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Endogenous viral elements (EVES) can play a significant role in the evolution of their hosts
and have been identified in animals, plants, and fungi. Additionally, EVEs potentially
provide an important snapshot of the evolutionary frequency of viral infection. The
purpose of this study is to take a comparative host-centered approach to EVE discovery
in ant genomes to better understand the relationship of EVEs to their ant hosts. Using a
comprehensive bioinformatic pipeline, we screened all nineteen published ant genomes
for EVEs. Once the EVEs were identified, we assessed their phylogenetic relationships
to other closely related exogenous viruses. A diverse group of EVEs were discovered
in all screened ant host genomes and in many cases are similar to previously identified
exogenous viruses. EVEs similar to ssRNA viral proteins are the most common viral
lineage throughout the ant hosts, which is potentially due to more chronic infection
or more effective endogenization of certain ssRNA viruses in ants. In addition, both
EVEs similar to viral glycoproteins and retrovirus-derived proteins are also abundant
throughout ant genomes, suggesting their tendency to endogenize. Several of these
newly discovered EVEs are found to be potentially functional within the genome.
The discovery and analysis of EVEs is essential in beginning to understand viral-ant
interactions over evolutionary time.

Keywords: Formicidae, endogenous viral elements, comparative genome biology, microbes, viral diversity

INTRODUCTION

Endogenous viral elements (EVEs), or viral fossils, are whole or fragmented viral sequences
integrated into host genomes after viral infection, which can then propagate through the germline.
The majority of research conducted on endogenous viruses centers around retroviruses, which has
led to discoveries demonstrating that these viruses could play a role in the evolution of their hosts.
EVEs were found to be potentially important in the evolution of placental mammals as well as in
the resistance to a variety of diseases (Feschotte and Gilbert, 2012; Grasis, 2017).

Endogenous viral elements are created when a duplicate of a double-stranded DNA viral
genome is incorporated into the host germline. As part of their replication, retroviruses must
manufacture dsDNA intermediates in order to integrate into the host genome. However, DNA and
RNA viral endogenization is much less well understood. It is thought to result from inadvertent
chromosomal integration such as non-homologous recombination or retrotransposition events
(Aiewsakun and Katzourakis, 2015; Figure 1 from Katzourakis and Gifford, 2010). DNA repair
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machinery from the host cell has the ability to detect viral
sequences within the genome (Weitzman et al., 2004). Therefore,
EVEs will often be excised from the host genome, though a small
number will evade detection. EVEs reach genomic fixation either
from neutral evolution or from exaptation, a process whereby
EVEs convey beneficial functions distinct from their original
purpose to their host (Katzourakis and Gifford, 2010). EVEs will
then accrue mutations at the host neutral rate of evolution since
they are fixed in the host genome (Katzourakis, 2013). Non-
functional EVEs are expected to accumulate mutations at a far
slower rate than their exogenous viral counterparts (Aiewsakun
and Katzourakis, 2015). EVEs that have been functionally co-
opted by the host cell would be expected to have an even
slower mutation rate due to being conserved through positive
selection. Demographic patterns such as host or viral population
size could also affect the viral endogenization. Host species with
small effective population sizes (i.e., many mammal species) may
contain more neutral EVEs due to the amplified importance of
genetic drift (Holmes, 2011).

In recent years, several studies have illustrated how exaptation
of EVEs into a host’s genome function in antiviral defense
through production of functional proteins (Frank and Feschotte,
2017). For example, in the thirteen-lined ground squirrel
(Ictidomys  tridecemlineatus), an endogenous bornavirus
effectively stops infection of exogenous (i.e., viruses which
exhibit horizontal transmission from organism to organism)
bornaviruses (Fujino et al., 2014). EVEs can have an influential
and enduring influence on their hosts evolution and subsistence
in a given ecosystem. Therefore, analyzing EVEs across host
genomes could help to unravel the complicated evolutionary
relationships between viruses and their hosts.

Preliminary evidence suggests that ant genomes contain
several clades of EVEs. Francois et al. (2016) found several
putative ant EVE hits when surveying the Parvoviridae viral
clade. Lietal. (2015) found a few ant glycoprotein EVEs in a study
aimed at discovering arthropod RNA viruses. Dennis et al. (2018)
found a single Pseudomyrmex gracilis cyclovirus ant EVE in a
large survey of Circoviridae EVEs. However, these three studies
used a virus-centered approach and only incidentally discovered
ant EVEs. Their approach targets a small group of viruses among
a wide array of host genomes in order to understand more about
that clade of viruses. Conversely, a host-centered approach, in
which one surveys a specific group of host genomes for all known
viruses, permits the discovery of novel EVEs within those hosts.

Ant species exhibit extremely variable diets (herbivore,
predator, and generalist), nesting habitat (arboreal vs. ground),
colony structure, and complex and species-specific social
behavior (Holldobler and Wilson, 1990; Lach et al.,, 2010).
Examination of ant EVEs may provide insight into this variability
across their evolutionary history. Though all ants share the
same RNAi immune response pathway, differences in EVEs
across species may signify differential viral pathogen infection
rates (Mongelli and Saleh, 2016). Therefore, analysis of EVEs
could provide understanding of insect immunity evolution by
acting as a reservoir of immune memory. In addition, a survey
of EVEs throughout ant genomes could help elucidate the
factors shaping the composition of viral communities presently

infecting ants. EVEs scattered throughout the genomes of
ants could represent a deep branch of the antiviral defense
system (Whitfield et al., 2017).

Though there are currently nineteen published ant genomes,
there have been no genome-wide studies examining their
endogenous viruses. Therefore, the goal of this study is to survey
and characterize EVE sequences throughout these nineteen ant
genomes. Specifically we aim to address three questions: (1)
Do ants exhibit abundant and diverse EVEs throughout their
genomes? (2) How are the EVEs found in ant genomes related
to exogenous viral clades? (3) Do any of these discovered EVEs
exhibit potential for functionality?

MATERIALS AND METHODS

A comprehensive bioinformatic pipeline using BLAST was
created to screen for EVEs throughout every published ant
genome in the NCBI database'. There are currently nineteen
published ant genomes (Table 1). These assembled genomes
are of various sizes ranging from 212.83 megabases to 396.25
megabases. Before each ant genome was screened, scaffolds under
10,000 base pairs (bp) were pruned from the genome with the
program CutAdapt (Martin, 2011) to ensure EVE hits were
located on the actual genome and not scaffolds potentially created
through assembler error or contamination.

The bioinformatic screen took a conservative approach, which
consisted of first executing tblastn on RefSeq viral proteins (and
all proteins from Shi et al., 2016) as the query against the specific
ant genome as the database. The e-value for this tblastn was
set at 1e-20 (Blast., 2013). Viral proteins from Shi et al. (2016)
were included in the query because this study vastly increased
the known viral diversity in insects and was not included in the
RefSeq database at the time of this analysis. At the time of the
screen, there were 1,149,421 viral proteins included and nineteen
ant genomes analyzed. The nucleotide hits from this tblastn were
merged with neighboring hits within 10 base pairs into a single
sequence. These merged hits were then used as the query for
a blastx run against the non-redundant protein database. The
e-value for this blastx run was set at 0.001. The purpose of this
blastx run was to assess if the original hit from the tblastn run
was of viral origin. If the best hit was not most similar to a
virus, then it was discarded. The final list of putative amino acid
EVE hits were then manually pruned to ensure the best hit was
also not most similar to a hypothetical protein, but to a viral
structural or non-structural protein. Several EVEs were manually
concatenated if they were close to each other on the same scaffold
and when aligned did not overlap, but instead came from one
larger protein fragment.

Once these putative EVEs were identified, the phylogenetic
relationships of the EVE hits were inferred from an amino
acid alignment of EVE protein hits and their closely related
exogenous virus protein sequences, which were determined by
most similar BLAST match. EVEs were grouped together based
on both the viral protein class (glycoprotein, RNA-dependent

'https://www.ncbi.nlm.nih.gov/; accessed 1/1/2018
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RNA polymerase, nucleoprotein, etc.) and viral clade to which
it was most similar on the blastx run. These EVEs and their
closely related exogenous viral protein sequences were aligned
with MAFFT v7.309 (Katoh et al., 2002). For each alignment,
the MAFFT program used the algorithm E-INS-I, scoring matrix
of BLOSUMS62, and a gap open penalty of 1.53. Subsequently,
maximum likelihood phylogenies were inferred using the amino
acid alignments with RAXxMLv8.1.16 (Stamatakis, 2014). The
best fit protein substitution model for each alignment was
determined using SMS (Lefort et al., 2017). Support for the
maximum likelihood (ML) phylogenies was evaluated with 1000
bootstrap replicates.

We assessed if ant genome quality was correlated with the
number of EVEs present in the genome. For these analyses, we
assessed both the genome directly downloaded from NCBI (pre-
clipped) as well as the clipped genome used in the pipeline. By
using the Pearson’s product-moment correlation, we compared
number of EVEs present in each genome with genome length,
number of scaffolds, scaffold N50, number of contigs, and contig
N50. BBMap was used to compile the statistical metrics for the
clipped genomes (Bushnell, 2014). To understand if size filtering
impacted the EVEs we found, we performed a synteny analysis
to assess the size and number of annotated host genes on the
individual scaffolds in which EVEs were discovered. This analysis
was manually performed by examining each scaffold in the NCBI
Genome Data Viewer.

To further examine EVE-ant evolutionary relationships, we
used BaTS Bayesian tip-association significance testing (Parker
et al., 2008; Shi et al., 2018) to assess if the EVE hits from the
Mono-Chu glycoprotein phylogeny tend to clump more strongly
with a particular ant species than expected solely by chance.
The Mono-Chu glycoprotein phylogeny was simplified to include
only the 227 ant EVE hits since we were only testing ant host-EVE
associations. This test considered host phylogenetic structure at
the level of ant species and subfamily. BaTS then estimated an
association index (AI) to identify the strength of the association
between the Mono-Chu glycoprotein EVE phylogeny and ant
host species/subfamily. This Al value was then compared to a null
distribution generated using 1000 tree-trip randomizations to
infer an Association Index Ratio (observed association index/null
association index). A ratio closer to 0 suggests stronger host
structure and closer to 1 suggests a weaker host structure. A p-
Value for the AI was output from the BaTS test derived from the
1000 tree-tip randomizations.

To evaluate the degree of EVE-ant host co-divergence in each
ant species, we implemented an event-based co-phylogenetic
reconstruction using JANE version 4 (Conow et al., 2010). The
simplified EVE hit Mono-Chu glycoprotein phylogeny used for
the BaTS test was used for this analysis. In addition, for the
host phylogeny we used the ant phylogeny from Nelsen et al.
(2018), with the drop.tip function in ape to infer a phylogeny
with solely the 19 ant species examined in this study. The cost
event scheme, or non-co-divergence, for the JANE reconstruction
was: co-divergence = 0, duplication = 1, host switch = 1, loss = 1,
failure to diverge = 1. The “failure to diverge” parameter refers
to occurrences when host speciation is not followed by virus
speciation, and the virus remains on both newly speciated

hosts. The population size and the number of generations were
fixed to 100. The co-divergence significance was determined by
contrasting the estimated costs to null distributions calculated
from 100 randomizations of host tip mapping. To better visualize
these co-divergence patterns, we visualized these associations
between the EVEs in the simplified glycoprotein Mono-Chu
phylogeny and the EVEs in the simplified Nelsen et al. (2018)
ant phylogeny using the cophylo function in phytools to create
a tanglegram (Revell, 2012).

The potential functionality of these endogenous viral
fragments was assessed through the analysis of the stop codons
and nonsense mutation within the EVE hit protein fragments
to determine if they possess intact open reading frames (ORFs).
Intact ORFs were then inferred to be functional if through
manual comparison, the putative EVE protein sequence was
within 75 amino acids in length of its most closely related
exogenous viral protein.

RESULTS

Using a host-centered approach, we screened all 19 available
and published ant genomes (on 1/1/2018) with a bioinformatics
pipeline detailed in the Material and Methods section above.
Once EVE hits were obtained, we assessed their genome-specific
differences in abundance and variation. We recovered a total
of 434 EVE hits across these 19 ant genomes (Supplementary
Tables S1, S2). There is clear variation in the number of EVEs
recovered depending on ant species (Figure 1 and Table 1).
Table 2 displays the results of the Pearson’s product-moment
correlation, comparing the factors representing genome quality
with EVE number per genome. Based on the Pearson’s product-
moment correlation, none of these factors were significantly
correlated with number of EVEs discovered. Supplementary
Table S3 contains all genome information used for both the
clipped and pre-clipped genomes. For the synteny analysis, we
found that 78.57% of the scaffolds containing EVEs were longer
than 30,000 base pairs. In addition, 70.74% of these scaffolds had
at least one gene annotated from the host. The scaffold length and
number of annotated host genes are found in Supplementary
Table S1. There were no EVEs that represented an entire viral
genome on a single scaffold - instead each EVE hit constituted a
single protein or protein fragment.

Viral Phylogenies

A summary of information on the phylogenies presented
in the results is shown in Table 3. All the phylogenies
described in the subsequent results can be found in
Supplementary Figures S1-S23.

ssRNA Viruses

For the names of the RNA viral clades we will be using the
nomenclature defined by Shi et al. (2016). Due to the increase in
diversity of RNA viruses discovered by Shi et al. (2016), a merger
of different viral families and orders into larger super-clades was
proposed. For example, the Bunya-Arena clade is comprised of
all the viruses from Bunyaviridae, Tenuivirus, Arenaviridae, and
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FIGURE 1 | Phylogeny of ants with sequenced genomes used in this study colored by subfamily (left), ant genome size in mb (middle), and number of EVE hits per
genome (right). Ant EVE hit numbers are colored by viral protein to which they were found to be most similar in the blastx analysis.

TABLE 1 | Summary table of ant genomes which includes information on the species, subfamily, accession number from www.NCBI.nm.nih.gov, total genome length in
megabases, nesting habitat (arboreal/ground), diet (fungus, generalist, predatory, and herbivore), and number of EVE hits recovered.

Ant species Ant subfamily Accession number Total Nesting habitat Diet No. putative
length EVEs
(Mb) Recovered
Acromyrmex echinatior Myrmicinae GCF_000204515.1 295.945 Ground/arboreal Fungus 23
Atta cephalotes Myrmicinae GCF_000143395.1 317.672 Ground Fungus 1
Atta colombica Myrmicinae GCF_001594045.1 291.258 Ground Fungus 10
Camponotus floridanus Formicinae GCF_000147175.1 232.685 Arboreal Generalist 11
Cyphomyrmex costatus Myrmicinae GCF_001594065.1 300.317 Ground Fungus 68
Dinoponera quadriceps Ponerinae GCF_001313825.1 259.666 Ground Predatory 13
Harpegnathos saltator Ponerinae GCF_000147195.1 294.466 Ground Predatory 17
Lasius niger Formicinae GCA_001045655.1 236.236 Ground Generalist 2
Linepithema humile Dolichodirinae GCF_000217595.1 219.501 Ground/arboreal Generalist 19
Monomorium pharaonis Myrmicinae GCF_000980195.1 257.977 Ground Generalist 13
Qoceraea biroi Dorylinae GCF_000611835.1 212.826 Ground Predatory 1
Pogonomyrmex barbatus Myrmicinae GCF_000187915.1 235.646 Ground Herbivore 42
Pseudomyrmex gracilis Pseudomyrmicinae GCF_002006095.1 282.776 Arboreal Generalist 52
Solenopsis invicta Myrmicinae GCF_000188075.2 396.025 Ground Generalist 18
Trachymyrmex cornetzi Myrmicinae GCF_001594075.1 369.438 Ground Fungus 39
Trachymyrmex septentrionalis Myrmicinae GCF_001594115.1 291.747 Ground Fungus 26
Trachymyrmex zeteki Myrmicinae GCF_001594055.1 267.973 Ground Fungus 15
Vollenhovia emeryi Myrmicinae GCF_000949405.1 287.901 Ground Predatory 31
Wasmannia auropunctata Myrmicinae GCF_000956235.1 324.12 Ground/arboreal Generalist 13
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TABLE 2 | Genome quality assessment of factors from the clipped and
pre-clipped genomes as correlated with the number of EVEs per genome.

Genome type Factor r p-Value

Pre-clipped Genome length +0.211 0.386
No. contigs —0.105 0.669
Contig N50 +0.415 0.078
No. scaffolds —0.160 0.515
Scaffold N50 —0.177 0.467

Clipped Genome length +0.358 0.132
No. contigs +0.125 0.611
Contig N50 —0.101 0.680
No. scaffolds —0.124 0.613
Scaffold N50 +0.091 0.712

The different genome factors tested included total genome length (Mb), number of
contigs, contig N50, number of scaffolds, and scaffold N50. The r and p-Values
derive from the Pearson’s product moment correlation.

Emaravirus. For more detailed information on which smaller
viral groups comprise which super-clades, refer to Figure 2
of Shi et al. (2016).

Five different types of proteins found in ssRNA viruses were
most similar to the EVE hits: glycoproteins, RNA-dependent
RNA polymerases, nucleoproteins, capsid proteins, and coat
proteins. All of these proteins have been previously discovered
in insect virus genomes (Shi et al.,, 2016). Glycoproteins were
the most commonly found in ant genomes, though only in the
Mono-Chu clade. RNA-dependent RNA polymerases (RdRP)
were discovered in every clade of ssRNA virus with EVE hits.
A few EVE hits similar to nucleoproteins, capsid proteins,
and coat proteins were also discovered within distinct ssRNA
viral clades. Viral clade phylogeny results are presented in
alphabetical order.

Bunya-Arena

A total of 17 ant EVEs are most closely related to the exogenous
Bunya-Arena viral clade: 16 are most similar to Bunya-Arena
nucleoprotein protein fragments and one is most similar to
a Bunya-Arena RdARP protein fragment. In the nucleoprotein
Bunya-Arena phylogeny, the 16 EVEs are distributed across
five clades throughout the phylogeny, though several of these
clades are not well-supported and therefore not conclusive
(Supplementary Figure S1). Two P. gracilis EVEs are in a well-
supported clade that is sister to a clade of bunyaviruses (bootstrap
value = 100). Three Vollenhovia emeryi EVEs hits all cluster
together in a weakly supported clade sister to the remaining
EVE clades (bootstrap value = 38). Five ant EVEs cluster around
Wuhan insect virus 16 in a weakly supported clade (bootstrap
value = 16) and five other ant EVEs form a well-supported
clade of their own (bootstrap value = 89). Also within this clade,
Monomorium pharaonis EVE10 is weakly recovered as sister to
a Topsovirus clade, which primarily consists of plant viruses
(bootstrap value = 29). In the RARP Bunya-Arena phylogeny,
the EVE hit, Cyphomyrmex costatus EVE20 is sister to Wuhan
insect virus 16 in a well-supported clade (bootstrap = 100;
Supplementary Figure S2).

Hepe-Virga

In this RARP Hepe-Virga phylogeny, the three Hepe-Virga-like
ant EVEs are all from Myrmicinae genomes and form a well-
supported clade with Hubei virga-like virus 1 and 2 (bootstrap
value = 100; Supplementary Figure S3).

Mono-Chu

Mono-Chu viruses are the most common viral clade of EVEs
within all ant genomes (total of 253 EVEs), primarily due to
glycoprotein representing 89.7% of Mono-Chu EVE hits. The
other EVE hits are most similar to Mono-Chu nucleoproteins and
RARP. These EVEs came from all 19 ant genomes observed in this
study. The Mono-Chu Glycoprotein phylogeny was described in
a comprehensive manner within these results due to its use in
subsequent analyses. In this phylogeny, there are a total of 21
clades that include ant EVEs (Figure 2A and Supplementary
Figure S4). To examine this phylogeny in greater detail refer to
http://itol.embl.de/shared/pflynn.

Two clades within this Mono-Chu glycoprotein phylogeny
cluster with exogenous viral lineages. Clade 1 is moderately
supported and consists of Hubei chuvirus-like virus 1 clustering
with two EVE hits (bootstrap value = 55). The other clade is Clade
21, which consists of Hubei diptera virus 11 and two EVE hits
(bootstrap value = 94).

The rest of the 224 ant EVEs all fall within ant EVE-specific
clades that are not closely related to any exogenous viruses shown
in Figure 2B (bootstrap value = 64). Within this part of the
phylogeny there are 19 distinct clades, with all but four (Clade
10, 16, 19, and 20) having bootstrap support of 60 or higher.
Clade 2 consists of 14 ant EVEs and is moderately well-supported
(bootstrap value = 63). Clade 3 is distinct with an extremely
well-supported long branch and consists of 13 EVEs (bootstrap
value = 100). Clade 4 is highly supported and consists entirely
of ten closely related P. gracilis EVEs (bootstrap value = 100).
Clade 5 is a distinct well-supported clade and consists of 14
EVEs (bootstrap value = 98). Clade 6 is highly supported and 35
EVEs form this clade (bootstrap value = 97). Ten EVEs in this
clade cluster together and are all Pogonomyrmex barbatus EVEs.
Seven EVEs from the Trachymyrmex species group together, five
Cyphomyrmex costatus EVEs group together, five EVEs from
P. gracilis cluster, and eight EVEs exhibit no host-specific pattern.

Clade 7 is a moderately well supported clade and consists of
23 ant EVEs (bootstrap value = 77). The distinct Clade 8 consists
of six EVEs exclusively from the Ponerinae subfamily (bootstrap
value = 93). Clade 9 consists only of Ooceraea biroi EVEs
(bootstrap value = 78). P. barbatus EVE25 is a single EVE that
forms a not well-supported Clade 10 (bootstrap value = 21). Clade
11 consists of three EVEs from Linepithema humile (bootstrap
value = 78). The moderately well-supported Clade 12 comprises
nine P. barbatus EVEs (bootstrap value = 72). Clade 13 is a well-
supported clade which consists of 16 P. gracilis EVEs (bootstrap
value = 91). Clade 14 is a well-supported clade consisted of 48
EVEs from fungus-growing ant genomes (bootstrap value = 81).
Clade 15 is a distinct clade which consists of two EVEs from the
subfamily Myrmicinae (bootstrap value = 90). Clade 16 consists
of a single EVE: Camponotus floridanus EVE10 which is sister
to the fungus-growing ant Clade 14 (bootstrap value = 37).
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TABLE 3 | Summary table of viral phylogeny information.

Virus Virus clade Protein No. of No. of Supplementary Figure
genome EVEs exogenous
structure proteins used
ssRNA Bunya-Arena Nucleoprotein 18 18 Supplementary Figure S1
RdRP 3 12 Supplementary Figure S2
Hepe-Virga RdRP 3 15 Supplementary Figure S3
Mono-Chu Glycoprotein 227 17 Supplementary Figure S4
Nucleoprotein 2 12 Supplementary Figure S5
RdRP 24 30 Supplementary Figure S6
Narna-Levi RdRP 2 15 Supplementary Figure S7
Partiti-Picobirna Capsid 5 7 Supplementary Figure S8
RdRP 4 16 Supplementary Figure S9
Qinvirus RdRP 3 10 Supplementary Figure S10
Toti-Chryso Coat 12 12 Supplementary Figure S11
RdRP 1 15 Supplementary Figure S12
ssDNA Circoviridae rep-associated protein 2 10 Supplementary Figure S13
Parvoviridae VP1 3 10 Supplementary Figure S14
Non-structural protein 1 8 18 Supplementary Figure S15
Non-structural protein 2 1 12 Supplementary Figure S16
dsDNA Baculoviridae Bro-a 1 12 Supplementary Figure S17
PIF-1 8 18 Supplementary Figure S18
PIF-2 7 14 Supplementary Figure S19
PIF-3 1 12 Supplementary Figure S20
Poxviridae Tryptophan 2 6 Supplementary Figure S21
RNA-polymerase RP0147 1 7 Supplementary Figure S22
Polydnaviridae Pox A32 3 6 Supplementary Figure S23
ssRNA(RT) Metaviridae ORF B 93 NA NA

This table includes the virus genome structure, the virus clade and protein to which the EVE hit was most similar, the number of EVEs found per protein phylogeny, the
number of exogenous viral proteins used in the phylogenetic reconstruction, and the Supplementary Figure Information. There is no phylogeny for the EVE hits most

similar to sSRNA(RT).

All six EVEs which form Clade 17 are from the P. gracilis
genome (bootstrap value = 95). Clade 18 consists of two EVEs
from P. barbatus (bootstrap value = 97). Clade 19 is a not
well-supported clade of 12 EVEs in the Myrmicinae subfamily
(bootstrap value = 18). Clade 20 consists of D. quadriceps EVE4,
(bootstrap value = 37) which is sister to Clades 8-17.

In the Mono-Chu nucleoprotein phylogeny, two EVEs cluster
together with Hubei chuvirus-like virus 1 in a well-supported
clade (bootstrap value = 99; Supplementary Figure S5).

Eighteen ant EVEs fall into the Mono-Chu RdRP phylogeny
(Supplementary Figure S6). Five of these EVEs are nested within
a well-supported clade with Orinoco virus (bootstrap value = 93).
Two EVEs belong to a well-supported clade with Berant Virus
(bootstrap value = 100). V. emeryi EVE12 clusters with Beihai
rhabdo-like virus 1, a virus infecting Crustaceans in a well-
supported clade (bootstrap value = 100). M. pharaonis EVE4
belongs in a clade with two vertebrate bornaviruses. V. emeryi
EVEI is nested within a clade with Marburgvirus (bootstrap
value = 10). Eight EVEs all derived from fungus-growing ant
genomes are clustered in a well-supported clade with Shuangao
Fly Virus 2 (bootstrap value = 96).

Narna-Levi
The two Narna-Levi-like ant EVEs are found in the L. humile
genome. In the RARP Narna-Levi phylogeny, these two

L. humile EVEs are nested within a well-supported clade of
narna-like viruses from insect hosts (bootstrap value = 96;
Supplementary Figure S7).

Partiti-Picobirna

A total of nine ant EVEs are most similar to Partiti-
Picobirna viruses related to the RdRP and Capsid proteins.
M. pharaonis and V. emeryi genomes produced hits
which are found within both of these protein phylogenies
(Supplementary Figures S8, S9).

In the Partiti-Picobirna capsid phylogeny, the five ant EVEs
belong to three distinct lineages (Supplementary Figure $8). The
first is a well-supported clade which includes three V. emeryi
EVEs clustering together (bootstrap value = 100) and are sister
to Beihai barnacle virus 12 (bootstrap value = 99). The second
lineage consists of M. pharaonis EVE as sister to Wuhan cricket
virus 2 (bootstrap value = 85). The third lineage places C. costatus
EVE12 as sister to Hubei tetragnatha maxillosa virus 8, a virus
from an arachnid host, though this position is not as well-
supported (bootstrap value = 57).

In the Partiti-Picobirna RdRP phylogeny, the four ant EVEs
again fall into three distinct lineages (Supplementary Figure S9).
Two EVEs cluster (bootstrap value = 100) and form a clade
with Hubei partiti-like virus 29. D. quadriceps EVE9 falls out
into well-supported clade of Partiti-Picobirna viruses from hosts
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of Vespa velutina (Asian hornet), Coleoptera (beetles), and
Lophotrochozoa (snails) (bootstrap = 99). Solenopsis invicta
EVE9 belongs to a lineage of Partiti-Picobirna viruses with hosts
of both insect and chelicerate origin.

Qinvirus

The Qinvirus clade was first described in Shi et al. (2016) since
the RARP domains of the discovered viruses were so divergent
from any previously known viral clade. C. floridanus EVE7 was
discovered as an RARP protein fragment most similar to the
Qinvirus clade. In the reconstructed Qinvirus phylogeny, this
EVE is sister to Wuhan insect virus 15 (bootstrap value = 78),
nested within this larger clade (Supplementary Figure S10).

Toti-Chryso

Twelve of the thirteen Toti-Chryso-like ant EVEs are most similar
to coat proteins. Seven of these hits are found in the P. gracilis
genome. From the coat protein Toti-Chryso phylogeny, four of
these P. gracilis EVEs cluster together as a distinct clade and as a
sister clade to Shuangao toti-like virus and Australian anopheles
totivirus (bootstrap value = 84; Supplementary Figure S11).
Four EVEs belong in a weakly-supported Shaungao toti-like
virus/Australian anopheles totivirus clade (bootstrap value = 42).
Two EVEs cluster within a well-supported clade with Leptopilina

boulardi toti-like virus (bootstrap value = 93). The last two
P. gracilis EVEs are clustered within a well-supported clade of
ant viruses such as Camponotus yamaokai virus and Camponotus
nipponicus virus (bootstrap value = 99).

From the reconstructed RARP Toti-Chryso phylogeny,
C. costatus EVE25 is sister to the L. boulardi toti-like virus
(bootstrap value = 85; Supplementary Figure S12).

ssRNA(RT) Viruses

Retroviruses (Metaviridae)

There were 93 ant EVEs similar to the ORF B (ORFs B) gene
of Trichoplusia ni TED virus. This is an endogenous retrovirus
found within the moth species, T. ni, and ORF B is a gene similar
to the pol domain in retroviral genomes (Friesen and Nissen,
1990; Terzian et al.,, 2001). We could not reconstruct a phylogeny
for these 93 EVEs because the ORF B gene has not been found in
any other retroviruses to date.

ssDNA Viruses

Circoviridae

Replication-associated proteins (Rep) are responsible for genome
replication within the viral Circoviridae clade (Dennis et al.,
2018). Though weakly supported, in the Rep protein phylogeny,
these two EVE hits are most closely related to the Dragonfly
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associated cyclovirus 2 (bootstrap value = 30; Supplementary
Figure S13). P. gracilis EVE3 was previously discovered
by Dennis et al. (2018) and conclusively, through targeted
sequencing, shown to be an EVE in the P. gracilis genome.

Parvoviridae

Parvovirus genomes consist of a gene encoding a structural
capsid protein (VP) and a non-structural protein, either Rep
or NS (Bergoin and Tijssen, 2010; Francois et al, 2016).
Many of the discovered viruses in the Parvoviridae clade have
been found in vertebrate-hosts, however based on arthropod
diversity, arthropod-host Parvoviridae viruses should vastly
outnumber vertebrate viruses. In total, 12 ant EVEs are
most similar to the Parvoviridae viral clade. The three EVE
hits from the VP1 phylogeny all cluster together in a well-
supported clade with Densovirus SC1065 (bootstrap value = 98;
Supplementary Figure S14). The eight EVE hits from the NS1
phylogeny cluster into two different groups. Five of these EVEs
cluster together into their own well-supported clade which is
sister to a mosquito densovirus clade (bootstrap value = 98;
Supplementary Figure S15). The other three EVEs cluster
with the Lupine feces-associated densovirus in a moderately
supported clade (bootstrap value = 65). Within the NS2
phylogeny, Atta cephalotes EVES5 clusters away from most of
the insect densoviruses, but still clusters within a well-supported
clade of several arthropod densoviruses (bootstrap = 98;
Supplementary Figure S16).

dsDNA Viruses

Baculoviridae

Per os infectivity factor genes (PIF) and Baculovirus Repeated
ORFs (Bro) are two common genes found within baculoviridae
genomes which aid in host infection (Kang et al., 1999; Kikhno
et al., 2002; Gauthier et al., 2015). A total of 17 ant EVEs are most
similar to viruses from the Baculoviridae clade. The majority
of these Baculoviridae EVE hits come from the Harpegnathos
saltator genome (64.7% or 11 EVE hits), and all but one EVE is
most similar to PIF fragments (PIF-1, PIF-2, and PIF-3). These
EVEs which are similar to PIF fragments matched closely with
Apis mellifera filamentous virus.

Camponotus  floridanus EVE3 is most similar to
a Bro-a fragment from Mamestra brassicae multiple
nucleopolyhedrovirus. However, in the Bro-a phylogeny, this
ant EVE did not fall anywhere within the nucleopolyhedrovirus
lineage, which could suggest it is in its own viral genus within
Baculoviridae (Supplementary Figure S17).

In the PIF-1 phylogeny, the eight EVE hits form a single
ant-EVE specific distinct clade which is sister to A. mellifera
filamentous virus (bootstrap value = 84; Supplementary
Figure S18). Similarly, in the PIF-2 phylogeny the seven ant
EVEs cluster together in a distinct clade with A. mellifera
filamentous virus as the closest relative (bootstrap value = 83;
Supplementary Figure S19). In addition, in the PIF-
3 phylogeny the one EVE (H. saltator EVEL) clusters
with A. mellifera filamentous virus (bootstrap value = 99;
Supplementary Figure S20).

Poxviridae

There are a total of three ant EVEs which are most similar
to the Poxviridae protein fragments Tryptophan repeat gene
and RNA polymerase RPO147 (Theze et al., 2013; Mitsuhashi
et al,, 2014). The two EVEs within the tryptophan repeat gene
phylogeny are found in separate clades within different lineages
of entomopoxvirus (bootstrap value = 41; Supplementary
Figure S21) and the S. invicta EVEL1 clusters with the Mythimna
separata entomopoxvirus (bootstrap value = 27). L. humile EVE1
falls within the RNA polymerase RPO147 clade, however it did
not fall near any of the exogenous Entomopoxvirus viruses within
this phylogeny (Supplementary Figure $22).

Polydnaviridae

Three ant EVEs are most similar to the Cotesia congregata
bracovirus within the Polydnaviridae viral clade from the protein
Pox A32 fragment (Espagne et al., 2004). In this phylogeny, all
three EVEs fall into a clade with the C. congregata virus (bootstrap
value = 100; Supplementary Figure $23).

Stop Codon Analysis

Of the 238 EVE hits of the 434 ant EVEs we recovered do not
contain random stop codons (Supplementary Table S4). Sixteen
of these EVEs without nonsense mutations are comparable in
length to the viral proteins to which they are most similar
(Table 4). Therefore, these hits are considered potentially
functional or recently acquired.

EVE-Host Evolutionary Association

Analyses

From the BaTS$ analysis, the association index ratio for the
glycoprotein Mono-Chu EVE phylogeny in relation to the ant
host phylogeny at the level of ant species was 0.263 with a
significant p-Value of <0.001 and at the level of ant subfamily
with a Al ratio of 0.090 and a significant p-Value of <0.001.
From the JANE analysis of EVE-ant species co-divergence, we
found that there were 26-30 co-divergence events, 65-68 host
switching events, 131-132 duplication events 10-17 extinction
events, and 278 total cost (combination of all non-co-divergence
events) with a significant p-Value for the number of costs at
<0.01. The tanglegram visualization illustrates the associations
between ant phylogeny and the ant EVE phylogeny (Figure 3).

DISCUSSION

EVE Diversity

This study has greatly expanded our knowledge of EVEs found
within ants. EVE hits from ant genomes are derived from a
strikingly diverse set of viral lineages both from RNA and DNA
viruses. Overall, our phylogenetic analysis found that ant EVEs
tend to group into distinct, well-supported clusters from more
than 12 viral lineages. There are major differences in abundance
in EVEs across ant genomes; Lasius niger has the fewest with
only two EVEs whereas C. costatus has the largest number
with 68 EVEs. This could reflect biologically distinct rates of
endogenization by viruses into certain ant genomes. However,

Frontiers in Microbiology | www.frontiersin.org

May 2019 | Volume 10 | Article 1139


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Flynn and Moreau

EVEs in Ant Genomes

TABLE 4 | Potentially functional stop codons.

EVE Similar virus Similar protein EVE Protein
length (AA) length (AA)
Cyphomyrmex costatus EVE18 Wuchang cockroach virus 3 Glycoprotein 586 659
Linepithema humile EVE6 Hubei narna-like virus 19 RdRP 750 737
Monomorium pharaonis EVE2 Densovirus SC1065 VP 215 288
Pogonomyrmex barbatus EVE34 Wuhan mosquito virus 8 Glycoprotein 582 653
Pseudomyrmex gracilis EVE3 Cyclovirus PK5034 Rep-associated 236 277
Pseudomyrmex gracilis EVE4 Densovirus SC1065 VP 281 288
Pseudomyrmex gracilis EVE41 Wuchang cockroach virus 3 Glycoprotein 641 659
Pseudomyrmex gracilis EVE45 Wuhan insect virus 16 Nucleoprotein 294 327
Pseudomyrmex gracilis EVE48 Wuhan mosquito virus 8 Glycoprotein 624 653
Solenopsis invicta EVE17 Wuhan mosquito virus 8 Glycoprotein 582 653
Trachymyrmex cornetzi EVE19 Wuchang cockroach virus 3 Glycoprotein 605 659
Trachymyrmex septentrionalis EVE19 Wuhan mosquito virus 8 Glycoprotein 612 653
Vollenhovia emeryi EVE10 Hubei partiti-like virus 11 Capsid 412 475
Vollenhovia emeryi EVE17 Wuhan insect virus 16 Nucleoprotein 327 327
Vollenhovia emeryi EVE19 Wuhan insect virus 16 Nucleoprotein 326 327
Wasmannia auropunctata EVE12 Wuhan mosquito virus 8 Glycoprotein 595 653

Summary table of EVEs which did not contain stop codons and were similar in size to their most analogous protein. This table contains information on the EVE, the most
similar virus to that EVE, the most similar protein to that EVE, the length of the EVE protein hit in amino acids, and the length of the most similar protein in amino acids.

differences in genome sequencing and assembly quality may also
contribute to this difference, as this might affect the number of
EVEs one is able to detect in the genome. For example, when
using long-read assembly for the Aedes aegypti genome, Whitfield
et al. (2017) were able to discover a large and diverse number
of EVEs. The different ant genomes vary considerably in their
assembly statistics (Supplementary Table S3).

Statistically, the number of EVE hits per ant genome are
not significantly correlated with any of the various factors
relating to genome quality (genome length, scaffold statistics,
contig statistics) (Figure 1 and Table 2). In addition, based
on the synteny analysis, close to 80% of the scaffolds these
EVE hits were found on were over 30,000 bp long and
around 70% contained annotated host genes. This suggests
that the quality of the genomes was not biasing these analyses
in a substantial manner. However, even though no genome
quality factors were significantly correlated, several were close
to a significant correlation (contig N50 and genome length;
Table 2). In addition, when we took the L. niger genome
out of the Pearson’s product moment correlation analysis for
these borderline significant tests, the correlation substantially
decreased. This indicates the L. niger genome might be of lower
quality than the other ant genomes and that genome quality does
in fact constrain and potentially impact the abundance of EVE
hits discovered.

In addition to the differences in EVEs per ant genome,
there were marked differences in the number of EVEs per
viral protein. It is plausible that certain viral types are better
suited for attaining germline integration (Horie et al., 2010).
For example, viruses which cause chronic infections in their
host would most likely contain more EVEs than viruses solely
causing acute infection (Holmes, 2011). Some viruses have
been able to develop mechanisms to evade or inactivate the
host’s cellular DNA repair machinery, which would allow them
to integrate more successfully into the host genome. Several

dsDNA viruses (adenoviruses) have been found to inactivate
DNA repair proteins to evade excision (Weitzman et al., 2004;
Lilley et al., 2007). Therefore, specific clades of endogenous
viruses found in our study would potentially reach fixation
more often in ant genomes depending on their strategy
to evade excision.

Additionally, RNA viruses have higher rates of mutation and
replication in comparison to DNA viruses, which lends itself
to more frequent host switching and larger host species range
(Sanjuan et al., 2010; Pompei et al., 2012). Host range of the viral
clades can impact the distribution of EVEs across the phylogeny.
For example, certain genes in betaretroviruses allow them to
have broader host ranges than gammaretroviruses (Henzy and
Johnson, 2013). Based on our results, viruses from the Mono-
Chu RNA virus clade may have certain genes or strategies
which enabled them to colonize and endogenize within every ant
species analyzed.

Understanding the EVE Phylogenies
Among many of the ssRNA viral protein phylogenies (Toti-
Chryso, Narna-Levi, and Bunya-Arena) most ant EVEs cluster
together and form monophyletic clades, suggesting they come
from distinct and possibly ant-specific viral lineages. Interestingly
many of these ant EVE-specific clades are most closely related
to other insect or arthropod clades. Furthermore, almost all
of the ssRNA viral lineages contained EVEs most similar to
RARP. This may be because RdRP is the only known conserved
sequence domain across all RNA viruses and there are strong
selection pressures acting on viral polymerases, leading to a high
degree of conservation of such proteins (Hughes and Hughes,
2007; Shi et al., 2016). Qinvirus is a new ssRNA viral group
discovered in 2016 and C. floridanus EVE7 is the first ant EVE
from this viral lineage.

In addition to discovering many new ant EVEs, several of
the EVEs previously discovered were reconfirmed in this study:
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left out because their hosts are not included in the ant phylogeny. Colors of the association are randomly prescribed for each of the ant species.

P. gracilis EVE3 from the rep-association circoviridae phylogeny
was previously found by Dennis et al. (2018). Three EVE hits
(Acromyrmex echinatior EVEL,2 and Monomorium pharaonis
EVEI1) from the Parvoviridae NS1 phylogeny were previously
found by Francois et al. (2016). This confirms that our methods
were accurate in classifying EVEs.

Camponotus floridanus EVE3 in the Baculoviridae Bro-a
protein phylogeny and L. humile EVE1 from the Baculoviridae
RNA polymerase phylogeny did not fall out near any exogenous
viruses. For this reason, these EVE hits may represent two new
unknown viral clades. The three EVEs which were most similar
to Polydnaviridae Pox A32 proteins are inferred to be most
similar to the C. congregata virus, an endogenous wasp virus.
This provides some evidence that these three lineages of ants
could have been parasitized at some point over evolutionary
history by a wasp species carrying this C. Congregata virus

or alternatively that this virus has the potential to infect a
diversity of Hymenoptera (ants, bees, and wasps). Similarly,
over evolutionary history H. saltator ants could have been
infected (and their genome endogenized) with an ancestor of
the A. mellifera filamentous virus. This may be the reason that
H. saltator genome contains several EVE protein fragments for
PIF-1, PIF-2, and PIF-3; all proteins found within the A. mellifera
filamentous virus.

One potential reason why there were so few retroviral EVEs
discovered and so many RNA viruses discovered is an issue
of sampling bias. There has been much more effort put into
discovering RNA viruses within insects due to their impact on
human populations (Dengue Virus, West Nile Virus, Zika Virus,
and Yellow Fever Virus). Since, this pipeline can only identify the
viruses available in the databases, a wide diversity and abundance
of insect-specific RNA viruses were detected.
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Retroviral ORF B EVE hits constituted around 21% of the
total EVE hits for all ant genomes. Retroviral EVEs make up
a large proportion of hits because endogenization into the host
genome forms part of their replication cycle. However, it is
still surprising that an even more diverse group of endogenous
retroviruses were not found. One of the reasons we suspect that
solely ORF B analogs were discovered for retroviruses is because
there are only thirteen described insect-specific retroviruses. One
of these thirteen described retroviruses is T. ni TED virus, which
contains this ORF B gene (Terzian et al.,, 2001). These ORF B
ant EVE hits are most similar to the moth endogenous retrovirus
T. ni TED virus, which functions as a retrotransposon in the
moth genome. This suggests that these EVEs could be classified
as retrotransposons and should be further analyzed to better
understand their evolutionary role in the ant genomes.

Many of the ant EVEs discovered in this study tend to
cluster together in clades by ant species. Multiple EVEs from
the same ant species form distinct clades seven times in the
Mono-Chu glycoprotein phylogeny, twice in Toti-Chryso coat
phylogeny, twice in the Bunya-Arena nucleoprotein phylogeny,
once in the Partiti-Picobirna capsid phylogeny, and once in each
of the Baculoviridae PIF-1 and PIF-2 phylogenies. This suggests
that EVEs have often been generated either by multiple viral
integration events or by one integration event and multiple
duplication events. In addition, it implies that ant species are
either more prone to persistent infection by viruses in certain
lineages or that this viral sequence was repeatedly conserved in
these specific ant genome over evolutionary time.

Mono-Chu Glycoprotein Analyses

We chose to focus much of the analyses on the Mono-Chu
glycoprotein phylogeny as it was the only group where
there were EVEs in all 19 ant genomes, therefore aiding
in a more comparative analysis of the EVEs. One potential
reason that glycoproteins constitute over half of the EVEs
identified may be because viral glycoproteins are extremely
important in viral infection and immunity. Glycoproteins
often play a critical function in viral infection by identifying
and binding to receptor sites on the host's membrane
(Banerjee and Mukhopadhyay, 2016).

The 224 EVEs, which make up Clades 2-20 in the Mono-
Chu glycoprotein phylogeny, all fall within a distinct ant-specific
lineage not closely related to any exogenous viruses (bootstrap
value = 64; Figure 2B). The considerable divergence between
these ant EVEs and any other exogenous virus suggests that this
lineage most likely represents a previously undiscovered clade
of viruses. Since so few viruses currently infecting ants (and
insects) have been identified, the additional resolution of this
phylogeny with newly discovered viruses will help us understand
if this Mono-Chu viral lineage consists of solely ant- or insect-
specific viruses.

Since this Mono-Chu glycoprotein phylogeny contains so
many ant EVEs, several interesting inferences can be made.
Clade 14 consists solely of 48 fungus-growing ant EVEs. This
clustering could be potentially due to infection with a virus
specific to fungus-growing ants or alternatively, a prior infection
in the ancestor of all fungus-growing ants. Clade 3 exhibits

extremely long branch lengths compared to the other clades
within this phylogeny. This implies that the infecting viruses
endogenized fragments into the ant species in this clade longer
ago in evolutionary time, giving this clade time to diverge from
the rest of the viral fragments in this phylogeny, although there
could also be faster rates of molecular evolution in this virus. As
in many of the other inferred phylogenies, EVEs from certain
ant species tend to clump together into distinct clades. This
happens frequently in the Mono-Chu glycoprotein phylogeny.
For example, P. gracilis EVEs cluster together into three distinct
clades (Clades 4, 13, and 17). This suggests that P. gracilis might
be more prone to viral infection by viruses from the Mono-Chu
lineage than other ant species.

Examination of EVE-ant association reveals that though host
switching is most likely common among these viruses, EVEs can
mirror their ant hosts over evolutionary time within the Mono-
Chu lineage. This is supported by the Al ratios, which found that
the EVE phylogeny exhibited significant clustering (p < 0.001)
by host taxonomy for both ant species and ant subfamily. The
ant subfamily (0.090) exhibited much stronger structuring than
for the ant species (0.263), however both of these values are
much closer to 0 than to 1, suggesting that the ant species are
strongly structuring the EVE phylogenetic relationships. The co-
phylogenetic analysis was performed at the ant species level,
and found significantly more EVE-ant host co-divergence than
solely by chance (p < 0.01). Overall this implies a long-term
association of Mono-Chu viruses and their ant hosts. However,
host-switching of these EVEs seems to also be very frequent
throughout their evolution, and even more common than co-
divergence with ant species in the Mono-Chu viral glycoprotein
lineage. Therefore, even though there looks to be a long-term
association between viruses from the Mono-Chu lineage in ant
genomes, cross-species host switching occurred commonly as the
viruses/ants co-diverged. One can visually assess this association
from the tanglegram, which illustrates topological incongruence
that suggests host-switching, though the EVEs tend to clump by
ant species implying potential for co-divergence (Figure 3).

Functionality

Around half of the EVEs we found across the ant genomes
included nonsense mutations from premature stop codons. These
stop codons tend to accumulate over evolutionary time in parts
of the genome which are not functional. However, 238 EVE
hits (54.8% of all EVEs discovered) did not contain stop codons
(Supplementary Table S4) and are considered intact ORFs. In
addition, sixteen of these hits were roughly the same size as the
viral proteins they were most similar to, which implies that these
sequences are still potentially functional within the ant genome
(Table 4). Finding these potentially functional ORFs could either
mean that there was a recent origin of the EVE or that the
fragment was conserved over evolutionary time. If it is the latter,
then these EVEs could potentially serve a current function in
the genome, such as an antiviral defense mechanism co-opted
by the ant. The genomes of certain ant species might also be
predisposed to accumulating more functional or non-functional
EVEs depending on population demographics and exposure to
specific viruses over time.
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CONCLUSION

Newly discovered EVEs were found within all ant genomes and
are similar to a large diversity of viral lineages. Many of these
viral lineages do not contain currently known exogenous viruses
from ant hosts, although several are closely related to other
insect and arthropod exogenous viruses. Certain ant genomes
tend to contain more abundant EVEs within them. Many closely
related EVEs tend to cluster by species, which suggests multiple
integration or duplication events within ant species. In addition,
through analysis of EVEs similar to viral glycoproteins, host
switching appears to be common among EVEs found in ants,
though many EVEs have long-term associations with ant species
and ant subfamilies. Furthermore, the potential for functionality
of several of these EVEs supports the idea that EVEs could be
playing an important role in ant genomes.

AUTHOR CONTRIBUTIONS

PF and CM conceived, designed, and executed the study
and revised the manuscript. PF analyzed the data and
wrote the manuscript.

REFERENCES

Aiewsakun, P., and Katzourakis, A. (2015). Endogenous viruses: connecting recent
and ancient viral evolution. Virology 479-480, 26-37. doi: 10.1016/j.virol.2015.
02.011

Banerjee, N., and Mukhopadhyay, S. (2016). Viral glycoproteins: biological role
and application in diagnosis. Virusdisease 27, 1-11. doi: 10.1007/s13337-015-
0293-5

Bergoin, M., and Tijssen, P. (2010). “Densoviruses: a highly diverse group of
arthropod parvoviruses,” in Insect Virology, eds S. Asgari and K. N. Johnson
(Poole: Caister Academic Press).

Blast. (2013). BLAST Basic Local Alignment Search Tool, Blast Program Selection
Guide. Bethesda MD: U.S. National Library of Medicine.

Bushnell, B. (2014). BBMap: a Fast, Accurate, Splice-Aware Aligner. Berkeley, CA:
Lawrence Berkeley National Lab. (LBNL).

Conow, C., Fielder, D., Ovadia, Y., and Libeskind-Hadas, R. (2010). Jane: a new
tool for the cophylogeny reconstruction problem. Algorithms Mol. Biol. 5:16.
doi: 10.1186/1748-7188-5-16

Dennis, T. P. W., Flynn, P. J., Souza, M., De Singer, J. B., Moreau, C. S., Wilson,
S.J., et al. (2018). Insights into circovirus host range from the genomic fossil
record. J. Virol. 92, 1-9. doi: 10.1128/JV1.00145-18

Espagne, E., Dupuy, C., Huguet, E., Cattolico, L., Provost, B., Martins,
N., et al. (2004). Genome sequence of a polydnavirus: insights into
symbiotic virus evolution. Science 306, 286-290. doi: 10.1126/science.
1103066

Feschotte, C., and Gilbert, C. (2012). Endogenous viruses: insights into viral
evolution and impact on host biology. Nat. Rev. Genet. 13, 283-296. doi: 10.
1038/nrg3199

Frangois, S., Filloux, D., Roumagnac, P., Bigot, D., Gayral, P., Martin, D. P.,
etal. (2016). Discovery of parvovirus-related sequences in an unexpected broad
range of animals. Sci. Rep. 6:30880. doi: 10.1038/srep30880

Frank, J. A, and Feschotte, C. (2017). Co-option of endogenous viral
sequences for host cell function. Curr. Opin. Virol. 25, 81-89. doi:
10.1016/j.coviro.2017.07.021

Friesen, P. D., and Nissen, M. S. (1990). Gene organization and transcription of
TED, alepidopteran retrotransposon integrated within the baculovirus genome.
Mol. Cell. Biol. 10, 3067-3077. doi: 10.1128/mcb.10.6.3067

FUNDING

PF was supported by a National Science Foundation Graduate
Research Fellowship. CM was supported by a National Science
Foundation grant (NSF DEB 1900357).

ACKNOWLEDGMENTS

We thank Felix Grewe for computational biology assistance and
the Field Museum of Natural History for access to their servers.
We also thank Benjamin Rubin for his help in determining the
bioinformatic pipeline for this project. We also thank Maureen
Coleman, Michaela Gack, and Cathy Pfister for their helpful
discussions. We also thank the National Science Foundation for
support (NSF DEB 1900357).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.01139/full#supplementary- material

Fujino, K., Horie, M., Honda, T., Merriman, D. K., and Tomonaga, K. (2014).
Inhibition of Borna disease virus replication by an endogenous bornavirus-
like element in the ground squirrel genome. Proc. Natl. Acad. Sci. U.S.A. 111,
13175-13180. doi: 10.1073/pnas.1407046111

Gauthier, L., Cornman, S., Hartmann, U., Cousserans, F., Evans, J. D., De Miranda,
J. R, et al. (2015). The apis mellifera filamentous virus genome. Viruses 7,
3798-3815. doi: 10.3390/v7072798

Grasis, J. A. (2017). The intra-dependence of viruses and the holobiont. Front.
Immunol. 8:1501. doi: 10.3389/fimmu.2017.01501

Henzy, J. E., and Johnson, W. E. (2013). Pushing the endogenous envelope. Philos.
Trans. R. Soc. B Biol. Sci. 368:20120506. doi: 10.1098/rstb.2012.0506

Holldobler, B., and Wilson, E. O. (1990). The ants. Cambridge, MA: Belknap Press
of Harvard University Press.

Holmes, E. C. (2011). The evolution of endogenous viral elements. Cell Host
Microbe 10, 368-377. doi: 10.1016/j.chom.2011.09.002

Horie, M., Honda, T., Suzuki, Y., Kobayashi, Y., Daito, T., Oshida, T., et al. (2010).
Endogenous non-retroviral RNA virus elements in mammalian genomes.
Nature 463, 84-87. doi: 10.1038/nature08695

Hughes, A. L., and Hughes, M. A. K. (2007). More effective purifying selection on
RNA viruses than in DNA viruses. Gene 404, 117-125. doi: 10.1016/j.gene.2007.
09.013

Kang, W., Suzuki, M., Zemskov, E., Okano, K., and Maeda, S. (1999).
Characterization of baculovirus repeated open reading frames (bro) in Bombyx
mori nucleopolyhedrovirus. J. Virol. 73, 10339-10345. .

Katoh, K., Misawa, K., Kuma, K., and Miyata, T. (2002). MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 30, 3059-3066. doi: 10.1093/nar/gkf436

Katzourakis, A. (2013). Paleovirology: inferring viral evolution from host genome
sequence data. Philos. Trans. R. Soc. B Biol. Sci. 368:20120493. doi: 10.1098/rstb.
2012.0493

Katzourakis, A., and Gifford, R. J. (2010). Endogenous viral elements in
animal genomes. PLoS Genet. 6:¢1001191. doi: 10.1371/journal.pgen.
1001191

Kikhno, L., Gutiérrez, S., Croizier, L., Crozier, G., and Lépez Ferber, M. (2002).
Characterization of pif, a gene required for the per os infectivity of Spodoptera
littoralis nucleopolyhedrovirus. J. Gen. Virol. 83, 3013-3022. doi: 10.1099/0022-
1317-83-12-3013

Frontiers in Microbiology | www.frontiersin.org

May 2019 | Volume 10 | Article 1139


https://www.frontiersin.org/articles/10.3389/fmicb.2019.01139/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01139/full#supplementary-material
https://doi.org/10.1016/j.virol.2015.02.011
https://doi.org/10.1016/j.virol.2015.02.011
https://doi.org/10.1007/s13337-015-0293-5
https://doi.org/10.1007/s13337-015-0293-5
https://doi.org/10.1186/1748-7188-5-16
https://doi.org/10.1128/JVI.00145-18
https://doi.org/10.1126/science.1103066
https://doi.org/10.1126/science.1103066
https://doi.org/10.1038/nrg3199
https://doi.org/10.1038/nrg3199
https://doi.org/10.1038/srep30880
https://doi.org/10.1016/j.coviro.2017.07.021
https://doi.org/10.1016/j.coviro.2017.07.021
https://doi.org/10.1128/mcb.10.6.3067
https://doi.org/10.1073/pnas.1407046111
https://doi.org/10.3390/v7072798
https://doi.org/10.3389/fimmu.2017.01501
https://doi.org/10.1098/rstb.2012.0506
https://doi.org/10.1016/j.chom.2011.09.002
https://doi.org/10.1038/nature08695
https://doi.org/10.1016/j.gene.2007.09.013
https://doi.org/10.1016/j.gene.2007.09.013
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1098/rstb.2012.0493
https://doi.org/10.1098/rstb.2012.0493
https://doi.org/10.1371/journal.pgen.1001191
https://doi.org/10.1371/journal.pgen.1001191
https://doi.org/10.1099/0022-1317-83-12-3013
https://doi.org/10.1099/0022-1317-83-12-3013
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Flynn and Moreau

EVEs in Ant Genomes

Lach, L., Parr, C. L., and Abbott, K. L. (2010). Ant Ecology. Oxford: Oxford
University Press.

Lefort, V., Longueville, J. E, and Gascuel, O. (2017). SMS: smart model
selection in PhyML. Mol. Biol. Evol. 34, 2422-2424. doi: 10.1093/molbev/
msx149

Li, C. X,, Shi, M,, Tian, J. H, Lin, X. D, Kang, Y. J.,, Chen, L. J, et al. (2015).
Unprecedented genomic diversity of RNA viruses in arthropods reveals the
ancestry of negative-sense RNA viruses. eLife 4:¢05378. doi: 10.7554/elife.05378

Lilley, C. E., Schwartz, R. A., and Weitzman, M. D. (2007). Using or abusing:
viruses and the cellular DNA damage response. Trends Microbiol. 15, 119-126.
doi: 10.1016/j.tim.2007.01.003

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 17, 10-12. doi: 10.14806/¢j.17.1.200

Mitsuhashi, W., Miyamoto, K., and Wada, S. (2014). The complete genome
sequence of the Alphaentomopoxvirus Anomala cuprea entomopoxvirus,
including its terminal hairpin loop sequences, suggests a potentially unique
mode of apoptosis inhibition and mode of DNA replication. Virology 452-453,
95-116. doi: 10.1016/j.virol.2013.12.036

Mongelli, V., and Saleh, M.-C. (2016). Bugs are not to be silenced: small RNA
pathways and antiviral responses in insects. Annu. Rev. Virol. 3, 573-589. doi:
10.1146/annurev-virology-110615-042447

Nelsen, M. P., Ree, R. H., and Moreau, C. S. (2018). Ant-plant interactions
evolved through increasing interdependence. Proc. Natl. Acad. Sci. U.S.A. 115,
12253-12258. doi: 10.1073/pnas.1719794115

Parker, J., Rambaut, A., and Pybus, O. G. (2008). Correlating viral phenotypes
with phylogeny: accounting for phylogenetic uncertainty. Infect. Genet. Evol.
8, 239-246. doi: 10.1016/j.meegid.2007.08.001

Pompei, S., Loreto, V., and Tria, F. (2012). Phylogenetic properties of RNA viruses.
PLoS One 7:¢44849. doi: 10.1371/journal.pone.0044849

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology
(and other things). Methods Ecol. Evol. 3, 217-223. doi: 10.1111/j.2041-210X.
2011.00169.x

Sanjuan, R., Nebot, M. R., Chirico, N., Mansky, L. M., and Belshaw, R.
(2010). Viral mutation rates. J. Virol. 84, 9733-9748. doi: 10.1128/JV1.00
694-10

Shi, M., Lin, X. D., Chen, X,, Tian, J. H., Chen, L. J., Li, K., et al. (2018). The
evolutionary history of vertebrate RNA viruses. Nature 556, 197-202. doi: 10.
1038/s41586-018-0012-7

Shi, M., Lin, X. D., Tian, J. H., Chen, L. J., Chen, X,, Li, C. X, et al. (2016).
Redefining the invertebrate RNA virosphere. Nature 540, 539-543. doi: 10.1038/
nature20167

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Terzian, C., Pelisson, A., and Bucheton, A. (2001). Evolution and phylogeny of
insect endogenous retroviruses. BMC Evol. Biol. 1:3. doi: 10.1186/1471-2148-
1-3

Theze, J., Takatsuka, J., Li, Z., Gallais, J., Doucet, D., Arif, B., et al. (2013).
New insights into the evolution of Entomopoxvirinae from the complete
genome sequences of four Entomopoxviruses infecting Adoxophyes honmai,
Choristoneura biennis, Choristoneura rosaceana, and Mythimna separata.
J. Virol. 87, 7992-8003. doi: 10.1128/jvi.00453-13

Weitzman, M. D., Carson, C. T., Schwartz, R. A., and Lilley, C. E. (2004).
Interactions of viruses with the cellular DNA repair machinery. DNA Repair
3, 1165-1173. doi: 10.1016/j.dnarep.2004.03.018

Whitfield, Z. J., Dolan, P. T., Kunitomi, M., Tassetto, M., Seetin, M. G., Oh,
S., et al. (2017). The diversity, structure, and function of heritable adaptive
immunity sequences in the Aedes aegypti genome. Curr. Biol. 27, 3511.e-3519.e.
doi: 10.1016/j.cub.2017.09.067

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Flynn and Moreau. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

May 2019 | Volume 10 | Article 1139


https://doi.org/10.1093/molbev/msx149
https://doi.org/10.1093/molbev/msx149
https://doi.org/10.7554/elife.05378
https://doi.org/10.1016/j.tim.2007.01.003
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1016/j.virol.2013.12.036
https://doi.org/10.1146/annurev-virology-110615-042447
https://doi.org/10.1146/annurev-virology-110615-042447
https://doi.org/10.1073/pnas.1719794115
https://doi.org/10.1016/j.meegid.2007.08.001
https://doi.org/10.1371/journal.pone.0044849
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1128/JVI.00694-10
https://doi.org/10.1128/JVI.00694-10
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.1038/nature20167
https://doi.org/10.1038/nature20167
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1186/1471-2148-1-3
https://doi.org/10.1186/1471-2148-1-3
https://doi.org/10.1128/jvi.00453-13
https://doi.org/10.1016/j.dnarep.2004.03.018
https://doi.org/10.1016/j.cub.2017.09.067
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Assessing the Diversity of Endogenous Viruses Throughout Ant Genomes
	Introduction
	Materials and Methods
	Results
	Viral Phylogenies
	ssRNA Viruses
	Bunya-Arena
	Hepe-Virga
	Mono-Chu
	Narna-Levi
	Partiti-Picobirna
	Qinvirus
	Toti-Chryso

	ssRNA(RT) Viruses
	Retroviruses (Metaviridae)

	ssDNA Viruses
	Circoviridae
	Parvoviridae

	dsDNA Viruses
	Baculoviridae
	Poxviridae
	Polydnaviridae


	Stop Codon Analysis
	EVE-Host Evolutionary Association Analyses

	Discussion
	EVE Diversity
	Understanding the EVE Phylogenies
	Mono-Chu Glycoprotein Analyses
	Functionality

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


