals that the characteristic
features of this genus had already evolved by the early Miocene
(∼23-16 MYA). These include the marked nucleotide-bias that
is a hallmark of Deltaretrovirus genomes (10). Nucleotide biases
are a feature of many retroviral genomes, but deltaretroviruses
stand apart from all other retroviral genera in having C-rich
genomes. The biological significance of these biases is uncertain,
but the stability of this feature across Deltaretrovirus evolution
suggests it represents an adaptation of some kind.

Complex regulation of genome expression is another char-
acteristic feature of deltaretroviruses. Analysis of the MINERVa
genome indicated that the ancestral progenitor likely encoded a
region with accessory genes. The putative ORFs we identified
in this region did not disclose homology to the Tax and Rex
proteins of exogenous deltaretroviruses, but since these genes are
relatively poorly conserved, this might be expected.

The discovery of MINERVa extends the known host range
of the Deltaretrovirus genus to a new mammalian order (Chi-
roptera). It also raises the questions about the role of bats in
Deltaretrovirus evolution. Traits associated with movement ca-
pacity are especially pronounced in miniopterids. Their most
apparent apomorphy, elongated wings, presumably enabled them
to colonize almost all tropic and sub-tropic regions of the Old
World and become one of the most widespread mammalian
genera (26, 27). They also concentrate in mass roosts of thousands
of individuals in caves with high humidity, which could facili-
tate virus transmission. Conceivably, deltaretroviruses may infect
bats in the present day. Searches of available metagenome and
transcriptome datasets did not reveal any matches to MINERVa
or other deltaretroviruses, but these data represent a relatively
limited sample.

In conclusion, the identification MINERVa provides impor-
tant insights into Deltaretrovirus evolution. It also fills a major
gap in ERV record by eliminating the last retrovirus genus for
which endogenous forms were not known.

Methods
Next Generation Sequence Data Analysis. Sequence datasets available from
the Sequence Read Archive (SRA) at the National Center for Biotechnol-
ogy Information (NCBI) from miniopterid species genome or transcriptome
(PRJNA270665, PRJNA270639 and PRJNA218524) were queried by BLAST
(28) or downloaded and analyzed using CLC genomics workbench 9.5
(http://www.clcbio.com) or DNASTAR Lasergene 10.0.0 (http://dnastar.com).
This initial analysis was used to correct errors in the original MINERVa-
containing contig from the M. natalensis genome assembly.

Samples from Bats. The bat tissue samples were obtained from museum
specimens (National Museum Prague) as parts of the pectoral muscles and
from released bats caught during various ecological studies as wing punch
biopsies stored in genetic bank (Charles University, Prague). The bat species
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were identified with respect to their external morphological traits and
confirmed by amplification and sequencing of cytochrome b (cytb) or recom-
bination activating gene (rag2) loci. Total DNA from the ethanol preserved
specimens was isolated using phenol-chloroform extraction method.

PCR and Sequencing. The complete MINERVa provirus sequence was
PCR-amplified using two strategies (primers listed in Table S2): (i) a nested
PCR approach with primers anchored in genomic flanking regions (primers
F6 and R4 in first round, primers F5 and R5 second round), or (ii) in two
overlapping parts using one primer anchored in the genomic flanking region
and second primer in the provirus sequence (5’ provirus part amplified using
primers F6 and R1, 3’ provirus part using semi-nested PCR with primers F6 and
R4 in first round and F1 and R4 in second round). PCR products were isolated
from agarose gels and directly sequenced. The cytb locus was amplified
using primers cytBMVZ04 and cytBMVZ05 (29), the rag2 locus using primers
968R and 428F (30). In some Miniopterus specimens, the cytb locus was
amplified using primers CYTB1 and CYTB2 (Table S2). To assess the presence
of MINERVa sequence in various bat species, two amplicons in the gag gene
(primers F1 and R1, or F2 and R1) and one amplicon in LTR (F8 and R6) were
employed.

Provirus Copy-Number Determination. Digital droplet PCR (ddPCR) sys-
tem QX200 (Bio-Rad, Hercules, CA) was used to accurately quantify the MIN-
ERVa proviral copies in miniopterid samples. Template genomic DNAs were
first digested with SacI restriction endonuclease to prevent the occurrence of
two LTR sequences in one molecule. The reactions containing 10 ng of DNA
were then treated for droplet generation according to the manufacturer's
manual and PCR-amplified. The amplified samples were analyzed by droplet
reader and QuantaSoft program (Bio-Rad) with thresholds set manually.
Primers used for ddPCR (Table S2) were: F2 and R1 (MINERVa gag region);
F8 and R6 (MINERVa LTR); F5 and R6 (5’ provirus-genome junction); F4 and
R5 (3’ provirus-genome junction); F10 and R9 (genomic locus 1); F9 and R8
(genomic locus 2); F7 and R7 (genomic locus 3).

Phylogenetic Analysis. Translated nucleotide sequences of the MINERVa
gag consensus and other retroviral gag sequences were aligned using the
MAFFT v7.271 with L-INS-i algorithm (31). Columns containing more than
80% of gaps were discarded resulting in an alignment with a total of

644 positions. Maximum Likelihood (ML) phylogeny was generated using
PhyML v3.0 (32). LG model with gamma distribution (four categories) of
rates among sites was used as a best fitting substitution model (according
to the Akaike Information Criterion calculated in Smart Model Selection
module of PhyML). The SPR operations in an optimized BioNJ starting
tree were used for searching of the final tree. Bootstrap support for each
node was evaluated with 1,000 replicates. The accession numbers of gag
sequences used are: RSV (NP 056886), ALV (BAK64245), MPMV (NP 056893),
JSRV (AAD45224), SIV2 (AAA47561), FLV (NP 955576), MLV (NP 057933), BLV
(NP 056897), HTLV-1 (BAA02929), HTLV-2 (AAB59884), HTLV-3 (ACF40912),
HTLV-4 (YP 002455784), STLV-1 (AAU34008), STLV-2 (YP 567048), STLV-3
(CAA68892), STLV-4 (AHH34968), VISNA (NP 040839), FIV (NP 040972), HIV
(AAB50258), WDSV (AAC82607), WEHV-1 (AAD30047), SFV (NP 056802), BFV
(AFR79238). The same software was used for phylogenetic inference of
MINERVa LTRs and internal nucleotide sequences. Kimura 2-parameter (K80)
model with gamma distribution (four categories) of rates among sites was
used as a substitution model. The transition/ transversion ratio was assumed
to be 4. SPR operations in optimized BioNJ starting tree were used for
searching of the final tree. Bootstrap support for each node was evaluated
with 1,000 replicates.

Simulation of Neutral Evolution. The probability of MINERVa gag ORF
disruption was evaluated by simulating the gag sequence evolution using
Seq-Gen v1.3.3 (33). The gag ancestral sequence and ML phylogeny was in-
ferred from six MINERVa orthologous copies in Miniopteridae. The transition/
transversion ratio was assumed to be 4. The presence of premature stop-
codons in simulated gag orthologs was counted for 1,000,000 iterations.
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a b s t r a c t

Endogenous retroviruses (ERVs) were acquired during evolution of their host organisms after infection
and mendelian inheritance in the germline by their exogenous counterparts. The ERVs can spread in the
host genome and in some cases they affect the host phenotype. The cervid endogenous gammaretrovirus
(CrERV) is one of only a few well-defined examples of evolutionarily recent invasion of mammalian
genome by retroviruses. Thousands of insertionally polymorphic CrERV integration sites have been
detected in wild ranging mule deer (Odocoileus hemionus) host populations. Here, we describe for the
first time induction of replication competent CrERV by cocultivation of deer and human cells. We
characterize the physical properties and tropism of the induced virus. The genomic sequence of the
induced virus is phylogenetically related to the evolutionarily young endogenous CrERVs described so
far. We also describe the level of replication block of CrERV on deer cells and its capacity to establish
superinfection interference.

& 2015 Elsevier Inc. All rights reserved.

Introduction

Endogenous retrovirus sequences constitute an integral part of
all vertebrate genomes. They are generated following infection of
the germline lineage of the host by an exogenous retrovirus and
subsequent vertical inheritance of the integrated provirus form
(Feschotte and Gilbert, 2012). The ERVs are classified into a large
number of groups, whose diversity exceeds the currently circulat-
ing retrovirus species (Blomberg et al., 2009; Hayward et al., 2015).
After the initial establishment of an integrated virus copy, which
serves as a founder for a specific ERV group, further amplification
and creation of new copies is enabled either by reinfection or by
intracellular retrotransposition in the germline (Dewannieux et al.,
2004; Jern and Coffin, 2008; Kanda et al., 2013).

Uncontrolled proliferation of ERVs in the genome would cause
a burden for the host through mutagenic and various other effects.
Therefore, there are multiple mechanisms that keep ERV expres-
sion and replication under control, most notably by transcriptional
silencing (Liu et al., 2014; Rowe and Trono, 2011; Turelli et al.,
2014). On the other hand, ERVs can be utilized for protection of the
host from infecting retroviruses, a concept dubbed as “fighting fire
with fire” (Malfavon-Borja and Feschotte, 2015). There are several

well-documented cases in chickens, mice, cats and sheep, where
endogenous envelope (Env) proteins can prevent the cell surface
receptors from interacting with incoming retrovirus, resulting in a
block of cellular entry (Malfavon-Borja and Feschotte, 2015). ERV-
encoded proteins can also cause inhibition at several post-entry
stages of infection (Arnaud et al., 2007b; Best et al., 1996; Monde
et al., 2012). Another important way how ERVs can influence the
outcome of retroviral infection is through recombination. ERV
genomes can recombine among different endogenous loci or with
related exogenous retroviruses. This can lead to the generation of
fully infectious virus from two defective ERV genomes, or to the
altered properties, for example altered tropism, of the exogenous
partner involved in the recombination (Anai et al., 2012; Levy,
2008; Paprotka et al., 2011; Shimode et al., 2015; Young et al.,
2012). In addition, through recombination with cellular genes,
ERVs can form acutely transforming retroviruses (Kozak, 2015).

A practical classification is to consider ERVs as either “ancient”
or “modern”, based on the time when they infiltrated the host
genome (Armezzani et al., 2014). Most ERVs belong to the ancient
category, where the genome invasion occurred long time ago in
the evolutionary history of the host species, usually before the last
speciation. Consequently, the individual ERV integrations are fixed
in the host population, or even shared in phylogenetically related
species. Modern ERVs entered the host genome more recently,
mostly after speciation. Such ERV integrations have typically not
yet reached fixation or been lost from the host lineage. At that
stage, they are present in some individuals and absent in others,
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which is denoted as insertional polymorphism. There are only a
few well-studied examples of modern ERVs, these include the
koala retrovirus (KoRV), endogenous Jaagsiekte sheep retroviruses
(enJSRVs), porcine endogenous retroviruses (PERVs), endogenous
feline leukemia viruses (enFeLVs) and other feline endogenous
retroviruses (ERV-DCs), various mouse ERVs, and cervid endogen-
ous gammaretrovirus (CrERV). The research on these viruses has
lead to important insights into the process of genome invasion by
an ERV and of the changes that accompany endogenization (Anai
et al., 2012; Arnaud et al., 2007a; Lavillette and Kabat, 2004; Li
et al., 2012; Oliveira et al., 2007; Tarlinton et al., 2006). In koalas,
sheep and cats and mice, exogenous counterparts of the respective
ERVs are circulating in natural populations and are associated with
disease (Armezzani et al., 2014; Kozak, 2015; Levy, 2008; Xu et al.,
2015). Replication-competent variants of PERV have also been
reported (Preuss et al., 2006). In our previous studies we have
advanced knowledge of the CrERV-mule deer model (Bao et al.,
2014; Elleder et al., 2012; Kamath et al., 2014; Wittekindt et al.,
2010). We have described an extensive collection of thousands of
polymorphic endogenous retrovirus integration sites, comprehen-
sively documenting the recent invasion of mule deer genomes by
CrERV. The integration site patterns in individual deer were
analyzed and revealed fine population structure and history of
wild mule deer populations, with better resolution than in a
parallel analysis performed with microsatellite markers (Kamath
et al., 2014). However, all our previous work was focused on
analysis of the integrated CrERV DNA or of the viral RNA expres-
sion. We have never obtained conclusive evidence of virus pro-
duction or replication. Therefore, we attempted to replicate a
previously published experiment (Aaronson et al., 1976), where
primary blacktail deer (O. hemionus colubmianus, a subspecies of
mule deer) cells were cocultured with human cell line. This led to
the induction of replication competent gammaretrovirus species of
hitherto unknown sequence, denoted deer kidney virus (DKV)
(Aaronson et al., 1976; Barbacid et al., 1980).

In this study we report a successful induction of replication-
competent CrERV from coculture of deer cells with a susceptible
human cell line. We have characterized the physical properties of
the induced virus, its phylogenetic relatedness to known endo-
genous CrERV copies, and its infectivity on deer and human cells.
We also analyzed the capacity of the induced virus to establish
interference to superinfection.

Results

CrERV can be induced by coculture of deer and human cells

Black-tailed deer primary kidney cells (OHK) and a human rhabdo-
myosarcoma cell line A673 were used in the coculture experiment.
These cells were the same as those used in the original protocol
(Aaronson et al., 1976). After approximately 30 days, RT activity in
culture medium could be detected by a sensitive product-enhanced RT
(PERT) assay (Fig. 1). At this point we stopped adding the OHK cells,
which had served as a source of the induced virus. Due to much faster
growth, only the human cells remained presumably in the subsequent
continuation of the coculture. The RT activity continued to increase and
eventually reached a plateau. The resulting RT level was still very low,
approximately a thousand times lower than the values obtained for
another endogenous gammaretrovirus, PERV (porcine endogenous
retrovirus). The human and deer cells cultured separately tested
negative in the PERT assay (data not shown). To confirm the identity
of the induced virus species, viral cDNA was prepared from
ultracentrifugation-concentrated culture fluids. Sequences highly iden-
tical to CrERV were obtained (full sequence of induced CrERV [CrERV-
IND] is reported below). Therefore it is highly probable that DKV

described by Aaronson, from which no sequence data is available, is
identical to our recently reported CrERV.

CrERV particles

Next we examined whether the RT activity obtained from the
coculture experiment belonged to particles of expected retrovirus
buoyant density. The pelleted CrERV-IND was separated on iodixanol
gradient and individual gradient fractions were tested by the PERT assay.
For comparison we used virus particles of well-described endogenous
gammaretrovirus, PERV (Bartosch et al., 2004). The RT activity peaked
around the expected density of 1.1 g/ml, typical for retrovirus particles
(Contreras-Galindo et al., 2012) (Fig 2A). We also obtained electron
micrographs of both CrERV-IND and PERV (Fig. 2B).

The induced CrERV is infectious and xenotropic

Then, we evaluated the infectivity of the CrERV-IND particles.
The virus inoculum from the coculture was used to infect naïve
human and deer cells, and infectivity was assessed by the
appearance of RT activity in the culture medium. Both human
A673 and HEK 293 T cells could be infected (Fig. 4), however no RT
activity was detected upon infection of deer OHK cells (data not
shown). This is consistent with xenotropic characteristics of the
induced virus, and is in agreement with observations reported by
Aaronson et al. (1976) for DKV.

Relationship of induced CrERV sequence with known endogenous
proviruses and construction of infectious molecular clone

To obtain the full sequence of CrERV-IND, we have amplified
the provirus DNA from CrERV-infected HEK 293 T cells by long-
range PCR. This sequence (deposited in Genbank under accession
number KP261824) was 9,027 nucleotides long and had high
identity across the entire length with a previously reported
complete provirus genome, denoted CrERV-in7 (Elleder et al.,
2012). There were intact open reading frames for all viral genes,
gag, pro/pol, and env (Fig. 3B). We performed phylogenetic com-
parison of CrERV-IND with a set of previously published twelve
endogenous CrERVs (Kamath et al., 2014). Because the full
sequences of these CrERVs are not known, we have used an
alignment of approximately 1.1 kb region in the 3'end of the virus
genome to create the phylogeny. This region was identified

Fig. 1. Induction of virus from O. hemionus primary kidney cells cocultivated with
human rhabdomyosarcoma cell line. At the indicated times, the RT activity in the
culture supernatants was measured by a sensitive PERT assay. The results are
expressed as means and standard deviations from triplicate assays.
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previously (Kamath et al., 2014) to be convenient for phylogenetic
analysis because it minimizes the influence of recombinant
sequences. The CrERV-IND sequence clustered with good support
with the large group of insertionally polymorphic, evolutionarily
young CrERVs (Fig. 3 A). The CrERV-in1, which represents an
evolutionarily old integration, was located on a separate branch.

We further compared the CrERV-IND sequence with four
CrERVs for which we have full genomes available. Consistent with
the results from the phylogenetic tree, the closest sequence to
CrERV-IND was CrERV-in8, with only 24 genetic changes scattered
over the entire 9- kb genome (Fig. 3B). CrERV-in4 and CrERV-in7
had 26 and 41 changes, respectively, relative to the CrERV-IND,
and CrERV-in5 was even more distant. The ratio of nonsynon-
ymous to synonymous substitutions in the coding regions was
always higher in env than in gag and pro/pol (Fig. 3B). This is
consistent with a higher degree of purifying selection in gag and
pro/pol than in the env gene.

To standardize the work with the CrERV-IND, a molecular clone
was constructed by subcloning the long range PCR product into
pGEM-T Easy plasmid vector. The resulting construct pCrERV-IND
was replication competent following transfection into HEK 293 T
cells and subsequent infection of naïve cells. All subseq-
uent analyses were performed with virus derived from this
molecular clone.

CrERV infection kinetics in human cells

The RT activity of the CrERV-IND was very low even on
permissive human cells. This is caused at least in part by very low
titer of the virus. In end-point dilution experiments, the CrERV
infectious titer on HEK 293 T cells was 102–3 per ml. In addition, we
tried to evaluate the infection kinetics using quantitative PCR
methods. PERV was used again for comparison, and both viral
inocula were normalized for RT activity. We have used both standard
SYBR green real-time quantitative PCR and a highly sensitive digital
droplet PCR method. The assay was detecting the newly formed

virus DNA in the env gene region, corresponding to intermediate
products of reverse transcription. The products could be detected
several hours after infection of human cells and peaked around 8–
24 h p.i., as described for other retroviruses (Mohammadi et al.,
2013) (Fig. 4, left). The levels of newly made CrERV DNA were very
low, about hundred times lower than for PERV. Based on the peak
values being below 1x10�3 CrERV DNA copies per diploid cell
genome, we estimate that less that 1 in 1000 cells was infected.
However, during long-term culture of infected HEK 293 T cells,
presumably all cells become infected in the course of about 3 weeks,
because the virus DNA level reaches a plateau with values close to
one copy per diploid cell genome (Fig. 4, right).

Early block of CrERV infection on deer cells, caused presumably by
receptor interference

The induced CrERV was unable to productively infect deer cells
and we wanted to characterize the level of the putative replication
block. PCR-based assays used for human cells were not applicable
because of the large background of hundreds of endogenous CrERV
copies (Elleder et al., 2012) that would co-amplify together with the
newly formed virus DNA in deer cells. Other relevant approaches,
namely CrERV ENV pseudotypes of MLV and marker rescue assays
were technically unsuccessful even after repeated attempts. There-
fore, we used an alternative approach and by in vitro mutagenesis
of the CrERV-IND molecular clone, we generated a sequence variant
CrERV-mut. This construct contained several silent mutations in the
pol gene (Fig. 5A). We have selected nucleotide variants not present
in any of the previously described CrERV endogenous copies
(Elleder et al., 2012; Kamath et al., 2014). This allowed us to design
PCR primers that amplified only the newly generated CrERVmut
DNA and not any of the endogenous CrERV copies or the parental
CrERV virus (Fig. 5B, lanes 7 and 8). CrERV-mut virus was infectious,
because it could infect naïve HEK-293 T cells (Fig. 5B, lanes 5 and 6).
However, CrERV-mut newly made viral DNA was not detectable
upon infection of deer cells (Fig. 5B, lanes 1 and 2). Therefore, either

Fig. 2. Characterization of CrERV particles. (A) Pellets containing ultracentrifugation-concentrated virus particles were resuspended in PBS and layered on top of 10–50%
stepwise iodixanol gradients. Following 17 h of centrifugation at 209,000 g, aliquots from each fraction were tested for RT activity by the PERT assay. Averages and standard
deviations from triplicate assays are shown as black circles. Density of individual gradient fractions is depicted by gray triangles, with values displayed on the right axis.
(B) Electron micrographs of retrovirus particles obtained by negative staining are shown, with 100 nm scale bar highlighted. In both A and B, CrERV is positioned on the left
and PERV on the right.
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receptor-mediated entry or some of the earliest steps of CrERV
replication (virus uncoating, RT initiation), that precede virus DNA
synthesis, are deficient in deer cells. To further test if receptor
interference can block CrERV infection, we used the human cells
chronically infected with CrERV. These cells presumably all harbor
integrated CrERV (Fig. 4B) and express the virus envelope and
therefore have the capacity to block cellular receptors used for virus
entry. The chronically infected cells did not support generation of
CrERVmut virus DNA (Fig. 5B, lanes 3 and 4) This is consistent with
receptor interference being the cause of the resistance to CrERV on
both deer cells and chronically infected human cells.

Discussion

Here we report the induction and characterization of a replication
competent endogenous gammaretrovirus, CrERV, from mule deer
cells in a coculture experiment. The process that led to the induction
of CrERV production from the coculture is not known. It could have
involved low production of infectious virus particles from deer cells,
which then infected the permissive human cells. We have not
detected virus production from deer cells by the PERT assay. However,
this production could have been extremely low or intermittent.
Among other potential mechanisms are rare spontaneous cell fusion

Fig. 3. Relationships between CrERV-IND sequence and endogenous CrERVs. (A) Phylogenetic tree generated from alignment of 1.1 kb region in the 30end of the CrERV-IND
and endogenous CrERVs. CrERV-IND position is highlighted by an open box. Bootstrap supports higher than 0.7 are indicated at the tree nodes. The branch length is
proportional to the number of substitutions per site, with scale bar shown below the tree. (B) Comparison of the CrERV-IND sequence with four full endogenous CrERV
genomes. The CrERV-IND genome is shown as a schematic at the top. Virus genes and LTRs are shown as shaded boxes and two direct 55- bp repeats in the leader region are
displayed as small ovals. Every genome is depicted by horizontal black line, flanked with short target site duplication (TSD) sequences that arise during retrovirus integration.
Short vertical lines indicate single nucleotide mismatches relative to the CrERV-IND sequence. Mismatches inside the coding regions for gag, pro/pol and env are shown above
and below the horizontal line for the changes that result in nonsynonymous and synonymous substitutions, respectively, in the corresponding virus ORF. The numbers above
each line represent the number of nonsynonymous: number of synonymous substitutions in each gene. The percentage of nonsynonymous mutations out of total mutations
is shown in parentheses. Upward pointing black triangles indicate single nucleotide insertions, downward pointing triangles are single nucleotide deletions (the sign 3x
denotes three closely spaced deletions). Open triangles represent insertion of third 55- bp direct repeat in the leader region. Premature stop codons are indicated by asterisk.
Gray shaded box shows a region of CrERV-in5 env gene that is unalignable with CrERV-IND env. V-shaped line indicate region with large deletion.
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events, direct cell-to-cell transmission through virological synapses,
or even transfer via exosomes (Sattentau, 2010; Wurdinger et al.,
2012). In general, virus transmission or rescue by cocultivation was
proven to be the most effective method for both endogenous and
exogenous retroviruses (Agosto et al., 2015; Patience et al., 1997;
Svoboda et al., 1963; Xu et al., 2013).

Several lines of evidence show that the induced CrERV is
identical to the previously reported DKV, although the DKV

genome has never been sequenced by the Aaronson laboratory.
First, we tried to reproduce the setting of the original experiment,
most importantly we used the same cell types in the coculture.
Second, immunological methods established that DKV belonged to
gammaretroviruses (Aaronson et al., 1976; Barbacid et al., 1980), as
does CrERV. Third, DNA hybridization techniques using DKV
probes established the presence of closely related endogenous
viruses in all tested cervid species (Tronick et al., 1977). More

Fig. 4. CrERV infection kinetics on HEK 293 T cells. (Left) Quantification of newly made virus DNA in the first two days post infection. At indicated times, infected cells were
collected and cellular lysates were prepared as described in Methods. Real-time PCR assays using MESA green and primers complementary to the virus env were used to
quantify virus DNA levels. CrERV is depicted by black circles and PERV by gray triangles. (Right) Long-term infection of HEK 293 T cells by CrERV. Virus DNA levels in cellular
lysates were quantified by digital droplet PCR method, using the same env-based primers as in the experiment depicted on the left diagram. The resulting values are shown
as black circles. RT activity was determined from culture supernatants in parallel and is shown as gray triangles. The infection experiments were performed at least twice
with similar results. Values from one representative experiment are shown, with averages and standard deviations from quantitative assays performed in triplicate.

Fig. 5. Infection of human and deer cells by a CrERV sequence variant generated by in vitro mutagenesis, CrERV-mut. (A) A schematic depicting position and sequence of the
primer pairs that specifically detect only CrERV-IND or CrERV-mut DNA. The upper and lower sequences represent the CrERV-IND and CrERV-mut genome, respectively. The
nucleotide substitutions generated in CrERV-mut are underlined and bold. The arrows indicate positions of primers. Primers WT-fw and WT-rv amplify only the CrERV-IND
virus DNA. Primers mut-fw and mut-rv amplify specifically the CrERV-mut DNA. (B) CrERV-mut was used to infect deer OHK cells (lane 1), HEK 293 T cells (lane 5) and HEK
293 T cells chronically infected with CrERV-IND (lane 3). Heat-inactivated (h.i.) virus was used in each case as a negative control to exclude virus DNA contamination (lanes 2,
4, and 6). Cells were harvested 20 h after infection and cellular lysates were prepared as described in Methods. CrERV-mut (lane 7) and CrERV-IND (lane 8) plasmid DNA was
used as a control for specificity of PCR amplification. The upper panel shows PCR products generated with primers mut-fw and mut-rv, which detect specifically the CrERV-
mut DNA. The lower panel shows PCR products generated with primers WT-fw and WT-rv. These primers amplify the “wild-type” variants of CrERV, i.e. the endogenous
CrERVs in deer cells (lanes 1 and 2), and CrERV-IND in chronically infected 293 T cells (lanes 3 and 4). The experiments were performed twice with identical results; one
representative experiment is displayed. M, molecular size marker; NTC, non-template control.
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distantly related endogenous retroviruses were detected in other
artiodactyls, e.g. in sheep. This pattern of distribution is consistent
with the detection of various CrERV-related sequences in mam-
malian genomes (Elleder et al., 2012). A last argument pointing to
the identity between CrERV and DKV is the similar tropism of both
viruses, discussed below. DKV was shown to replicate on human
cells but not deer cells, same as CrERV. In addition, DKV had a
narrow xenotropic host range; it could replicate on horse cells, but
not in cells of several additional mammalian species (Aaronson
et al., 1976).

The genomic sequence of CrERV-IND did not show any appar-
ent defect; it had complete open reading frames for all viral genes.
In addition, the construction of an infectious molecular clone
excluded the theoretical possibility that a helper virus from deer
cells was needed for the replication of CrERV-IND. The obtained
sequence was closest to the group of evolutionarily young and
highly insertionally polymorphic CrERVs. This is consistent with
the assumption that the youngest ERVs retain the highest capacity
to be mobilized to form infectious progeny. Indeed, the closest
relative to CrERV-IND was CrERV-in8, which was extremely rare in
the population study, with only 1 positive animal out of 262 total
(Kamath et al., 2014). However, none of the endogenous CrERVs
was completely identical to CrERV-IND, therefore we cannot
determine the source element that gave rise to the induced virus.
There are hundreds of endogenous CrERVs in each deer genome;
moreover, the deer cells used in the coculture were different from
those we analyzed previously. We cannot exclude that recombina-
tion events between several endogenous CrERVs were involved in
the generation of CrERV-IND, similar scenario was described for
several other ERVs (Anai et al., 2012; Levy, 2008; Shimode et al.,
2015; Young et al., 2012). Interestingly, although we analyzed only
a few CrERV genomes, there seems to be a trend towards higher
degree of purifying selection in gag and pro/pol than in env. Loss of
env has been identified as a factor determining greater expansion
of ERVs within the genome (Magiorkinis et al., 2012).

The buoyant density of CrERV-IND and electron micrographs of
virus particles did not show obvious aberrations. However, the
infectivity of CrERV-IND was very low even on permissive human
cells. This could be due either to inherent defect of the CrERV-IND
genome or to low permissivity of the human cells. The early
kinetics of virus DNA production seemed normal and the virus
eventually infected presumably all cells in the culture.

To explain the xenotropic nature of CrERV-IND, we tried to
determine the level of the replication block on deer cells. Using the
genetically modified variant CrERV-mut, we have shown that the
block occurred before the viral DNA synthesis. The most plausible
explanation is the receptor interference caused by the expression
of endogenous env genes. To support this explanation, we have
further shown that CrERV has the capacity to establish super-
infection resistance on chronically infected human cells. However,
because the cellular receptor for CrERV is not known, we cannot
exclude that it is mutated in deer. Selection for such mutations in
receptors for ERVs has been documented in endogenous avian
leukosis viruses (ALV) and murine leukemia viruses (MLVs)
(Barnard et al., 2006; Kozak, 2015). Treatment with tunicamycin,
inhibitor of N-linked glycosylation, has been shown in some cases
to abrogate resistance to retrovirus entry, by deglycosylation of the
cellular receptors or the virus envelope proteins (Koo et al., 1994;
Miller and Miller, 1992). However, tunicamycin treatment did not
rescue sensitivity to CrERV upon infection of either deer cells or
the chronically infected human cells (data not shown).

There is an intriguing paradox between the xenotropic nature
of CrERV and its high efficiency of generation of new germline
integrations in mule deer lineage in recent past. One possible
solution to this paradox is that endogenous CrERVs are not
expressed in the germline cells and therefore do not block the

entry receptors. Alternatively, more variants of CrERV may exist
that differ in receptor usage and can overcome the interference
blocks, a mechanism described in FeLV and KoRV (Overbaugh
et al., 2001; Xu et al., 2015). Even more complex mechanism was
described in PERVs, where disruption of a highly conserved PHQ
motif in the envelope glycoprotein enables transactivation of such
viruses by unrelated gammaretroviral envelopes (Lavillette and
Kabat, 2004). The PERVs with disrupted PHQ motif gain the ability
to infect cells that lack the cognate PERV receptors and also to
overcome restrictions caused by receptor interference. This prop-
erty was suggested to provide novel opportunities to infect germ
cells (Lavillette and Kabat, 2004). Interestingly, we observe a
tendency toward disruption of the PHQ motif in the evolutionarily
young CrERVs (D.E., personal communication). The analysis of the
possible underlying mechanisms is under way in our laboratory.

Materials and methods

Cells and co-cultivation protocol

Human rhabdomyosarcoma cell line A-673 (ATCC product
number CRL-1598) and primary O. hemionus kidney cells (OHK,
ATCC product number CRL-6193) were grown in Dulbecco's
modified Eagle's medium (Sigma-Aldrich, St. Louis, MO) supple-
mented with 10% fetal calf serum, penicillin and streptomycin.
HEK 293 T cells were grown in the same conditions, with serum
supplements changed to 4% fetal calf serum and 4% calf serum.
HEK-293 T cells producing PERV 14/220 (Bartosch et al., 2004)
were used as a source of porcine gammaretroviral particles. All
cells were cultured in a humidified incubator at 37 1C and 5% CO2.
The co-cultivation experiment was started by mixing equal num-
bers of deer CRL-6193 and human A-673 cells. Every week, fresh
cells from both species were added to the coculture at 1:1 ratio. At
indicated time points, samples of the culture fluids were harvested
for the RT assay. The samples were spun at 3000 RPM for 5 min to
remove cell debris, filtered by a 0.22 μm syringe filter and frozen at
�80 1C before further use.

PERT assay

The PERT assay was adapted from previously published proto-
cols (Lovatt et al., 1999; Pizzato et al., 2009; Sears and Khan, 2003).
The samples (2 ml of culture supernatant or gradient fraction) were
lysed in 8 mL of solution containing 1% TRITON X-100, 0.4 U/mL
RNasin (Promega), and 1x ProtoscriptII buffer (New England
Biolabs) at room temperature for 30 min. Then, two master-
mixes (A and B) were prepared, with the following amounts per
one reaction: Mix A contained 20 ng of the template RNA of MS2
phage (Roche), 0.5 ul of the reverse primer (50- GCCTTAG-
CAGTGCCCTGTCT) and 10.1 ul water. Mix B contained 3.6 ul of 5x
ProtoscriptII buffer, 2 ul of 100 mM DTT, 0.8 ul of 10 mM dNTP2,
and 6.4 ul water. Mix A was incubated at 65 1C for 5 min and
slowly cooled down to allow primer annealing. Next the mixes A
and B were pooled and aliqoted by 18 ul. To each aliquot, 2 ul of
the lysates were added and incubated at 37 1C for 30 min (reverse
transcription step), then inactivated at 70 1C for 10 min, The newly
generated MS2 cDNA was quantified by real-time PCR assay with
forward (50- AACATGCTCGAGGGCCTTA) and reverse primers and
probe (FAM-TGGGATGCTCCTACATG-TAMRA). Each reaction con-
tained 1.5 ul of the cDNA sample, 1xqPCR master mix (Eurogentec,
Seraing, Belgium), 7.5 pmol of each primer and 3.75 pmol of probe
in a total volume of 15 ul. The samples were run on a Bio-Rad
CFX96TM Real-Time instrument with a three-step protocol: 1 cycle
of 10 min at 95 1C and then 45 cycles consisting of 15 s at 95 1C,
20 s at 60 1C and 20 s at 72 1C. Cycles of quantification (Cq) values
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were generated by the CFX Manager software. With each run, one
calibrator sample was assayed and all values were expressed as
relative values compared to the calibrator.

Iodixanol gradient

Iodixanol (OptiPrep™) was purchased from Axis Shield (Dundee,
United Kingdom). Thirty milliliters of cell free supernatants from
virus-producing cells were cleared from cellular debris by low-speed
centrifugation (3000 RPM for 5 min at 4 1C) and then centrifuged
through a 20% iodixanol cushion in a SW28 rotor (Beckman Coulter
Pasadena, CA) for 2 h at 23,000 RPM. The centrifuged pellet was
resuspended in 1 ml of PBS. Two-milliliter layers containing 50%, 40%,
30%, 20%, and 10% iodixanol were pipetted in tubes for the SW41Ti
rotor (Beckman Coulter) and the resuspended pellet in PBS was
applied on top. The gradient was centrifuged for 17 h at 35,000 rpm
at 4 1C. Gradient fractions were collected from the top and their
density was determined by refractometry. Aliquots from each fraction
were used for the PERT assay.

Electron microscopy

Virus particles from the culture medium of infected cells were
pelleted by ultracentrifugation as described above and fixed in 2%
formaldehyde. Samples negatively stained with 3% phosphotungs-
tic acid (PTA) were then viewed with Jeol JEM, 2000 CX micro-
scope (JEOL, Arishima, Japan).

Plasmid construction

For the preparation of replication-competent CrERV DNA clone,
two partially overlapping proviral fragments were separately ampli-
fied from infected HEK-293 T cells using PCR. Primers for amplifica-
tion of 50 CrERV fragment were: 50–AACCGCGGCCGCTGTAGGGA-
GAACAAACGGAATGTAGAAAG-30 (NotI restriction site used for clon-
ing is underlined ) and 50–CAGGGGTAGGCTGAAAAAGGCATC-30.
Primers for amplification of 30 CrERV fragment were: 50–TACCCA-
TATGTGTTATGCCCGATGTCCGAATCC-30 (NdeI restriction site used
for cloning is underlined) and 50–GCCCTCAGAGGTCATAGCACCAGA-
30. Amplified DNA fragments covered the entire proviral sequence
and contained unique EcoRI restriction site in the overlapping
region. The DNA fragments were digested with NotI/EcoRI and
NdeI/EcoRI for the 50 and 30 regions, respectively. Consequently,
both cleaved fragments were sequentially ligated into the pGem-T
Easy cloning vector (Promega, Madison, WI), creating intact CrERV
proviral DNA clone (pCrERV-IND). To create the modified variant of
CrERV (CrERV-mut), 298 bp-long region of viral pol gene was PCR-
amplified using mutagenic primers which contain several mis-
matching bases and EcoRI/HpaI restriction sites naturally occurring
in viral sequence: 50–CCGGAATTCTTCGTCGGTGCCAA and 50–
CAAGTTAACTGCACCACAGGTTGG. Original sequence in pCrERV-
IND plasmid was replaced by this mutated fragment using EcoRI
and HpaI enzymes, which generated the pCrERV-mut construct.

Virus preparation and cell infection

HEK-293 T cells were transfected with pCrERV-IND or pCrERV-
mut plasmids using X-tremeGENE HP DNA Transfection Reagent
(Roche s.r.o., Prague, Czech Republic). Specifically, 5�104 cells
were seeded onto 24-well plate and next day transfected by
addition of 100 μl of culture medium containing 0.5 μg of DNA
and 0.5 μl of the transfection reagent. Cells were grown for
approximately 30 days until the viral DNA copy number reached
plateau. Afterwards, 100 μl of filtered cell supernatant was used for
infection of naïve HEK-293 T cells seeded on 24-well plate (5�104

per well) a day before. After 1 h of incubation at 37 1C, 400 μl of

fresh medium was added, and the cells were further incubated in
CO2 at 37 1C. For determining the infectious titer of CrERV, 10-fold
dilutions of virus were inoculated in triplicate wells. The cells were
passaged for 4 weeks to allow virus spread, and scored for virus
presence using both PCR assays and PERT assay.

PCR-based detection of viral DNA (qPCR, digital droplet PCR and
standard analytical PCR)

For the determination of reversely-transcribed viral DNA,
infected cells were harvested at appropriate time points, washed
by PBS, and incubated in lysis buffer (10 mM Tris–HCl, pH 8.0, 1 mM
EDTA, 0.2 mM CaCl2, 0.001% Triton X-100, 0.001% SDS, 1 mg/ml
proteinase K) for 60 min at 58 1C, followed by 10 min prot-
ease heat-inactivation at 95 1C. Primers for quantitative PCR
(50–TGACCCCATGTTTGAATGTG and 50–GAGGACAGCTCCTTGGT-
TTG) were designed to conserved region of CrERV env gene using
Primer3Plus software (Untergasser et al., 2007). For the quantifica-
tion of PERV DNA, primers 50–AGGTGGTGGGCATGTAATACTG and 50–
ACACTCGGGGAACAATTTGG, also situated in env gene, were used.
MESA GREEN qPCR mastermix (Eurogentec, Seraing, Belgium) was
used for standard real-time quantitative PCR. Each reaction mixture
had a total volume of 20 μl, containing 2 μl of the cell lysate and
300 nM (each) the forward and reverse primers. The samples were
run on a Bio-Rad CFX96™ Real-Time System (Bio-Rad, Hercules, CA)
with a two-step protocol (1 cycle of 5 min at 95 1C and then 44
cycles consisting of 15 s at 95 1C and 60 s at 60 1C), followed by
melting curve analysis in the CFX Manager software (Bio-Rad) to
ensure the specificity of the amplification. An absolute standard
curve for each assay was obtained by using as templates serial
dilutions of a plasmid containing the corresponding amplicon. The
results were normalized using the parallel amplification of a single-
copy genomic locus in porphobilinogen deaminase gene (Konig
et al., 2008).

For highly accurate absolute quantification of viral DNA, droplet
digital PCR system QX200 (Bio-Rad, Hercules, CA) was used. Each
reaction mixture had a total volume of 20 μl, containing 1x QX200
ddPCR Evagreen Supermix (Bio-Rad), 2 μl of the cell lysate (1–5 ng
DNA), and 250 nM (each) the forward and reverse primers. The
reactions were treated for droplet generation according to the
manufacturer0s manual and then amplified with the following con-
ditions: 1 cycle of 5 min at 95 1C and then 40 cycles consisting of 15 s
at 95 1C and 40 s at 59 1C followed by 1 cycle of 5 min at 72 1C, 5 min
at 4 1C and 5min at 90 1C. Samples were analyzed by droplet reader
and QuantaSoft software (Bio-Rad) with thresholds set manually.

For specific detection of modified CrERV variant (CrERV-mut) in
infected cells, PCR primers complementary to the modified region
of viral DNA were designed: 50–GGATGCCGGAATTCTTCGT and 50–
GTCCAAGTTAACTGCACCACA. Primers complementary to the wild-
type CrERV sequence were used as a positive control: 50–GGA-
TGCCGGAATTCTCAGG-30 and 50–GGGTCCAAGTTAACTGTACTA-
CC-30. OneTaq mastermix (New England Biolabs, Ipswich, MA)
was used for analytic PCR amplification. Each reaction mixture had
a total volume of 20 μl, containing 2 μl of the cell lysate and
200 nM (each) the forward and reverse primers. The samples were
run with a following protocol: 1 cycle of 3 min at 94 1C and then
32 cycles consisting of 20 s at 94 1C, 30 s at 60 1C and 30 s at 68 1C
finished by 1 cycle of 5 min at 68 1C and analyzed by agarose gel
electrophoresis.

Phylogenetic tree

The 30 portion of 13 CrERV sequences (approximately 1100 bp)
was aligned using Muscle (Edgar, 2004) and the phylogeny was
generated with PhyML (Guindon et al., 2010) and the HKY85
model with a gamma distribution.
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