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The recent and surprising discovery of widespread NIRVs (non-retroviral integrated RNA viruses) has
highlighted the importance of genomic interactions between non-retroviral RNA viruses and their
eukaryotic hosts. Among the viruses with integrated representatives are the rhabdoviruses, a family of
negative sense single-stranded RNA viruses. We identify sigma virus-like NIRVs of Drosophila spp. that
represent unique cases where NIRVs are closely related to exogenous RNA viruses in a model host organ-
ism. We have used a combination of bioinformatics and laboratory methods to explore the evolution and
expression of sigma virus-like NIRVs in Drosophila. Recent integrations in Drosophila provide a promising
experimental system to study functionality of NIRVs. Moreover, the genomic architecture of recent NIRVs
provides an unusual evolutionary window on the integration mechanism. For example, we found that a
sigma virus-like polymerase associated protein (P) gene appears to have been integrated by template
switching of the blastopia-like LTR retrotransposon. The sigma virus P-like NIRV is present in multiple
retroelement fused open reading frames on the X and 3R chromosomes of Drosophila yakuba – the
X-linked copy is transcribed to produce an RNA product in adult flies. We present the first account of
sigma virus-like NIRVs and the first example of NIRV expression in a model animal system, and therefore
provide a platform for further study of the possible functions of NIRVs in animal hosts.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Non-retroviral integrated RNA viruses (NIRVs) are a recently dis-
covered form of paleovirus found in eukaryotic genomes (Crochu
et al., 2004; Frank and Wolfe, 2009; Horie et al., 2010; Liu et al.,
2010; Taylor and Bruenn, 2009; Taylor et al., 2010). NIRVs differ
from other paleoviruses, such as endogenous retroviruses, in their
need to co-opt reverse transcription machinery. Although retroele-
ments are suspected as the source of reverse transcription machin-
ery, the antiquity of known NIRVs has precluded detailed insights
into the evolutionary mechanism of NIRV formation. Still, NIRVs
can potentially provide detailed insights about the timescale of
host–virus interactions, host–virus coevolution, cryptic host spe-
cies, and RNA virus diversity. RNA viruses that establish long-term
or persistent infections of the host, such as totiviruses and mono-
negaviruses seem especially well represented in the NIRV paleovi-
ral record (Taylor and Bruenn, 2009; Taylor et al., 2010, 2011).
Although most NIRVs are pseudogenes, some have complete open
reading frames (ORFs) (Taylor et al., 2011) and are expressed as
RNA (Taylor and Bruenn, 2009). Antiviral functions have been pro-
posed for some NIRV groups, but this function has yet to be directly
tested.
ll rights reserved.
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A roadblock to functional studies of NIRVs is the lack of a multi-
cellular experimental system. Also, there appears to be few cases
where a NIRV is closely related to a known RNA virus, complicating
the design of effective probes for NIRVs. As part of a large-scale
BLAST search of genomic databases, we identified possible sigma
virus (Rhabdoviridae) NIRVs within several Drosophila species.
Katzourakis and Gifford (2010) reported rhabdovirus-like NIRVs
using BLAST methods from the Ixodes ticks, and Culex and Aedes
mosquitoes. Fort et al. (2011) have expanded the diversity of known
hosts and they present sequence evidence to suggest host co-option
of the viral polymerase fragment in A. aegypti. These authors
expected to find sigma virus (SIGMAV)-like NIRVs in Drosophila
because this virus maintains a persistent infection in host
populations by transmission through the germ line (Brun and Plus,
1980), but they found no evidence of integration. Here, we identify
and isolate SIGMAV-like NIRVs in this model animal system and
test for their expression.

Rhabdoviruses are non-segmented single-stranded negative
sense RNA viruses belonging to the order Mononegavirales. Gen-
ome size ranges from 11 to 15 kbp, and there are five standard
genes present in all rhabdovirus genomes (30 - N P M G L - 50), while
the presence or absence of additional accessory genes varies be-
tween genera (Walker et al., 2011). Rhabdoviruses are commonly
vectored by arthropods; hosts include a wide variety of plants,
invertebrates, and vertebrates (Kuzmin et al., 2009). Major genera
of rhabdoviruses are Novirhabdovirus, Vesiculovirus, Ephemerovirus,
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Cytorhabdovirus, Nucleorhabdovirus, and Lyssavirus (Tordo et al.,
2005). Vesiculoviruses and Ephemeroviruses together form the
Dimarhabdoviruses (Bourhy et al., 2005). Rhabdoviruses are well
known as pathogens (e.g. rabies in mammals), and have at least
two well-developed experimental systems in SIGMAV and vesicular
stomatitis virus. However, the evolutionary context and diversity of
many rhabdovirus groups is poorly studied and would likely benefit
from paleoviral information. Recently, phylogenetic analyses have
shown that the Drosophila SIGMAVs, including Drosophila melano-
gaster SIGMAV (DMelSV), Drosophila obscura SIGMAV (DObsSV),
Drosophila affinis SIGMAV (DAffSV), Drosophila tristis SIGMAV
(DTrisSV), Drosophila immigrans SIGMAV (DImmSV), Drosphila
ananassae SIGMAV (DAnaSV), and one SIGMAV infecting a non-Dro-
sophilid, Muscina stabulans SIGMAV (MStaSV), form a sister clade to
the Dimarhabdoviruses (Longdon et al., 2010, 2011b). The SIGMAVs
are vertically transmitted and seem to have recently swept through
natural populations of Drosophila melanogaster (Brun and Plus,
1980; Carpenter et al., 2007; Longdon et al., 2011a). Infection is eas-
ily phenotyped in the laboratory, as infected flies die or experience
permanent paralysis upon CO2 exposure (L’Heritier, 1958).

In this report, we further expand the existing evidence of rhab-
dovirus NIRVs in arthropods and show that evolutionary interac-
tions between the Drosophila SIGMAVs and Drosophila are more
widespread than previously known. We isolate NIRVs from
Drosophila spp., identifying a potential multicellular experimental
model for studying the biology of NIRVs. Furthermore, we describe
a case of recent NIRV integration that exhibits compelling evidence
for a retrotransposon-mediated mechanism. Finally, we present
evidence for RNA-level expression of a NIRV in Drosophila yakuba.
2. Materials and methods

2.1. Nucleic acid extraction and PCR

Live cultures of Drosophila willistoni (14030-0811.24) and D.
yakuba (14021-0261.01) were obtained from the Drosophila Species
Stock Center at University of California, San Diego and DNA was ex-
tracted from each using the Qiagen DNeasy Blood & Tissue Kit to
manufacturer’s specifications. For PCR, primers were designed tar-
geting the flanking sequences of each NIRV. The D. willistoni N-like
NIRV (PCR targeted region 1.7 kb) was amplified using 2 primer sets,
WIL1 (50-CTATTGCACTATCGGGAGTGTGGC, 50-GTCCAAAACTGA-
CATTAACATCGGC, 830 bp product) and WIL2 (50-GGGTTCAACTT-
CATCAACATCGGC, 50-GCACATGTTAATGTCAGTTTTGGAC, 948 bp
product). WIL1 and WIL2 reactions were run for 40 cycles of 94 �C
denaturation, 57 �C annealing, and 72 �C extension. The D. yakuba
L-like NIRV (PCR targeted region 785 bp) was amplified using the
primers 50-AATACATCTGCCTGCTGTCTTGGC and 50-GACTAAGATTT
GTGTTTCCCGTGC, and the reaction was run for 35 cycles of 94� dena-
turation, 55 �C annealing, and 72 �C extension. DNA template used
for RT-PCR was extracted using the Qiagen DNeasy Blood & Tissue
Kit to manufacturer’s specifications. RNA template used for RT-PCR
was extracted with BioBasic’s total RNA extraction kit and treated
with an extra step of DNase I incubation (Promega) for 30 min at
37 �C. The P-like NIRV primers used for RT-PCR were 50-
GCTCTACTATGGACTCGGAATCAG and 50- ATCTAAGCATCATAGTG-
GAGGGAGC (765 bp product). Actin primers for positive control
are 50-ATGTGTGACGAAGAAGTTGCTGC and 50-GTGTTGGCATACA
GATCCTTACG (890 bp product). RT-PCR on the D. yakuba P-like NIRV
was done using Qiagen’s Onestep RT-PCR kit and thermal cycling
consisted of an initial reverse transcription step at 50 �C for
30 min, a Taq activation step at 94 �C for 15 min, followed by 35 cy-
cles of 94 �C denaturation for 30 s, 50 �C annealing for 30 s, and 72 �C
extension for 1 min 30 s. PCR and RT-PCR products were gel-purified
and sequenced by the DNA Sequencing Facility at Roswell Park
Cancer Institute. The sequence of the D. yakuba P-like NIRV tran-
script was submitted to GenBank under GenBank ID: JN093015.

2.2. Bioinformatics

tBLASTn searches of NCBI’s Drosophila whole-genome shotgun
databases (http://www.ncbi.nlm.nih.gov/) were performed using
the query sequences given in Table S1. Translated nucleotide se-
quences from matches of high significance (expected value
<10�5) were retained for alignment. We retained sequences greater
than 100 amino acids to minimize complications in phylogenetic
tests associated with short sequences. To identify blastopia ele-
ments in Drosophila, we used the blastopia polyprotein sequence
published by Frommer et al. (GenBank ID: CAA81643) as a query
in a tBLASTn search of the Drosophila WGS databases.

MAFFT (Katoh et al., 2002) was used to create alignments using
the default parameters for amino acids. Ambiguous regions of the
alignments were filtered out with GBlocks (Castresana, 2000) or
Guidance (Penn et al., 2010). Maximum-likelihood trees were built
with RAxML (Stamatakis et al., 2008) on the CIPRES Science Gateway
(Miller et al., 2010) and PhyML (Guindon et al., 2010) using the most
appropriate models of amino acid substitution for the gene trees as
determined by ProtTest (Abascal et al., 2005). These were
LG + I + G + F for the L sequences, LG + I + G for the N sequences,
and JTT + G for the P sequences. We used the Bayesian information
criterion (BIC) for model selection with ProtTest, as it has been
shown to outperform the Akaike information criterion (AIC) on sim-
ulated data sets (Zhang et al., 2010). RAxML was used to estimate the
number of bootstrapping pseudoreplicates for all trees.
3. Results and discussion

We identified sigma- and other rhabdovirus-like NIRVs in Dro-
sophila by tBLASTn searches of whole-genome shotgun (wgs) dat-
abases, using rhabdovirus RNA-dependent RNA polymerase (L),
nucleocapsid protein (N), and polymerase-associated protein (P)
amino acid sequences as queries (Table S1). As described in a previ-
ous report (Katzourakis and Gifford, 2010), rhabdovirus-like NIRVs
are present in Ixodes scapularis, Aedes aegypti, and Culex quinquefas-
ciatus, as well as salmon lice, sand flies, flour beetles, and one Dro-
sophila species (D. sechellia) (Fort et al., 2011). The latter authors
note that the SIGMAVs of Drosophila represent a promising candi-
date for NIRV formation because the virus is maintained in natural
host populations by transmission through the germ line (Brun,
1977), but their searches failed to identify SIGMAV-like NIRVs.
Our searches revealed SIGMAV-like and other rhabdovirus-like
NIRVs in Drosophila willistoni, D. yakuba, D. virilis, D. grimshawi, D.
eugracilis, D. sechellia, D. rhopaloa, and D. biarmpes. As expected,
many of these NIRVs contain ORF disruptions, consistent with
direction of transfer from virus to animal.

To address concerns that these matches might be assembly arti-
facts, we examined NCBI Genomic Trace Archives for these regions.
In all cases for which traces are available, NIRV loci were supported
with multiple and overlapping coverage of at least 95% sequence
identity. To firmly establish NIRV presence, we extracted DNA
and performed PCR on each NIRV type in Drosophila. N-like ampli-
cons were isolated from D. willistoni genomic template, and L- and
P-like amplicons from D. yakuba.

3.1. Phylogenetic evidence for a SIGMAV origin

Phylogenetic analyses of L-like and N-like (Figs. 1 and 2) se-
quence alignments confirmed that our BLAST sequences are closely
related to SIGMAV. The L phylogeny supports SIGMAV L-like NIRVs
in D. yakuba and D. eugracilis. Both D. yakuba and D. eugracilis
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belong to the melanogaster subgroup, but their infecting viruses do
not mirror this relationship, supporting the conclusions of Longdon
et al. (2011b) regarding host switching by SIGMAV. A third NIRV in
D. virilis more likely originated during infection by a plant rhabdo-
virus related to the Nucleorhabdoviruses. The L-like NIRVs in each
of these species contain ORF disruptions.

The N phylogeny supports DMelSV-like NIRVs in D. willistoni
and D. grimshawi, while two more, one in D. sechellia and a second
in D. willistoni are more closely related to the N sequences of
DObsSV. There are also N-like NIRVs in D. rhopaloa and D. biarmpes
which may have not originated from SIGMAV infections at all;
rather these sequences are more closely related to members of
the Vesiculovirus clade. It should be noted, however, that only
two SIGMAV N sequences are known; an underrepresentation of
the existing diversity infecting natural Drosophila populations.
With the exception of D. biarmpes, the N-like NIRVs in these species
of Drosophila are present in at least one copy containing a
preserved ORF. We investigated the expression of these putative
coding regions bioinformatically by blasting EST, RNA-Seq, and
non-redundant (nr) protein databases for each species (for D.
rhopaloa, the RNA-Seq database is available at the HGSC modEN-
CODE genome project website, also see Table S1). Only D. rhopaloa
returned a corresponding RNA copy of the N-like NIRV, and it is
present in the RNA-Seq database produced from eggs, but not in
databases from either sex of the adult fly.

Drosophila yakuba was the only species to return matches to a
SIGMAV P protein amino acid query. We identified three copies of
this NIRV mapped to chromosomes in D. yakuba, and two more
on short, unmapped contigs. Of the mapped copies, two are present
on chromosome 3R and one on the X chromosome. Phylogenetic
analysis places this NIRV with the SIGMAV group (Fig. 3). In com-
parison to the other NIRVs in Drosophila spp., the Drosophila yakuba
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SIGMAV P-like NIRV shows elevated sequence similarity with the
putative viral source, implying that it is either a more recent inte-
gration or the sites have been selectively conserved. Notably, a
BLAST of the D. yakuba RNA reference sequence database revealed
an unnamed RNA product that is highly similar to this NIRV (Fly-
Base ID: FBgn0232275). For these reasons, we selected the P-like
NIRV as a target for reverse transcriptase-PCR (RT-PCR). As shown
in Fig. 4, RT-PCR on RNA extracted from adult D. yakuba flies con-
firmed that this NIRV is transcribed. The nucleotide sequences of
the 3R and X-linked NIRVs align with that of DMelSV P gene coding
region, but adequate diversity of SIGMAV sequences for further
study of the evolutionary history of this NIRV is currently lacking.
While many DMelSV genomic strains have been sequenced, very
little genetic differentiation exists between these, likely due to
the recent sweep (Carpenter et al., 2007). The only other known
SIGMAV P sequence comes from DObsSV and is highly divergent.

3.2. Sequence evidence for integration by retrotransposon template-
switching

Retrotransposon activity has been demonstrated in an experi-
mental setting to be an effective integration mechanism for exoge-
nous non-retroviral RNA (Geuking et al., 2009). Where possible, we
have examined the neighboring sequences of SIGMAV-like NIRVs.
In D. sechellia, D. yakuba, and D. willistoni, non-LTR retroelement
coding regions are found adjacent to or flanking the NIRV sequence
(Table S2). This association is far from ubiquitous in our data set,
and for the contigs in which retroelements were found, their se-
quences and those of the NIRVs are eroded and fragmented to such
a degree that we are unable to argue decisively as to their integra-
tion mechanism. Indeed, the prevalence of mobile elements in ani-
mal genomes leaves room for this handful of associations to be
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interpreted as coincidental. However, we are able to present com-
pelling evidence for retrotransposon-mediated integration in the
case of the SIGMAV P-like NIRVs in D. yakuba. By mapping the
immediate neighboring regions of chromosome 3R and X, we have
identified sequences similar to the coat and nucleoprotein coding
regions of a blastopia LTR retrotransposon juxtaposed to and in
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Fig. 4. DNA gel electrophoresis of reverse transcription PCR (RT-PCR) products
confirms an expression product for the Drosophila yakuba P-like NIRV. RT-PCR
products were loaded into a 1.5% agarose in .5� TBE gel to confirm the presence of a
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standard (shown on the left side of the gel image). Primers target 765 bp of the P-
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3. NT, no template.
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reading frame with the SIGMAV P-like NIRV, creating a blastopia
gag-SIGMAV P gene fusion. We then used the LTR_finder web server
(Xu and Wang, 2007) to locate the flanking LTRs, and BLASTs to
identify additional sequences with high similarity to blastopia poly-
protein (Fig. 5). Blastopia elements belong to the Ty3/Gypsy class of
LTR retrotransposons (Malik and Eickbush, 1999) and are active in
Drosophila under the regulatory control of bicoid during early
development (Frommer et al., 1994). We performed BLAST searches
to confirm these elements are present in the D. yakuba genome at
high copy number. The structure of this fused NIRV suggests tem-
plate switches during reverse transcription of the retroelement,
resulting in a single ORF encoding a novel putative protein. An addi-
tional, partial blastopia element is present in tandem copy on chro-
mosome 3R and contains the third copy of the P-like NIRV, but the
upstream blastopia coding regions and LTR are missing from this
retroelement fragment. The target site duplication (TSD) of the X-
linked NIRV-containing element differs from that of the 3R element,
suggesting that the ancestral mobile element maintained some de-
gree of transcriptional and integrative viability following the inte-
gration of the original NIRV-containing element.

The addition of entire ORFs to existing retroelements, while
maintaining and even expanding element function has been de-
scribed, for example, in the case of envelope gene acquisition by
endogenous retroelements leading to the emergence of new retro-
viruses (Malik et al., 2000). Note, however, that the blastopia re-
verse transcriptase (RT) coding region is absent in the NIRV-
containing elements, so another RT must be commandeered in or-
der for these elements to complete the replication cycle. Both full
copies of this NIRV-containing element contain a six base pair non-
consensus bicoid homeodomain recognition sequence (TGATCC) in
the 50 LTR, and all three copies in the 30 LTR (Zhao et al., 2000). Fur-
ther characterization of this putative regulatory region and its role
in the expression of the NIRV-containing element is an aim for fu-
ture studies. In the present study, we used multiple primer sets
(see Fig. 5) in our attempts to amplify a transcript for the blast-
opia-NIRV fused ORF; however, only the primer set that targeted
the NIRV portion of this coding region successfully produced a tran-
script-derived product during RT-PCR.

Fig. 5 maps out the general features of these elements and
shows for comparison the structure of a blastopia element found
on the D. yakuba 3R chromosome that does not contain a SIGMAV
P-like NIRV. Of particular note is that the SIGMAV P-like NIRV
coding sequence is in frame with the coat and nucleoprotein com-
ponents of the retroelement gag gene. Most of the pol components
are absent entirely, with the exception of integrase (IN), which is
present at high amino acid site identity to D. melanogaster blast-
opia integrase (expected value 2e�89, 47% identical sites). The
pseudogenized reverse transcriptase gene present between the
3R element and its partial duplication is a non-LTR RT related to
the Drosophila LINE, X-element (Tudor et al., 2001).

In order to produce the observed blastopia/NIRV fusion struc-
ture, two template switches are required, the first from the LTR ele-
ment RNA to the sigma virus P RNA, and a second, back to the LTR
element. We note that only a complete element containing two
LTRs can be selected for integration, therefore the observed struc-
ture should be unsurprising. The second switch occurred immedi-
ately following the poly-A tail of sigma virus P; at this position,
the sequence returns to the blastopia IN coding region. Rhabdovi-
ruses polyadenylate their mRNAs by RdRp stuttering during tran-
scription at a stretch of seven uracils present after each ORF in
the genomic template (Li et al., 2009; Tekes et al., 2011). The pres-
ence and position of the poly-A tail in this NIRV sequence indicates
that it must have been generated from a SIGMAV P mRNA. This is
supported by the sequence at the 50 end of the NIRV. In rhabdovirus
genomes, each gene is preceded by a conserved transcription initi-
ation sequence and a 50 UTR that varies in size. In SIGMAV, the se-
quence CAACANC precedes the P, X, M, G, and L genes (Contamine
and Gaumer, 2008), and in the DMelSV P gene, it is followed by a
47 base pair UTR (GenBank ID: HQ655096). In the NIRV, AAACACC
is present at the extreme 50 end, 47 base pairs upstream of the SIG-
MAV P start codon (Fig. S1). The NIRV positions corresponding to
the 50 UTR and the first 36 codons of the viral P mRNA are the least
conserved in comparison with the viral sequence, though the match
is still significant (the tblastx expected value for alignment of these
residues is 4e�12). Presumably, this is attributable to diminished
functional constraint on these residues, but we currently have no
means to estimate how much of this sequence divergence was pres-
ent in the D. yakuba-infecting SIGMAV versus that which has devel-
oped since host integration. Addition of sequences upstream of the
SIGMAV initiation site into the tblastx alignment results in exclu-
sion of those sequences and an increased expected value. The NIRV
copies show a surprisingly high degree of similarity with the viral
RNA, indicating that the D. yakuba-infecting SIGMAV is much more
closely related to DMelSV than any other known SIGMAV. However,
there are some notable differences between the NIRV copies them-
selves. For instance, the sequence at the site of the first template
switch has been lost from the X-linked NIRV-containing element
(despite this deletion, the blastopia/SIGMAV P ORF is maintained).
This region is preserved in the 3R element with such high similarity
to the original contributing sequences that the site of the first tem-
plate switch can be precisely assigned. The overall effect of the lost
sequences is that the 3R element contains a much longer fused ORF.
The single case in which the X-linked NIRV has acquired an inser-
tion – 10 bp containing a premature stop codon at the 30 end – re-
sults in truncation of the putative protein’s C-terminus by 41
amino acids. These 10 bp are unique to the X-linked copy and the
sequenced transcript, indicating that the X-linked copy is the cod-
ing region for the expressed NIRV (Fig. S2). Unexpectedly, the tran-
script sequence we have produced does not match that of the
previously mentioned transcript available on FlyBase. From the 50

end, the first 712 bp of the FlyBase transcript sequence match the
3R NIRV; however, the final 110 bp at the 30 terminus of this tran-
script diverge from the SIGMAV derived NIRV sequences. These
nucleotides encode 2 CCHC zinc-finger type DNA binding domains
that match those encoded by another retroelement (X element-
like). We considered that this fused transcript may be encoded by
an additional P-like NIRV that we missed in our initial searches,
and we performed additional blasts against the D. yakuba WGS
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database in an attempt to map this coding region, but the transcript
has no corresponding coding region in the final D. yakuba genome
assembly. Because the transcript can be wholly attributed to
D. yakuba genomic sequences, but it cannot be traced back to a
single coding region, the simplest explanation is that the relevant
contigs are artifacts created during library production, sequencing
or assembly that failed to meet length or coverage cutoffs to be in-
cluded in the final assembly. A problem with this interpretation is
that the fused sequence is present in both the WGS and RNA-Seq
databases, which were created from independent libraries. As such,
the only realistic explanations are: (1) the coding region was ex-
cluded from the genome assembly in error, or (2) the genome
assembly is correct, and this transcript is a recombinant of two
RNAs that was subsequently reverse transcribed in vivo. We note
that the second scenario requires transcription of the P-like NIRV
on chromosome 3R, an event we were unable to support by RT-PCR.

The discovery that the NIRV-containing blastopia elements are
present in multiple genomic copies raises questions regarding the
direction of inheritance and the age of each element. The replication
mechanism used by LTR retrotransposons presents a unique oppor-
tunity to address these questions. With the possible exception of
mutations incurred during transposition, an LTR retrotransposon
is expected to have identical LTR sequences at the time of integra-
tion. From that point, these sequences are expected to diverge at
the neutral mutation rate such that the divergence between LTRs
of a given element might be used to estimate its age. Alignment
of LTRs of the NIRV-containing element on the D. yakuba X chromo-
some reveals four nucleotide differences, while the alignment of the
LTRs flanking the 3R NIRV-containing element reveals two. With so
few mutations accumulated between LTRs both within and be-
tween elements, it is difficult to rank ages with confidence. The ele-
vated base misincorporation rate of reverse transcriptase further
complicates this approach, possibly accounting for a large portion
of divergent nucleotides. As we have no means of differentiating be-
tween transposition-induced mutations and those arising post-
integration, we are limited to the upper bound in estimating the
age of these elements. Incorporating a neutral mutation rate of
5.8 � 10�9 per site per generation (Haag-Liautard et al., 2007),
and an average of 7 generations per year for Drosophila, yields an
approximate age of 118,000 years for the X-linked NIRV-containing
element and 59,000 years for the 3R element (there is no known
difference in autosome versus X chromosome neutral mutation
rates in Drosophila) (Vicoso and Charlesworth, 2006). Under a neu-
tral accumulation perspective, the X-linked element is older and
therefore the direction of copy must have been out of the X chromo-
some, consistent with a known general bias of gene movement
from X to autosomes in Drosophila (Vibranovski et al., 2009b). We
acknowledge that values for mutation rate and generation time that
reflect those occurring in natural populations are difficult to obtain
with confidence, and are subject to fluctuations through evolution-
ary time. However, in this context, incorporating any range of plau-
sible values for these variables leads to the same conclusion; both
SIGMAV P-like NIRV-containing elements are young and minimally
divergent, and therefore this NIRV must be a recent integration.

3.3. Potential NIRV function in the Drosophila/SIGMAV system

While at present there is no evidence to support a function for
this expressed SIGMAV P-like NIRV in D. yakuba, we consider it to
be a unique candidate for further investigation into the hypothesis
that NIRVs can play a role in virus–host interaction. Since this NIRV
is present on and transcribed from the X chromosome, it should be
subject to sex-specific expression patterns and the evolutionary
trajectory of X chromosome sequences. As cited above, a trend of
gene movement from the X to autosomes by retrotransposition
has been reported (Vibranovski et al., 2009b). One adaptive expla-
nation for this is compensation for the inability of males to regu-
late their already hypertranscribed X chromosome, as well as
loss of X chromosome gene expression by inactivation during sper-
matogenesis, also known as meiotic sex chromosome inactivation
(MSCI) (Hense et al., 2007; Kemkemer et al., 2011; Vibranovski
et al., 2009a). It is tempting to speculate a similar pressure encour-
aging the copying of the X-linked NIRV-containing blastopia ele-
ment to 3R; however, it is also possible that the movement to 3R
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was non-adaptive, and the lack of expression from 3R appears to be
more consistent with this interpretation. This absent expression
has many possible explanations. The simplest are point mutations
in the LTRs between the X-linked and 3R elements, differences in
putative up and downstream regulatory sequences, and physical
position on the respective chromosomes. Still another possibility
is that expression does occur from the 3R NIRV, though in a tempo-
rally restricted pattern.

In D. melanogaster, resistance to SIGMAV is attributed in part to
interactions between endogenous gene product Ref(2)P and the sig-
ma P protein, which act to suppress viral replication (Carre-Mouka
et al., 2007; Guillemain, 1953). Nonsynonymous substitutions in
the PB-1 domain that determine a restrictive versus permissive
Ref(2)P allele have been identified, and phylogenetic analysis of
presently observed haplotypes supports the accumulation of pre-
sumably restrictive mutations from ancestrally permissive alleles,
possibly as a co-evolutionary response to corresponding SIGMAV
mutations (Carre-Mouka et al., 2007). The precise mechanism by
which Ref(2)P yields a resistant phenotype remains unclear; how-
ever, physical interaction between Ref(2)P and SIGMAV P protein,
and shared antigenic structures between Ref(2)P and SIGMAV N pro-
tein have been described (Wyers et al., 1993). These Ref(2)P interac-
tions are reflected in what is known about the P protein in the
rhabdovirus life cycle. The viral P protein is necessary for transcrip-
tion and replication, as it recruits the polymerase to the genomic
template. It is modularized in a similar fashion to a transcriptional
activator, with specific polymerase-binding and template-binding
(P binds to N which is in complex with genomic RNA) domains
(Emerson and Schubert, 1987). While it may be premature at this
stage to form a specific hypothesis about the role of the P-like NIRV
in D. yakuba–SIGMAV interactions, the high degree of sequence sim-
ilarity between SIGMAV P and the translated P-like NIRV makes a
role involving the regulation of the SIGMAV life cycle via direct inter-
action with viral proteins appear promising.

4. Conclusion

We describe SIGMAV-like NIRVs in the genomes of multiple
Drosophila species. We also present a case in which one of these
is being expressed at the RNA level, thereby presenting a possible
foundation for experimental investigation of NIRV function in
animals. The genomic neighborhood of this integration – its con-
tainment and transposition within a blastopia LTR retrotransposon
– confirms the suspected role of retroelements in NIRV integration
in nature and has provided adequate context to estimate that this
integration occurred in the recent past. The synthesis of previous
decades of SIGMAV research with our discoveries here provides
opportunity to gain new insight into the SIGMAV–Drosophila inter-
action, and potentially virus–host interactions in general, as NIRVs
have now been identified across a wide range of eukaryotes.

Our findings establish that sigma virus-like NIRVs are present in
Drosophila species and that these infection scars represent a rich
evolutionary history between virus and host. Although the exis-
tence of NIRVs in arthropods has been predicted by the expected
exposure of the host to viruses (e.g., the persistent infection of Dro-
sophila with sigma virus) exposure rates fail to explain the large
variation within host genera in the distribution of NIRVs. As NIRV
discovery is dependent on the few available virus and host genome
sequences, it is likely that SIGMAV- and other rhabdovirus-like
NIRVs in nature extend far beyond the scope of this report.
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