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Bats are increasingly recognized as reservoir species for a variety of zoonotic viruses that pose severe threats to human health.
While many RNA viruses have been identified in bats, little is known about bat retroviruses. Endogenous retroviruses (ERVs)
represent genomic fossils of past retroviral infections and, thus, can inform us on the diversity and history of retroviruses that
have infected a species lineage. Here, we took advantage of the availability of a high-quality genome assembly for the little brown
bat, Myotis lucifugus, to systematically identify and analyze ERVs in this species. We mined an initial set of 362 potentially com-
plete proviruses from the three main classes of ERVs, which were further resolved into 13 major families and 86 subfamilies by
phylogenetic analysis. Consensus or representative sequences for each of the 86 subfamilies were then merged to the Repbase
collection of known ERV/long terminal repeat (LTR) elements to annotate the retroviral complement of the bat genome. The
results show that nearly 5% of the genome assembly is occupied by ERV-derived sequences, a quantity comparable to findings
for other eutherian mammals. About one-fourth of these sequences belong to subfamilies newly identified in this study. Using
two independent methods, intraelement LTR divergence and analysis of orthologous loci in two other bat species, we found that
the vast majority of the potentially complete proviruses identified in M. lucifugus were integrated in the last �25 million years.
All three major ERV classes include recently integrated proviruses, suggesting that a wide diversity of retroviruses is still circu-
lating in Myotis bats.

With 1,116 known extant species in 202 genera, bats (order
Chiroptera) constitute more than 20% of living mammal

species (1). The family Vespertilionidae, which contains about
one-third of all bat species and more than 100 species in the genus
Myotis, ranks among the most species rich of all mammal families.
Bats display many exceptional developmental and physiological
characteristics, including the extreme elongation of digits to form
webbed wings enabling powered flight, the capacity of several spe-
cies to undergo extended hibernation, and extraordinary life
spans for their size and metabolic rate (up to 34 years in the wild
for Myotis), making them emerging models for research in limb
development (2, 3) and aging (4). Bats have also gained attention
in biomedical research because a number of bat species have been
identified as zoonotic reservoirs for some of the most sinister vi-
ruses infecting humans, such as rabies, Ebola, Marburg, Hendra,
Nipah, and SARS-like viruses (5–10). A recent study suggests that
bats host almost twice as many zoonotic viruses per species as
rodents, another important reservoir of zoonotic viruses (11).

The growing notoriety of bats as reservoirs for zoonotic viruses
has generated considerable interest in the scientific community
and prompted a broad effort to characterize the viruses naturally
infecting bats, including recent metagenomic surveys of the “vi-
rome” of several bat species (12–15). Together, these studies have
led to the detection of a large number of viruses affiliated with
diverse mammalian families of (mostly) RNA viruses, as well as
insect and plant viruses (12–15).

Retroviruses are unique among vertebrate viruses in that they
possess an obligatory chromosomal integration stage in their rep-
lication cycle. Integration may occasionally occur in the germ line,
which can result in vertical inheritance and fixation in the host
population (16–18). Such endogenous retroviruses (ERVs) have
been identified in nearly all vertebrate genomes examined (16–
18), and they often occupy a substantial fraction of mammalian

genomes, accounting for about 8% of human (19) and 10% of
mouse nuclear genome sequences (20). The infiltration and am-
plification of ERVs in vertebrate genomes are pervasive and rep-
resent a source of genetic variation thought to have had a strong
impact on the biology and evolution of host species (18, 21, 22).
Furthermore, because ERV integration events can often be dated,
they provide a precious fossil record of past retroviral infections
that have afflicted the host species or its ancestors (22–25).

Despite the prevalence of ERVs in mammalian genomes and
their biological relevance, relatively few bat retroviral sequences
have been reported in the literature (26–29). Initially, these were
only short ERV fragments isolated by PCR with degenerate prim-
ers designed to amplify conserved pol domains of retroviruses (26,
27). More recently, traces of foamy viruses (spumaviruses) were
identified in bat viromes (15), and Cui et al. reported an appar-
ently complete sequence for an exogenous gammaretrovirus (Rhi-
nolophus ferrumequinum retrovirus [RfRV]) in the greater horse-
shoe bat, as well as defective gammaretroviral sequences in other
bat species (30). Lastly, the same group identified �50 copies of
endogenous gammaretroviruses in the draft genome sequences of
M. lucifugus and of the megabat Pteropus vampyrus and were able
to recover a total of 16 proviruses with both of the long terminal
repeats (LTRs) but apparently defective coding capacity (28).

Received 5 April 2013 Accepted 17 May 2013

Published ahead of print 29 May 2013

Address correspondence to Cédric Feschotte, cedric@genetics.utah.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JVI.00892-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00892-13

August 2013 Volume 87 Number 15 Journal of Virology p. 8493–8501 jvi.asm.org 8493

http://dx.doi.org/10.1128/JVI.00892-13
http://dx.doi.org/10.1128/JVI.00892-13
http://dx.doi.org/10.1128/JVI.00892-13
http://jvi.asm.org


These results suggested that bats are host to a large diversity of
gammaretroviruses, including endogenous elements (28, 30).
Early this year, endogenous betaretroviruses were also identified
and reported in megabats and microbats (29). However, the over-
all diversity and evolution of ERVs in bat genomes remain largely
unexplored.

In this study, we take advantage of the recent public release of a
high-quality, 7� genome assembly (http://www.genome.gov/255
21745) of the little brown bat Myotis lucifugus, one of the most
common species in North America, to perform a comprehensive
mining and analysis of ERVs in a bat species. We found that the
amount and diversity of ERVs in M. lucifugus rival those observed
in other mammalian genomes and include both ancient and re-
cent integration events. Our study suggests that the vespertilionid
bats have been subject to considerable levels of retroviral infec-
tions over the last �25 million years (My) and that diverse retro-
viruses are likely still circulating among natural populations of M.
lucifugus.

MATERIALS AND METHODS
ERV mining. The M. lucifugus 7� genome assembly Myoluc 2.0 was
downloaded from NCBI (NCBI accession number AAPE02000000) and
used as the input for two ERV identification pipelines (Fig. 1). First, we
identified pairs of putative LTRs separated by 1 to 15 kb and flanked by
target site duplications (TSD) by using LTRharvest (31). The LTR nucle-
otide similarity threshold used in LTRharvest was �80%, with other pa-
rameters set to their defaults. Internal retroviral sequence features of ERV
candidates, including protein domains, primer-binding sites (PBS), and
polypurine tracts (PPT), were predicted using LTRdigest (32). The M.

lucifugus tRNA library used for PBS annotation was generated for the
Myoluc 2.0 genome assembly using tRNAscan-SE (33), and 32 retroviral-
related protein domain profiles (see File S1 in the supplemental material)
used for putative domain annotation were downloaded from the Pfam
database (34). To remove false positives and arrive at a list of high-confi-
dence full-length ERVs, we applied two additional filters. First, we per-
formed a tblastn search against all repeat libraries in Repbase (version
17.11) (45) to remove candidates whose reverse transcriptase (RT) do-
mains were most closely related to those of non-LTR retrotransposons.
Second, we required each candidate to contain at least 3 of the 5 canonical
retroviral protein domains (Gag, PR, RT, IN, and RH) identified by
LTRharvest. We also observed that some of the predicted LTR boundaries
were truncated, so we manually refined the LTR termini for each of the
filtered full-length ERVs using genomic alignments with blastn. The sec-
ond ERV identification pipeline employed MGEScan-LTR (36) with the
default parameters. The outputs from LTRdigest and MGEScan-LTR
were also submitted to CENSOR (37) to systematically identify any other
known repetitive elements inserted within the candidate ERVs. This ap-
proach was also used to eliminate several false positives where a pair of
short interspersed elements (SINEs) flanking putative retroviral domains
was misidentified as LTRs.

ERV classification and phylogenetic analysis. We used MUSCLE
(38), complemented by manual refinements, to build an amino acid mul-
tiple alignment of the RT domain from 177 full-length bat ERVs and 20
known exogenous and endogenous retroviruses (see File S2 in the supple-
mental material). A neighbor-joining phylogeny was built from the RT
domain alignment using MEGA5 (39) with 1,000 bootstrap replicates,
applying the pairwise deletion option and using JTT as the amino acid
substitution model (40). A Bayesian phylogenetic reconstruction was
built using MrBayes 3.1.2 (41) with two runs of 5 million generations,
employing a mixed-rate model. The tree was sampled every 100 genera-
tions. Posterior probabilities supporting family clustering are summa-
rized in Table 1. For subfamily clustering of LTR sequences, we used
Vmatch with parameters set according to the LTRdigest protocol (32).

Dating ERV insertions by using LTR divergence. LTR pairs from 362
full-length ERVs were aligned using the Smith-Waterman algorithm (42).
CpG sites in all LTR sequences were removed, and the pairwise evolution-
ary distance K of LTR pairs was corrected using the Jukes-Cantor model
(43). A previously estimated substitution rate (r) of 2.692 � 109 for the M.
lucifugus lineage (44) was used for dating each insertion. The date of ERV
integration was calculated as K/2r.

RepeatMasker analysis. To generate a systematic annotation of ERVs
in the M. lucifugus genome assembly, we first collected the LTR sequences
and internal regions of potentially complete proviruses identified ab
initio. We first separate the LTR sequences and internal regions from
complete elements and extracted representative or consensus sequences
from each of the 86 subfamilies. These 172 sequences formed our M.
lucifugus ERV (MLERV) library. To remove any repetitive elements
nested within the MLERV library, we screened this library using Repeat-
Masker (version 3.3.0) (3.0.1996-2010 [http://www.repeatmasker.org])
with a library of non-ERV repetitive elements from Repbase (version
17.11) (45). We then combined our 172 MLERV entries with a Repbase
ERV library (version 17.11) (45) to build a custom ERV library. This
library was used to subsequently run RepeatMasker on the M. lucifugus
genome assembly, using the sensitive Crossmatch alignment program
with the default parameters.

Estimation of full-length ERVs and solitary LTRs. A Perl script was
used to parse the RepeatMasker output to systematically identify LTR
pairs flanking internal ERV regions masked on the same DNA strand. A
potential full-length ERV was considered when a pair of similar LTR frag-
ments were separated by less than 20 kb and the alignment of the pair of
LTR fragments spanned at least 100 bp. We also required that at least 500
bp of internal region were masked as internal ERV sequences.

To estimate solitary LTR numbers, we parsed the RepeatMasker out-
put to map solo LTRs. In many cases, we found LTRs to be fragmented. To

FIG 1 Potential complete ERV identification pipeline. We identified 25,239
LTR candidates with pairs of putative LTRs and TSD using LTRharvest, and all
of them were annotated using LTRdigest. LTR candidates with canonical ret-
roviral features were extracted as potential complete ERVs. We also used the
independent pipeline MGEScan-LTR to identify potential complete ERVs. By
combining the two independent pipelines, we identified 362 potential com-
plete ERVs. They were further classified into 13 families based on RT domain
phylogeny and into 86 subfamilies based on LTR sequence similarity.
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better estimate solitary LTR copy numbers from fragmented pieces in the
genome, we aligned fragmented LTR sequence to their consensus se-
quence and calculated the occurrence of each base in the alignment. The-
oretically, the abundance of each base should be the same. In reality, it
fluctuates because of genome rearrangements. Therefore, we used the
median occurrence of an LTR as a proxy for its genomic copy number.
Paired LTRs from full-length elements are included in the genomic copy
number as well, so we subtracted twice the full-length ERV copy number
from the genomic copy number and used it as the solitary LTR number.

Identification of orthologous MLERV insertion sites in other bat
genomes. A Perl script was designed to find orthologous loci of MLERVs
in other bat genome assemblies. The first and last 100 bp of each MLERV
plus 300 bp of their flanking sequences were extracted from the M. lucifu-
gus genome assembly and used as queries to search other genome assem-
blies using blastn. Genome sequences matching only the flanking region
in the queries were labeled “empty sites,” while sequences matching both
the flanking and repeat regions were labeled “occupied.” A given MLERV
was considered present or absent at an orthologous locus when at least one
end could be unambiguously labeled an occupied or empty site. All of the
orthologous loci were validated by manual inspection.

RESULTS
De novo detection of ERVs in the M. lucifugus genome. We used
two different ERV mining pipelines (Fig. 1). The first strategy
relies on the combination of LTRharvest (31) and LTRdigest (32).
We used LTRharvest to define ERV candidates by scanning the
genome sequence for putative LTR pairs (100 to 1,000 bp) sepa-
rated by 1,000 to 15,000 bp and flanked by target site duplications
(TSD). LTRdigest then screens and annotates each internal se-
quence of the ERV candidates for putative protein-coding do-
mains (e.g., reverse transcriptase, integrase, etc.), primer-binding
sites (PBS), and polypurine tracts (PPT), characteristic of com-
plete proviruses. A filter is then applied to retain complete or
nearly complete ERVs based on the presence of a subset of these
features (see Materials and Methods). To complement this ap-
proach, we applied a second computational tool, MGEScan-LTR,
designed to identify full-length LTR retrotransposons, including
ERVs (36). LTRdigest and MGEScan-LTR both use HMMER (46)
to identify protein domains; however, LTRdigest outputs all ret-
roviral protein domains with an E value of �1�6 for further iden-
tification, while MGEScan-LTR retains candidates with a set of
protein domains with a combined E value of �1�10 or a longest
open reading frame (ORF) length of �700 bp.

With LTRharvest (31), we identified 25,239 ERV candidates
with a pair of predicted LTRs in the M. lucifugus genome.
This large output was filtered down to 217 ERV candidates by
LTRdigest (32). Applying MGEScan-LTR (36) revealed 245 puta-
tive full-length ERVs (Fig. 1). While the total numbers of ERVs
identified by the two pipelines were similar, only a small subset of
elements were identified by both programs, as determined based
on their location in the genome assembly. After removing redun-
dant elements and false positives (see Materials and Methods), we
arrived at a total of 362 distinct and potentially complete provi-
ruses identified in the M. lucifugus genome assembly (hereinafter
referred to as potentially complete ERVs) (Fig. 1). The LTR
lengths of these 362 ERVs vary from 154 to 840 bp, and their total
internal lengths range from 2,291 to 12,503 bp after removing
secondary transposon insertions (see Table S1 in the supplemen-
tal material). Of the 362 ERVs, 252 (�70%) have perfect TSD, and
27 have identifiable TSD with 1 or 2 mutations.

Phylogenetic analysis and classification of ERVs from M. lu-
cifugus. Of the 362 ERVs identified as described above, 177 had a
reverse transcriptase (RT) domain conserved enough to be
aligned confidently for phylogenetic analysis. We used this con-
served RT domain (47) to build a multiple alignment and com-
pute phylogenetic trees using the neighbor-joining method imple-
mented in MEGA (39) and the Bayesian method implemented in
MrBayes (48). Both methods produced trees with nearly identical
topologies, allowing us to classify bat ERVs into 13 major families,
denoted MLERV1 to -13 (Fig. 2 and Table 1). We defined all
families as monophyletic groups of closely related branches with
bootstrap support of at least 75% in neighbor joining and poste-
rior probability of at least 0.75 in Bayesian trees (except for the
MLERV12 family, which was supported by 54% bootstrap but a
posterior probability of 0.93). Representatives of the known ret-
roviral classes were included in our phylogenetic analysis in order
to assign the MLERV families to one of the three major ERV
classes. We were able to identify 6 MLERV families (MLERV1 to
-6) comprised of 145 elements as class I ERVs (gammaretrovi-
ruses), 6 MLERV families (MLERV7 to -12) accounting for 157
elements as class II ERVs (betaretroviruses), and one family
(MLERV13) represented by two elements as class III ERVs (spu-
maretroviruses).

To further classify MLERVs into subfamilies, we compared

TABLE 1 Summary of 13 MLERV families

Family Class
Neighbor-joining
bootstrap

Bayesian posterior
probability Age (Mya) LTR length (bp)

Internal length
(bp) Copy no.

MLERV1 I 99.5 1 4.2 442 6,554 33
MLERV2 I 100 1 6.9 418 7,531 5
MLERV3 I 86.8 0.99 6.8 433 5,961 71
MLERV4 I 100 0.99 15.8 339 7,098 48
MLERV5 I 0.75 1 15.0 358 7,380 16
MLERV6 I 100 1 13.0 425 9,007 3
MLERV7 III 100 1 3.0 868 10,596 2
MLERV8 II 100 0.99 4.8 334 5,042 23
MLERV9 II 98.3 0.99 13.1 393 5,216 19
MLERV10 II 76 0.99 7.6 444 4,344 25
MLERV11 II 100 0.99 10.5 546 5,515 48
MLERV12 II 0.54 0.93 8.7 432 6,529 20
MLERV13 II 100 0.87 9.6 421 7,170 41
a My, million years.
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their LTR sequences, which are among the most rapidly evolving
sequences in retroviruses (49, 50). Based on a 75% interelement
LTR nucleotide similarity cutoff, the program Vmatch (www
.vmatch.de) clustered the 362 potential complete ERVs into 86
subfamilies (including 40 singletons) (see Table S2 in the supple-
mental material). Although families and subfamilies were defined
independently, we found that the two classification levels were
congruent in that ERVs falling within a given subfamily also be-
longed to the same family. One advantage of the classification based
on LTR sequences is that we could generally assign elements with
highly diverged, partial or missing RT domains to one of the families
defined upon RT phylogeny. By combining these different classifica-
tion methods, we were able to assign 354 ERVs to one of the 13 fam-
ilies defined in Table 1, leaving only 8 ERVs presently unclassified.

Census of the ERV population in the M. lucifugus genome
assembly. To comprehensively assess the abundance of ERV-de-
rived sequences in M. lucifugus, we ran RepeatMasker to annotate

the 7� genome assembly using a custom library combining con-
sensus or representative sequences for each of the 86 MLERV sub-
families defined above and all nonredundant ERV sequences de-
posited in Repbase (45) (see Materials and Methods). The total
length of ERV-related sequences annotated by RepeatMasker
amounted to 89 Mb, which represents 4.9% of the 1.8-Gb genome
assembly after removing gaps.

To further delineate the ERV composition of the bat genome,
we implemented custom scripts (available upon request) to parse
the RepeatMasker output and estimate the numbers of full-length
ERVs (as defined by the presence of a pair of LTRs flanking a
sequence masked as an internal ERV region) and solitary LTRs for
each major class of ERVs (see Materials and Methods). Solitary
LTRs typically arise as a result of intraelement recombination be-
tween the 5= and 3= LTRs of a full-length provirus.

For class I ERVs, the approach identified 464 full-length pro-
viruses and 35,404 solitary LTRs in the genome assembly. The

FIG 2 Phylogeny of 13 MLERV families and reference retroviral sequences. Class I, class II, and class III ERVs are illustrated with blue, yellow, and green,
respectively, and reference retroviral sequences are shown in red. MLERV families with neighbor joining bootstrap values higher than 95 are labeled with an
asterisk at the root, and those with a bootstrap value of between 75 and 95 are labeled with a dot at the root. KoRV, koala retrovirus; GaLV, gibbon ape leukemia
virus; MDEV, Mus dunni endogenous virus; PERV, porcine endogenous retrovirus; MuLV, murine leukemia virus; FELV, feline leukemia virus; BaEV, baboon
endogenous virus; HERV, human endogenous retrovirus; ZFERV, zebrafish endogenous retrovirus; WDSV, walleye dermal sarcoma virus; SnRV, snakehead fish
retrovirus; FeFV, feline foamy virus; HFV, human foamy virus; BLV, bovine leukemia virus; RSV, Rous sarcoma virus; GH-G18, Golden hamster intracisternal
A-particle H18; RERV, rabbit endogenous retrovirus; HML, human MMTV-like; SRV, simian type D retrovirus; MMTV, mouse mammary tumor virus.
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sizes of full-length class I ERVs in M. lucifugus typically range from
6 to 9 kb (Table 1). MLERV3 is the most diverse family in this
class, including 15 distinct subfamilies (Fig. 2 and Table 1). To-
gether, the total genomic length occupied by class I elements is
estimated at 31.5 Mb (1.66% of the genome assembly).

Class II ERVs were represented by 638 full-length proviruses
and 10,858 solitary LTRs. The lengths of full-length class II ERVs
range from 4.5 to 9.5 kb. The most abundant class II family is
MLERV11 (Fig. 2 and Table 1). Notably, subfamily MLERV11_2
includes 123 potentially full-length copies, more than any other
MLERV subfamily. In total, class II ERVs occupy 9.1 Mb (0.48%)
of the genome assembly.

Covering 49.2 Mb (or 2.6%) of DNA, class III ERVs account
for the largest amount of ERV-derived sequences in the genome
assembly. This result was somewhat surprising in light of our ini-
tial ab initio mining of ERVs, which had retrieved a single class III
family (MLERV7) represented by only 2 complete canonical cop-
ies (Fig. 2 and Table 1). Nonetheless, our parsing of the Repeat-
Masker output identified 571 full-length and 81,967 solitary LTRs
affiliated with class III ERVs. Manual inspection of a subset of
these sequences revealed that they represent relatively ancient and
often nonautonomous class III elements previously identified in
other mammalian genomes, such as mammalian apparent LTR
retrotransposons (MaLRs) (51). Thus, the discrepancy between
the results of the ab initio search and the RepeatMasker annotation
can be explained by the fact that most class III ERVs are repre-
sented by highly decayed copies and nonautonomous elements, as
well as abundant solitary LTRs derived from ancient families (see

below). By design, such incomplete or highly diverged copies can-
not be identified by the two pipelines used for our ab initio mining
(31, 32, 36). The difficulty in identifying class III ERVs using ab
initio approaches has been reported for other mammals (52–58).

Overall, the ERV coverage of the bat genome (89 Mb, 4.9%) is
less than that in the human (261 Mb, 9.0%) and mouse (285 Mb,
10.9%) genomes but similar to the ERV coverage of the dog ge-
nome (115 Mb, 4.8%) (RepeatMasker) (Fig. 3a). However, the bat
genome assembly is less complete and of poorer quality than the
mouse and human genome assemblies. Because ERVs and other
repeats tend to be overrepresented in nonassembled regions of
sequenced genomes (gaps), our estimate of ERV abundance in M.
lucifugus should be viewed as a conservative estimate.

Comparative demography of ERVs in bat, human, and
mouse. The RepeatMasker output provides a measure of sequence
divergence for each DNA segment annotated to its closest consen-
sus sequence in our ERV library, enabling us to examine the
tempo and evolutionary dynamics of ERV invasions in M. lucifu-
gus in comparison to those in human and mouse (Fig. 3b). Over-
all, the demographic profile of M. lucifugus ERVs is more similar
to that of human ERVs: class III ERVs are the most abundant and
the most diverged (ancient), class II ERVs are the least abundant
but the most recent, while class I ERVs occupy an intermediate
position both in abundance and divergence. The similar histories
of ERV accumulation in the bat and human (and to some extent
mouse) lineages are to be contrasted with the dramatic differences
in DNA transposon activity, which is strikingly elevated in the M.

FIG 3 Comparison of ERV abundance and dynamics in different genomes. Different ERV classes and DNA transposons are labeled with different colors. (a)
Comparison of percentages of genomes derived from different classes of ERVs in little brown bat and other mammals. (b) ERV and DNA transposon dynamics
in little brown bat, human, and mouse genomes. Distance to consensus was corrected using the Jukes-Cantor model. Older elements are more distant from the
consensus. The abundance is illustrated also, using the percentage of the genome.
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lucifugus lineage (Fig. 3b), consistent with previous reports (59,
60).

Recent ERV infiltrations in the M. lucifugus lineage. The 5=
and 3= LTR sequences from a given provirus are typically identical
upon chromosomal integration and are expected to diverge sub-
sequently by accumulating substitutions at the neutral rate of the
host species. Thus, if the host neutral substitution rate is known,
the age of an individual ERV integration event can be estimated by
measuring the pairwise distance between LTR sequences (61). We
applied this method and a rate of neutral substitution previously
estimated for the M. lucifugus lineage (44) to date the integration
of the 362 potential complete ERVs predicted ab initio, as we ex-
pected these to represent some of the youngest elements in the
genome (Fig. 4a).

The results show that, indeed, the vast majority of the ERVs
surveyed integrated relatively recently, with 232 of 362 (64%) pro-
viral integrations estimated to be less than 10 My old according to
this analysis. Twenty-three of these elements have strictly identical
LTR pairs, and another 58 elements have LTRs that are �99%

identical, indicating that all these ERVs have inserted very re-
cently, probably within the past 2 My (Fig. 4a). The most recently
active subfamily according to this analysis is MLERV3_15 of the
ERV I class. We estimated that each of the 12 copies of
MLERV3_15 have inserted within the last 2.5 My, including 4
copies with identical LTRs (see Table S2 in the supplemental ma-
terial). These data suggest that the M. lucifugus lineage has been
subject to many recent ERV infiltrations.

We measured the age of MLERV integration events alterna-
tively by assessing their presence or absence at orthologous
genomic positions in closely related bat species. Recently, draft
genome assemblies of two additional vespertilionid bats, Eptesicus
fuscus and Myotis davidii, were released (NCBI accession number
ALEH01000000 and ALWT01000000, respectively) (62). E. fuscus
has been estimated to share an ancestor with Myotis bats at �25
My ago (63, 64), and the time of divergence of M. lucifugus and M.
davidii is predicted to be around 10 to 15 My (64–66). We used
BLAST with queries representing the termini of each of the indi-
vidual full-length MLERV copies plus 300 bp of flanking genomic
sequences to identify orthologous regions in the E. fuscus and M.
davidii genomes (Fig. 4b shows an example). After combining
information from these two other bat genomes and manually in-
specting each locus, about 35% of orthologous MLERV loci could
be unambiguously identified in E. fuscus and about 70% in M.
davidii (see Tables S1 and S3 in the supplemental material).
Among these, we found evidence for 137 MLERVs present at or-
thologous positions in M. davidii, while 115 MLERVs were miss-
ing at the orthologous site in this species (Fig. 4c) (52 of these loci
are precisely missing the MLERV and have only one copy of the
TSD). In the E. fuscus draft genome assembly, we identified 35
MLERVs present at orthologous loci, while 94 MLERVs were
missing at orthologous positions (see Tables S1 and S3 in the
supplemental material). Together, these data indicate that the vast
majority of potential complete ERVs detected in M. lucifugus in-
tegrated after speciation of E. fuscus and Myotis, and many ERVs
continued to accumulate during Myotis evolution and integrated
after the divergence of M. lucifugus and M. davidii (Fig. 4c and
Table 2).

Our age estimates based on these cross-species genomic com-
parisons were largely concordant with the age of ERV integrations
calculated by LTR divergence. Indeed, MLERVs with orthologous
empty sites in E. fuscus were on average much younger (7.2 My)
than those with occupied sites (23.1 My). The oldest MLERV in-
sertion with an empty site in E. fuscus was predicted to be 27 My
old according to LTR divergence, which is roughly consistent with

FIG 4 Recent ERV invasion in M. lucifugus genome. (a) Most of the 362
complete ERVs invaded the M. lucifugus genome recently. Copy numbers of
different ERV classes are shown in different colors; age was estimated by LTR
pair divergence. (b) An example of an MLERV integration event (TG. . .CA)
specific to the Myotis lineage. The MLERV is present in the M. davidii genome
with target site duplication (TCTC), but a precise empty site is found in E.
fuscus. (c) Orthologous loci of MLERVs in E. fuscus and M. davidii indicate that
most of the ERVs invaded after divergence from E. fuscus, and ERVs were
active before and after speciation of M. lucifugus from M. davidii. The specia-
tion times between M. lucifugus and M. davidii and between M. lucifugus and E.
fuscus were around 13 My and around 25 My, respectively. Numbers of ERV
insertions are labeled between time points.

TABLE 2 Ortholog status of identifiable complete ERVs in M. davidii
and E. fuscus

Ortholog status in other
genomes Copy no.

Avg age
(My)a

Oldest ERV
infiltration
(My)

Latest ERV
infiltration
(My)

M. davidii
Empty site 115 4.2 24.3 0.0
Occupied site 137 15.9 54.8 1.4

E. fuscus
Empty site 94 7.1 27.5 0.0
Occupied site 35 23.1 52.3 5.4

a Age is estimated using LTR pair comparison.
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the divergence time of �25 My estimated between these two bat
species (63). However, we note that the age of the youngest
MLERV insertions with occupied orthologous sites in E. fuscus
was significantly underestimated by LTR divergence (5.4 My).
Similar trends were found in M. davidii (summarized in Table 2).
This discrepancy between the results of the two dating methods
could be caused by gene conversion homogenizing LTR se-
quences, leading to underestimation of the timing of integration,
as previously reported in other genomes (67). These data empha-
size the need to apply multiple methods to confidently date ERV
integration events.

DISCUSSION
Census of ERVs in the M. lucifugus genome. By combining two
different ab initio mining strategies, we identified 362 potentially
complete proviruses in the M. lucifugus genome. Nearly all of these
elements fall within 86 subfamilies that enabled us to identify a
multitude of related sequence fragments using RepeatMasker, in-
cluding nearly 1,700 full-length ERVs and 130,000 solitary LTRs
in the M. lucifugus genome assembly. When used in conjunction
with mammalian ERV sequences catalogued in Repbase, our col-
lection allowed us to estimate that ERVs occupy 4.9% of the bat
genome, a substantial fraction comparable to that observed in
other eutherian genomes (Fig. 3a) (19, 20, 69).

Our data complement previous findings by Cui et al. (28), who
identified 3 major groups (A, B, and C) of gammaretroviruses in
the M. lucifugus genome by BLAST searches. Our approach iden-
tified these three groups as the MLERV2, MLERV1, and MLERV3
families, respectively. We discovered three additional gammaret-
rovirus families (MLERV4 to -6) (Fig. 2 and Table 1). The total
length of sequences derived from the MLERV4 family alone is 9.2
Mb, or �0.5% of the genome assembly. At the time of this study,
there were 5 entries of internal (coding) ERV regions and 132
entries of LTR sequences for M. lucifugus in Repbase, a compre-
hensive database for transposable element sequences, including
ERVs (45). We identified both LTR and internal sequences for 13
families and 86 subfamilies of ERVs, most of which were not re-
ported in Repbase (see Table S2 in the supplemental material).
Furthermore, through manual examination, we found that several
of the M. lucifugus LTR sequences deposited in Repbase were ac-
tually truncated at their 5= end (data not shown). Thus, our man-
ually curated collection of 86 reference ERV sequences will be
useful to replace or complement existing Repbase entries. Overall,
the coverage of MLERV families newly identified in this study
amounts to 23 Mb of the genome assembly, thereby substantially
improving the census of ERVs in this bat species.

Comparison of ERV diversity in M. lucifugus with that of
other mammals. With regard to ERV diversity within M. lucifu-
gus, we found that class I (gammaretroviruses) and class II (be-
taretroviruses) ERVs are similarly diverse (each composed of 6
major families), but the total amount of genomic DNA derived
from class II ERVs (9.1 Mb) is considerably smaller than that
derived from class I ERVs (31.5 Mb). Class III (spumaviruses)
ERVs are the most abundant (49.2 Mb) in the genome, but they
are generally older and more degraded than class I and II elements,
which hampered the identification of full-length class III ERVs
using ab initio methods, as reported for other mammalian ge-
nomes (52–58, 70). Using RepeatMasker, we identified 571 appar-
ently full-length class III ERVs, but we observed that a large frac-
tion of these elements are nonautonomous MaLR-like elements

that are comparable to those abundantly populating the human
and mouse genomes (19, 20). Nonetheless, we note that the only
class III family we detected ab initio in M. lucifugus (MLERV7) is a
relatively young family, with an age estimated at �4 My (Table 1).
Thus, all three major ERV classes are represented by relatively
recent insertions in the M. lucifugus genome.

Overall, the demographic profile of the three ERV classes in M.
lucifugus was more similar to that seen in the human genome (Fig.
3b). While the bulk of class III ERVs likely predate the radiation of
eutherian mammals and, thus, have essentially been inherited
through vertical decent, the amplification of class I and II ERVs is
much more recent and largely lineage specific (Fig. 3). We con-
clude that there was a parallel invasion and expansion of these two
classes of ERV in the human and bat lineages.

An important motivation for our analysis of ERVs in M. lucifu-
gus relates to recent findings of massive lineage-specific DNA
transposon activity in M. lucifugus (Fig. 3b) (59, 60). There is
strong evidence that several of these DNA transposons have been
acquired horizontally (71, 72), possibly reflecting a peculiar sen-
sitivity of the germ line of this group of bats to lateral infiltration of
mobile elements. Because retroviral endogenization also repre-
sents a form of horizontal transfer to the germ line, it was of
interest to see whether these bats also display a greater vulnerabil-
ity to ERV invasions. While we found clear evidence of recent ERV
colonization in the genome of M. lucifugus, neither the diversity
nor the sheer amount of ERV sequences depart dramatically from
the diversity or amount observed in other mammalian genomes
(Fig. 3). Thus, while the mobile element landscape of M. lucifugus
is exceptional in terms of recent DNA transposon invasions, M.
lucifugus does not appear to be an outlier among eutherian mam-
mals in terms of its ERV population. We conclude that the appar-
ent vulnerability of vespertilionid bats to horizontal transfer of
DNA transposons is not generalizable to all types of mobile ele-
ments.

Superspreader hypothesis. Recently, Magiorkinis et al. (73)
proposed the “superspreader” hypothesis, which postulates that
ERVs lacking coding capacity for an envelope (env-less ERVs)
amplify more efficiently within the genome than those encoding
an intact envelope. The hypothesis was supported by a detailed
phylogenetic analysis of intracisternal A-type particles (IAPs)
from several mammalian genomes (73) and for several primate
ERV families (74). In M. lucifugus, we classified MLERVs to 13
families and 86 subfamilies. At the family level, we found no clear
relationship between the presence of an envelope domain and
family copy number; however, at the subfamily level, we observed
that the most successful subfamilies are predominantly composed
of env-less elements (see Table S2 in the supplemental material).
For example, the two largest subfamilies in our data set
(MLERV4_6 and MLERV11_2) are entirely composed of copies
lacking an identifiable envelope domain. Thus, the pattern of
MLERV subfamily expansion brings further support to the super-
spreader hypothesis.

Bats as possible zoonotic reservoirs of retroviruses. We
found several clear examples of very recent ERV families in M.
lucifugus. A good illustration is MLERV3_15, a subfamily of class
I elements. Four of the 12 copies identified in the genome have
identical LTR pairs, while the other eight have LTR pairs that are
�99% identical, indicative of nearly contemporary integration
events (see Table S2 in the supplemental material). All 12 copies
are also absent at orthologous positions in M. davidii (see Table
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S3). Nonetheless, none of the MLERV3_15 copies identified ap-
pear to retain intact coding capacity, suggesting that they are cur-
rently incapable of replicating autonomously.

However, in a recently active class I ERV subfamily,
MLERV2_2 (0 to 3 My old), we identified one copy (entry 74) with
apparently intact gag, pro, pol, and env coding regions, suggesting
that this copy might be replication competent. In addition, an-
other apparently intact and functional class II ERV was recently
identified in M. lucifugus (29). Together, these results suggest that
both class I and II ERVs in M. lucifugus are potentially capable of
autonomous replication and of producing infectious viral parti-
cles.

Among the most recently integrated (�10 My ago) potentially
complete proviruses supported by both LTR-LTR divergence and
cross-species analysis, we were able to detect members of all three
main retroviral classes (see Table S2 in the supplemental mate-
rial). Our finding of recently integrated spumaretroviruses and
gammaretroviruses is consistent with the identification of exoge-
nous members of these retroviral taxa in several bat species, in-
cluding microbats (15, 30). We also identified proviral copies of
betaretroviruses (e.g., MLERV12_4) that have retained identical
LTRs flanked by perfect TSD and are absent in M. davidii (see
Tables S2 and S3), which suggests that M. lucifugus was also in-
fected by exogenous betaretroviruses in the recent past. Together,
these data indicate that a wide diversity of retroviruses have re-
cently infected these bats and are likely still circulating in natural
populations of M. lucifugus. Given the apparent propensity of bats
to act as reservoir species for zoonotic viruses that are highly
pathogenic to humans, these observations raise concerns that
these animals may also be capable of transmitting zoonotic retro-
viruses to humans.
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