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Single-stranded RNA viruses 
infecting the invasive Argentine 
ant, Linepithema humile
Monica A. M. Gruber   1,2, Meghan Cooling1,2, James W. Baty1,3, Kevin Buckley4, Anna 
Friedlander4, Oliver Quinn1, Jessica F. E. J. Russell1, Alexandra Sébastien1 & Philip J. Lester1,2

Social insects host a diversity of viruses. We examined New Zealand populations of the globally widely 
distributed invasive Argentine ant (Linepithema humile) for RNA viruses. We used metatranscriptomic 
analysis, which identified six potential novel viruses in the Dicistroviridae family. Of these, three 
contigs were confirmed by Sanger sequencing as Linepithema humile virus-1 (LHUV-1), a novel strain 
of Kashmir bee virus (KBV) and Black queen cell virus (BQCV), while the others were chimeric or 
misassembled sequences. We extended the known sequence of LHUV-1 to confirm its placement in 
the Dicistroviridae and categorised its relationship to closest relatives, which were all viruses infecting 
Hymenoptera. We examined further for known viruses by mapping our metatranscriptomic sequences 
to all viral genomes, and confirmed KBV, BQCV, LHUV-1 and Deformed wing virus (DWV) presence using 
qRT-PCR. Viral replication was confirmed for DWV, KBV and LHUV-1. Viral titers in ants were higher 
in the presence of honey bee hives. Argentine ants appear to host a range of’ honey bee’ pathogens 
in addition to a virus currently described only from this invasive ant. The role of these viruses in the 
population dynamics of the ant remain to be determined, but offer potential targets for biocontrol 
approaches.

Social insects carry a range of viruses that can have a major effect on host population dynamics. Perhaps the 
best known viral community is from honey bees, which has been the focus of considerable study due to their 
economic importance. A range of different factors are likely to contribute to colony collapse and bee declines 
in general, with viruses frequently considered key players1, 2. A recent review noted honey bees host 24 viruses, 
primarily in the Dicistroviridae and Iflaviridae families3. Of these, the Deformed wing virus (DWV) has been 
suggested as a likely candidate for the majority of global honey bee colony losses during the past 50 years4. Such 
viruses, however, are not restricted to honey bees. There is increasing evidence that these ‘honey bee’ viruses are 
common in a wide range of insect hosts5–7.

Other social insects have been found to carry their own unique suites of viral pathogens. For example, over 
the last decade four viruses have been described from the red imported fire ant (Solenopsis invicta)8. These 
were the first viruses fully described from ants. Three of these viruses are positive-sense, single-stranded RNA 
(ssRNA) viruses, with one (Solenopsis invicta virus-1, SINV-1) assigned taxonomically to the Dicistroviridae fam-
ily, one (Solenopsis invicta virus-3, SINV-3) in a proposed new family, Solinviviridae9 and the third currently 
unclassified (Solenopsis invicta virus-2, SINV-2)8, 9; The fourth virus is a DNA virus, and has been placed in the 
family Parvoviridae10. One of the three ssRNA viruses, SINV-3, shows promise as a biocontrol agent as it can 
cause significant mortality in laboratory fire ant colonies11. Metatranscriptomic and pyrosequencing techniques 
have proven particularly useful for viral discovery in these and other ant species (e.g. Valles et al.9, Johanssen 
et al.12, Valles et al.13). Using these and complementary approaches we have found the invasive Argentine ant 
(Linepithema humile) to host a previously undescribed virus Linepithema humile virus-1 (LHUV-1) and DWV7. 
Replication of both viruses was confirmed within Argentine ants indicating that these viruses were parasitizing 
their hosts. Our previous work recovered 1,200 nucleotides of the LHUV-1 virus, but did not recover the entire 
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non-structural polyprotein region which would have confirmed accurate phylogenetic placement. In that work 
we also noted evidence for the likely presence of other novel and known viruses. We found other novel contigs of 
viral origin (n1905, n1000 and n1050), but were unable to characterise these further.

Argentine ants have been described as one of the six most widespread, abundant and damaging invasive ants14. 
They are a globally distributed pest species with biodiversity, social and economic impacts estimated to annually 
cost millions of dollars to countries including New Zealand15. Population collapse and substantial reduction in 
range distributions have been previously observed in Argentine ants16, 17. Pathogens such as viruses have been 
hypothesized to be responsible for these collapses16. Argentine and other invasive ants are thought to be suscep-
tible to pathogens because of their limited genetic diversity, their high abundance, and a ‘unicolonial’ lifestyle 
that could facilitate pathogen spread due to ant workers frequently moving between nests18. We examined New 
Zealand populations of this ant to determine the diversity of known and novel RNA viruses that they host using 
metatranscriptomic approaches. The metatranscriptomic sequencing results were then confirmed, and an indica-
tion of the relative infection level for the detected viruses assessed using qRT-PCR. We used Sanger sequencing to 
confirm and further define the genomes and phylogenetic placement of the novel viruses from these invasive ants. 
We also comment on the use of multiple metatranscriptomic approaches to recover virus data.

Results
Metatranscriptomic virus detection and discovery.  Our metatranscriptomic detection of viruses and 
discovery of potential novel viruses used ants that were collected from northern and southern locations in New 
Zealand (Fig. 1). Illumina RNA-seq followed by assembly with Trinity v 2.0.619 generated metatranscriptomic 
contigs. The metatranscriptomic contigs were taxonomically assigned to viruses using MEGAN20. Our MEGAN 
analysis determined the new metatranscriptomic contigs to be have a high degree of similarity to the bee viruses 
Kashmir bee virus (KBV), Black queen cell virus (BQCV), and Acute bee paralysis virus (ABPV), as well as other 
ssRNA viruses known to affect insects, and two dsDNA viruses (Fig. 2). All RNA virus matches were to members 
of the Dicistroviridae family. Our results revealed differences in composition of matches between the northern 
and southern samples. In contrast to the northern samples, our southern samples revealed no matches to Aphid 
lethal paralysis virus (ALPV), BQCV or Drosophila C virus (Fig. 2). We note that additional sampling would be 
required to definitively confirm the absence of these viruses from these southern sites and populations.

We identified six putative viral contigs using Blast2GO21, based on their similarity to known virus coding 
proteins (TR30069|c0, TR30069|c1, TR30079|c2, TR31304|c0, TR86646|c0 and TR94176|c0; Supplementary 
Table S1). To confirm our new contig sequences were not chimeric we designed primer sets to recover their 
entire length. We could only recover contigs TR30069|c0, TR30069|c1, and TR31304|c0. We recovered 3585 
base pairs for TR31304|c0. This sequence matched most closely to BQCV non-structural polyprotein. An open 
reading frame (ORF) of 1016 codons was predicted by HHpred22 to span the viral Helicase protein (100% prob-
ability, p < 0.001), and was identical to the Helicase protein for BQCV (GenBank accession ABS82427). For 
TR30069|c0 1519 base pairs were recovered, which, matched most closely to KBV, IAPV, ABPV and Formica 
exsecta 1 virus (FEX-1) non-structural polyprotein. HHpred predicted an ORF of 313 codons to partially include 
the RNA dependent RNA polymerase (RdRp) protein (100% probability, p < 0.001) most closely matching KBV. 

Figure 1.  Sampling sites in New Zealand. Both the samples for the initial metatranscriptomic screen (including 
Sanger sequencing; n = 2) for viruses and the additional samples taken for virus confirmation and quantification 
(RT-PCR; n = 3) are shown. Samples from the northern-most sites included Argentine ants that were observed 
raiding honey bee hives, while the other sites were urban and distant from beehives. The concentration of 
viruses is derived from a standard curve, normalised to the concentration of the internal reference gene Ndufa8 
(and due to the normalisation is unit-less). The map was generated in R v 3.1.149 with the packages ‘maps’50, 
‘mapdata’51,‘maptools’52 and ‘GISTools’53. Full details of sites sampled are presented in Supplementary Table S3).

http://S1
http://S3
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As we could not recover the entire RdRp protein for TR30069|c0 we do not present further results for this contig. 
TR30069|c1 was recovered in 3 fragments (1360, 590 and 846 bases). GenBank blastp searches matched all frag-
ments most closely to Israeli acute paralysis virus (IAPV), KBV, FEX-1 and ABPV. HHpred did not predict func-
tional viral proteins in the longest fragment. The second fragment contained an ORF of 100 codons that HHpred 
predicted to include part of Protease 3CG (100% probability, p < 0.001). HHpred predicted the third fragment 
with an ORF of 252 codons to partially span RdRp (100% probability, p < 0.001). The TR30069|c1 RdRp fragment 
matched LHUV-1 RdRp, and the Protease 3CG matched contig n1905. We concluded the TR30069|c1 contig was 
chimeric owing to misassembly, and thus excluded it from further analysis.

Further characterization of LHUV-1 and putative novel viruses.  We used the Iterative Viral 
Assembler (IVA)23 to computationally extend the sequence information for LHUV-1 from 1,200 to 8,268 bases, 
and designed primers for confirmatory Sanger sequencing (Supplementary methods). Sanger sequencing 

Figure 2.  MEGAN taxonomic assignment of metatranscriptomic contigs. Putative viral sequences were based 
on BLAST similarity obtained using virus blastx matches for samples of Argentine ants from northern and 
southern samples. The MEGAN results were further refined using Virusfinder, Bowtie 2 and RT-PCR (Table 1).

Virus

MEGAN Bowtie 2 Virusfinder

RT-
PCR Replication

Argentine ant 
samples

Argentine ant 
samples

Negative 
control

Argentine ant 
samples

Negative 
control

Alphabaculovirus 8 — — N N — —

Sp6virus 2 — — N N — —

Aphid lethal paralysis 
virus 2 2 N N N — —

Drosophila C virus 2 N N N N — —

Rhopalosiphum padi 
virus 21 N N 3 (47) N — —

ABPV N 424 N 2 (368) N N —

BQCV 4 127 N 4 (2,273) N Y N

CBPV N N N N N N —

DWV N 1 N N N Y Y

FEX-1 N 2,419 1 N N N —

IAPV N 1,012 N 5 (2,172) N N —

KBV 11 18,682 N 2 (40,343) N Y Y

Sacbrood virus N N N N N — —

SINV-1 N 14 N N N N —

SINV-2 N N N N N — —

SINV-3 N N N N N — —

VDV-1 N N N N N N N

LHUV-1 N/A N/A N/A N/A N/A Y Y

Table 1.  Detection of known viruses from RNA-seq reads using MEGAN, Bowtie 2 and Virusfinder, and 
confirmation using RT-PCR. The MEGAN figures indicate the number of contigs detected for each given virus. 
The figures reported for Bowtie 2 are those reads that aligned concordantly 1 or more times or discordantly 
1 or more times. Virusfinder results show the number of contigs (reads) that mapped to the virus. The RT-
PCR column indicates if the virus was detected using RT-PCR, and the Replication column indicates whether 
replication of the virus was confirmed subsequent to RT-PCR. In each of the columns ‘-’ indicates the virus was 
not tested for and ‘N’ indicates non-detection. Acute bee paralysis virus (ABPV); Black queen cell virus (BQCV); 
Chronic bee paralysis virus (CBPV); Deformed wing virus (DWV); Formica exsecta virus 1 (FEX-1); Israeli acute 
paralysis virus (IAPV); Kashmir bee virus (KBV); Solenopsis invicta virus 1, 2 and 3 (SINV-1, SINV-2, SINV-
3); Varroa destructor virus 1 (VDV-1), Linepithema humile virus 1 (LHUV-1). LHUV-1 was not detected by 
MEGAN or Virusfinder as the sequence was not lodged in GenBank at the time the study was undertaken.



www.nature.com/scientificreports/

4Scientific Reports | 7: 3304  | DOI:10.1038/s41598-017-03508-z

recovered 7,239 bases. None of the newly identified contigs (TR30069|c0, TR30069|c1, and TR31304|c0) or pre-
viously identified contigs (n1000, n1050, n19057) aligned with the extended LHUV-1 sequence. The LHUV-1 
sequence translated into a single large ORF (Fig. 3), which blastp searches identified as most closely matching the 
viral non-structural polyproteins (Helicase, Protease, RdRp) of the FEX-1 and IAPV viruses (99% coverage and 
50% identity). The entire coding regions of these proteins were recovered. Of the top 100 BLAST hits the closest 
matches of our LHUV-1 ORF1 and proteins were to the Dicistroviridae family. In addition we recovered 164 res-
idues of that most closely matched ORF2 (the structural polyprotein coding region) of Dicistroviridae (e.g. KBV, 
IAPV, ABPV). The ORF2 sequence included the partial sequence of the capsid gene (Fig. 3).

We extended the n1905 contig to 5,840 bases using IVA, which was further extended to 9,450 bases by Sanger 
sequencing. The resulting sequence matched closely to the two KBV genomes on GenBank (100% coverage 
and 92–96% identity). The n1905 contig contained a one large (1683 amino acids) and one smaller (843 amino 
acids) ORF. Like other Dicistroviridae, the first ORF of n1905 encodes the non-structural polyproteins (Helicase, 
Protease, RdRp), and matched the KBV non-structural polyproteins on GenBank with 100% coverage and 99% 
identity. In Dicistroviridae the second ORF codes for the structural polyproteins. Our second ORF coded for cap-
sid polyproteins, and matched KBV ORFs on GenBank with 100% coverage and 98% identity.

Poly(A) tails were not recovered for either LHUV-1 or n1905 extended sequences, indicating that we did 
not fully recover the genomes of either virus. Based on the published KBV genomes we recovered all but 37 5′ 
bases and 25 3′ bases (excluding the poly(A) tail). As LHUV-1 is a novel virus we do not know how much of the 
genome we recovered. However, other Dicistroviridae viruses have genomes ranging from 8.5–10.2 kb. Thus we 
likely recovered at least 70% of the LHUV-1 genome, including the complete ORF1 region (non-structural poly-
proteins) and part of ORF2. The TR31304, TR30069|c0, TTR30069|c1, n1000 and n1050 contigs failed to extend 
using IVA, possibly because these were chimeric or fragmented assemblies.

Our phylogenetic analysis to place the n1905 and LHUV-1 extended contigs within the Dicistroviridae fam-
ily was based on the complete ORF1 coding regions (including the Helicase, Protease and RdRp domains and 
intergenic regions) (Fig. 4). The n1905 contig ORF1 differed from the published ORF1’s of KBV (GenBank acces-
sions NP851493 [Pennsylvania] and AHL84399 [Korea]) by 27 and 108 amino acids respectively. The published 
genotypes differ from each other by 107 amino acids. We consider this difference sufficient to propose the n1905 
contig as a new genotype or strain of KBV. LHUV-1 was positioned intermediate to SINV-1 (664 amino acid 
differences) and ABPV (864 amino acid differences) and is thus somewhat distinct from other Dicistroviridae 
(Fig. 4).

Our phylogenetic tree of RdRp sequences for known and predicted viruses of ants and other Hymenoptera 
assigned LHUV-1 and the new strain of KBV consistently with our tree based on ORF1. The placement of these 
and other viruses was consistent with the phylogeny of picorna-like viruses9 (Fig. 5).

Figure 3.  Organization of Linepithema humile virus-1 LHUV-1 partial genome. The total nucleotide sequence 
length that was recovered from our analysis is indicated on the left of the figure. The light grey box indicates 
the predicted open reading frame (ORF1) of 1930 amino acids. Darker grey boxes identify protein motifs and 
their position within the ORF. The jagged grey box indicates the partially recovered ORF2, which contained a 
sequence that matched Dicistroviridae capsid proteins. Identifiable conserved ssRNA virus protein domains in 
ORF1 (Hel = helicase [position 549–664], Pro = Protease [position 1153–1381], RdRp = RNA-dependent RNA 
polymerase [position 1433–1927]) are indicated.

Figure 4.  Phylogenetic tree of the Dicistroviridae ORF1 region. The tree includes the extended contig n1905 
(proposed KBV strain) and LHUV-1 using a Le & Gascuel (LG)54 model with 500 bootstrap replicates. The 
ORF1 sequences included in the analysis comprise the complete Helicase, Protease and Ribosomal dependent 
RNA polymerase (RdRp) domains of these viruses and intergenic regions. Macrobrachium rosenbergii Taihu 
virus and Mud crab discistrovirus-1 (two unclassified Dicistroviridae that had ~50% identity to our contigs 
in blastp results) were included to root the tree. Our sequences are shown in bold text. GenBank accession 
numbers are shown in brackets.
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Additional screening and quantification of known viruses.  As well as using MEGAN to screen for 
novel viruses, we mapped our RNA-seq sequences to selected known ant and bee RNA viruses (SINV-1, SINV-2, 
SINV-3, FEX-1, IAPV, DWV, KBV, BQCV, ABPV, Chronic bee paralysis virus (CBPV), Varroa destructor virus 
1 (VDV-1) and Sacbrood virus) using Bowtie 224 and to all known viruses using Virusfinder25. To determine 
whether we had contamination we also mapped our negative control sequences, of which a single sequence 
Bowtie 2 mapped to FEX-1. Our sample sequences mapped most closely to KBV, with fewer matches to FEX-1, 
IAPV, ABPV, BQCV and SINV-1 (Table 1). Virusfinder produced similar results but detected only ABPV, CBPV, 
IAPV and KBV sequences.

We used qRT-PCR to screen samples for the presence of viruses we had detected using Bowtie 2 and 
Virusfinder, together with honey bee viruses that have been recorded previously in ants. The presence of KBV, 
BQCV, LHUV-1 and DWV was confirmed by qRT-PCR (Fig. 1). Ants from sites where ants interacted with bees 
had the highest viral loads. Where ants did not interact with bees, we found a lower prevalence of DWV relative 
to other viruses. LHUV-1 viral loads were similar among all sites. We found no difference in viral loads between 
northern and southern sites. Viral replication was confirmed for three of these four viruses (LHUV-17, DWV, and 
KBV). No amplification was observed in RT-PCR for ABPV, CBPV, IAPV, VDV-1, SINV-1 or FEX-1.

Discussion
The first virus was described from ants only 13 years ago8, 26. Since that publication next generation sequencing 
approaches have been used to discover other viruses, but only for a limited number of ant species and locations7, 9, 10, 12.  
Our study has demonstrated that the invasive Argentine ant hosts a range of viruses. Our metatranscriptomic 
analysis detected six novel putative viral contigs, three of which we were able to partially or fully recover by 
Sanger sequencing. Of the putative novel viruses for which we recovered extended sequences, one (which par-
tially matched the previously detected n1905 contig7), was resolved as a new strain of KBV. The second matched 
the LHUV-1 sequence when recovered by Sanger sequencing, and the third matched BQCV. We extended the 
known sequence of the Argentine ant LHUV-1 virus to approximately 70% of the genome. Our qRT-PCR results 
detected BQCV, KBV, LHUV-1 and DWV, of which viral replication (i.e. parasitism by viruses of the ants) was 
confirmed for all but BQCV. A lack of observed replication for BQCV may indicate that these ants are not true 
hosts for this virus and it is not parasitizing them, or that the method used was not sensitive enough to detect 
replication at low virus titers (abundance). However, BQCV might replicate in Argentine ants under conditions 
or at time points missed in our survey. Viral replication does not occur at all times in all infected hosts27, 28.

Our results demonstrate that populations of the invasive Argentine ant in New Zealand host a range of RNA 
viruses. As well as the Argentine ant LHUV-1 virus, the ants also host viruses that are associated with disease in 
honey bees, including KBV and DWV. These are globally widespread and important viruses. DWV, for example, 

Figure 5.  Phylogenetic tree of viruses in ants and other Hymenoptera. The tree (a) was inferred using complete 
Ribosomal dependent RNA polymerase (RdRp) sequences, based on a Le & Gascuel (LG)54 model with Gamma 
parameter and invariant sites (LG+G+I) with 500 bootstrap replicates. A TSA that is a putative virus of the 
ant Monomorium pharoanis9 was also included. Our sequences are shown in bold text. Taxa found in ants are 
underlined. GenBank accession numbers are shown in brackets. The inset figure (b) shows the Aparavirus genus 
of Dicistroviridae, with bootstrap support. Solenopsis invicta virus 1,2 and 3 (SINV-1, SINV-2, SINV-3); Formica 
exsecta virus 1 (FEX-1); Deformed wing virus (DWV); Kashmir bee virus (KBV); Acute bee paralysis virus 
(ABPV); Black queen cell virus (BQCV); Chronic bee paralysis virus (CBPV); Israeli acute paralysis virus (IAPV); 
Monomorium pharaonis TSA (Mpha TSA); Varroa destructor virus 1 (VDV-1); Nylanderia fulva virus 1 (NfV-1); 
Linepithema humile virus 1 (LHUV-1); Nasonia vitripennis virus 1 (Nvit-1); Nasonia vitripennis virus 2 (Nvit-2).
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has been hypothesised as the most likely candidate for the majority of global honey bee colony during the past 50 
years4. These viruses are clearly also parasitizing Argentine ants, as replication was confirmed. While DWV has 
been detected in Argentine ants previously7, 29, our study is the first record of these or any ants hosting KBV (and 
possibly BQCV).

Although the abundance of viruses (titer or viral load) such as LHUV-1 and DWV in Argentine ant popula-
tions in New Zealand is known to vary over time, the viruses appear to be consistently present in these ant pop-
ulations29. In areas where these ants are associated with honey bee colonies, the honey bees appear to be infected 
with substantially higher DWV loads. In honey bee populations, viruses like DWV and KBV are associated with 
colony collapse, but only when viral load is high30. In New Zealand, another study demonstrated that the presence 
of Argentine ants was associated with higher DWV loads in honey bees and an average 47% mortality of hives 
over a 6-month period29. The same DWV strain was observed in both Argentine ants and bees. Argentine ants 
appear to have the dual effects of substantially elevating DWV titers in bees and raiding their hives for honey and 
brood29. We found that viral load of both DWV and KBV was also higher in Argentine ants when these ants were 
interacting with bees: markedly so for DWV, with viral concentrations five orders of magnitude higher when the 
ants were present in honey bee apiaries. These viruses were also present at all other sites, including in urban areas 
where there were no bee hives with several hundred meters of the sample collection location. Viruses such as 
DWV, KBV and BQCV are clearly present in these invasive ants in the absence of close contact with bees.

Some researches might suggest that the viruses we detected could alternatively or additionally be infecting 
bacterial symbionts or pathogens within Argentine ants. Bacteriophages, however, tend to belong to specific fami-
lies and none have been previously found in the Dicistroviridae family. Viral infection of bacteria within Argentine 
ants thus seems highly unlikely. Although these viruses are clearly parasitizing Argentine ants (or possibly their 
endosymbionts), as shown by active replication, we do not know what their effect is on ant colonies, and studies 
have yet to investigate the effects of honey bee viruses on ant population dynamics. We hypothesise, however, that 
these viruses contribute to the population collapse of Argentine ants in New Zealand and elsewhere18. Possibly 
these viruses remain in a latent state until environmental or other conditions stimulate virulence. If so, it could 
be possible to induce virulence as a novel biocontrol, potentially by compromising the immunity of these ants.

Other studies have suggested that interactions between other host species result in honey bee viruses being 
shared between many Hymenopteran and non-Hymenopteran hosts (e.g. Levitt et al.6, Furst et al.31). DWV has 
previously been found in Camponotus ant species, together with IAPV6 and CBPV32, which was also hosted by the 
ant Formica rufa32. No ant viruses have been reported from honey bees, although this may be due to few studies 
specifically examining honey bees for ant viruses. To our knowledge honey bees have only been examined for 
LHUV-1 and SINV-329, 33. Moreover, host specificity tests of SINV-3 have found that it does not infect ant species 
other than Solenopsis invicta, including closely related ant species34. Viruses continue to remain under-studied 
outside of model organisms35, and their prevalence within species, and degree of inter-specific transmission is 
still not well understood.

We detected a novel strain of KBV by extending a contig that previously appeared likely to be a novel ant 
virus7. We recovered a total of 9,450 bases of this KBV strain, allowing definitive phylogenetic placement. Our 
data matched closely to the two KBV genomes on GenBank, but differences in ORFs indicate this is a new strain 
of the virus. KBV has not previously been reported in ants, although it is a common and globally widespread 
virus of honey bees36. One study indicated between 30–40% of New Zealand honey bees are infected with KBV37. 
Another New Zealand study found a 100% KBV infection rate in six different nests of common wasps (Vespula 
vulgaris)38. KBV was not detected in our earlier study on Argentine ants using RT-PCR7, although it appears from 
our current results to be highly prevalent, particularly where ants interact with bees. The lack of detection in 
earlier work may be due to the differences in the RT-PCR primers used between studies not being able to detect 
the proposed new strain. If this is the case, variant strains of KBV might exist undetected in ant (and potentially 
honey bee) populations. We know that some virus strains are more virulent than others39. But we do not know 
which KBV strains are present in New Zealand honey bees or the distribution of the new strain globally, their 
relative virulence, and the degree of transmission between species.

We extended the known genomic sequence of the LHUV-1 virus to cover approximately 70% of the esti-
mated genome. Our phylogenetic analysis of both the entire ORF1 and RdRp gene clearly place LHUV-1 as an 
Aparavirus in the Dicistroviridae family, phylogenetically positioned intermediate to ABPV and SINV-1. ABPV 
and SINV-1 have been found to be similarly related in other work using amino acid sequences of the capsid pro-
teins (e.g. Tufts et al.40). We recovered ORF1 for LHUV-1, which included all viral non-structural coding regions. 
We have thus characterized the virus sufficiently to confirm its identity as a novel virus infecting Argentine ants. 
Our previous work has indicated LHUV-1 to be present in the ant’s home range of Argentina, and in the invaded 
range of Australia and New Zealand7. The virus is thus likely to be distributed throughout the ant’s invaded range.

The ssRNA viruses that to date are known to be hosted by ants typically occur within three viral families: 
Iflaviridae (DWV6); Dicistroviridae (SINV-126, LHUV-17, KBV - this study, IAPV6, and possibly BQCV - this 
study); and Solinviviridae (SINV-3, Nylanderia fulva virus 1, and a potential virus infecting the ant Monomorium 
pharaonis9). The SINV-2 virus has not been placed within a family, but like the other viruses associated with 
ants, it is a picorna-like virus9. Similarly, CBPV, which has also been found in ants32 is currently an unclassified 
ssRNA virus. Perhaps this apparent phylogenetic restriction to a few families is owing to a co-evolutionary his-
tory. However it might also be due to a lack of studies, or the ease of detection of ssRNA viruses relative to other 
viral groups.

We used complementary methods in our virus discovery and confirmation in order to maximise our ability 
to detect potential novel viruses. We found that IVA23 effectively enabled us to extend the sequence length of 
putative novel viruses and strains. We could then use this sequence as a template for confirmation of presence via 
standard PCR and Sanger sequencing. Typically, RACE is used to extend these sequences (e.g. Oi et al.9). RACE 
can be expensive compared with standard PCR41. Thus our approach offers a cost effective alternative, particularly 
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for narrowing the list of candidates for confirmation. While our approach enabled recovery of nearly an entire 
novel strain, in order to recover a full novel genome, some RACE or similar sequencing approach (e.g. Dallmeier 
& Neyts41) will most likely be needed.

We used Bowtie 224, Virusfinder25 and MEGAN20 to identify known and novel viruses. Although Bowtie 2 
and Virusfinder indicated the potential presence of more bee viruses than MEGAN, the latter results were more 
consistent with qRT-PCR confirmatory analysis. These differences in results can likely be attributed to the differ-
ence in analysis approaches: MEGAN analysis is based on blast results of searches on GenBank databases using 
assembled contigs, while Bowtie 2 and Virusfinder use individual RNA-seq reads to map entire known genomes. 
We therefore advise caution when using single in-silico analyses to make definitive conclusions.

One inconsistency continues to baffle us. Neither this study, nor our earlier work7 detected DWV using 
RNA-seq data. This virus was not observed in any assembly, or in our MEGAN analysis, or in mapping (with the 
exception of one single read). However, DWV has been positively confirmed in these samples via qRT-PCR here 
and in other species7, 29. We know that this is not a general failure of RNA-seq to detect DWV as we detected this 
virus in RNA-seq data of honey bee samples that were sequenced in the same run as our ant samples, as others 
have also found (e.g. Cornman et al.42). For the same reason this false negative result cannot be attributed to a 
biological feature of the virus that would make it undetectable by RNA-seq. Our qRT-PCR results showed a much 
lower prevalence of DWV in sites where Argentine ants were not present with bees, so it seems most likely that 
the virus was at undetectable prevalence in our current and earlier RNA-seq samples (which were from sites 
where ants and bees did not interact).

Ant populations are known to undergo substantial fluctuation and even local population extinction18. The 
current study and other publications demonstrate a substantial microbiota associated with Argentine ant popu-
lations7, 43. Several of these pathogens can substantially influence the population dynamics of other social insects, 
such as the involvement of DWV and KBV in collapses of honey bee populations42, 44. However, it remains to be 
determined if the viruses we observed have any involvement in the local collapse of Argentine ant populations in 
New Zealand16 or elsewhere17.

Methods
Metatranscriptomic virus detection and discovery.  We used two pooled groups of ants for the 
metatranscriptomic detection of viruses and discovery of potential novel viruses. In November 2014 we 
sampled a northern population (Auckland: three sites), and in November 2014 and June 2015 we sampled a 
southern population (six sites: Paraparaumu, Picton, New Plymouth, Christchurch, Petone, Gisborne) (Fig. 1; 
Supplementary Table S3). Ants were collected in RNAlater Stabilization Solution (AMBION Inc., Austin, USA). 
RNA was extracted from pools of whole ants from the northern (150 ants) and southern populations (120 ants). 
Purification of total RNA was carried out using a PureLink RNA Mini Kit® (Thermo Fisher Scientific Inc., 
Waltham, USA) according to the manufacturer instructions, after homogenisation with a Qiagen Tissuerupter 
(QIAGEN, Tokyo, Japan). RNA integrity was confirmed and quantified with an RNA 6000 Nano chip on the 
Agilent 2100 Bioanalyser (Agilent Technologies Co. Ltd., Diegem, Belgium), according to the manufacturer’s 
instructions. The two pooled samples together with a negative control were sequenced as 125 base paired end 
barcoded Trueseq libraries on an Illumina Hiseq by New Zealand Genomics Limited (NZGL) at the University of 
Otago. Post-processing at NZGL included quality control, excluding bases with quality scores Q > 30 and trim-
ming of adapters. We assembled the RNA-seq data using Trinity v 2.0.619 using read normalization.

To detect potential novel viral pathogen sequences in the assemblies, we used the Trinity assembled contigs 
to query the National Center for Biotechnology Information (NCBI) GenBank databases using BLAST45. The nr 
and nt databases were downloaded from NCBI GenBank (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) on 1 December 
2015. BLAST searches were run using an installation of BLAST v 2.2.25, on the Victoria University of Wellington 
Science Faculty’s High Performance Computing Facility. We used blastx searches to identify putative viral pro-
teins. Searches of the nr database are time consuming for a large number of input sequences, and generate large 
amounts of data when the default xml output format is used. As we were specifically targeting viruses, and the 
majority of sequences were likely to be non-viral, we pre-processed the data using blastn searches of the NCBI 
Genbank nt databases to include sequences that matched virus and viroid taxa, which we output in tabular for-
mat. We restricted searches to a threshold e-value of 0.0001 and 90% percent identity or better to enhance search 
specificity. Taxonomic information was assigned to the tabular output using a custom Perl script (https://github.
com/AnnaFriedlander/taxon4blast). From the resulting assignments we filtered the input data for virus taxa using 
a Perl script. We then used these filtered contigs as input for a blastx search of the nr database with searches 
restricted to a threshold e-value of 0.001, percent identity of 90, best_hit_overhang of 0.25 and best_hit_score_
edge of 0.05. The blastx results were visualised in MEGAN 5.10.720. To confirm these as virus candidates we 
identified coding sequences of novel viral origin in our contigs by visualising our blastx results in Blast2GO21, and 
translating these contigs using ExPASy (Bioinformatics Resource Portal, Swiss Institute of Bioinformatics, http://
web.expasy.org/) to determine the appropriate reading frame.

Six contigs were identified as potential novel viruses (Supplementary Table S1), based on their similarity to 
known virus coding proteins. We excluded TR86646|c0 and TR94176|c0 contigs at this point as they were rela-
tively short sequences (529 and 619 bases respectively) and less likely to yield further informative data. To con-
firm the remaining contigs (TR30069|c0, TR30069|c1, TR30079|c2 and TR31304|c0) were not chimeric due to 
misassembly we designed overlapping primer sets to recover the entire length of the contigs. These were Sanger 
sequenced, then checked and aligned using MEGA746. Reliable sequences could only be retrieved for TR30069|c0, 
TR30069|c1, and TR31304|c0. We translated the sequences using ExPASy and used GenBank blastp searches 
within MEGA7 to identify the most closely matching viral proteins.

http://S3
https://github.com/AnnaFriedlander/taxon4blast
https://github.com/AnnaFriedlander/taxon4blast
http://web.expasy.org/
http://web.expasy.org/
http://S1
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Characterization of LHUV-1 and putative novel viruses.  We used IVA23 to extend the sequence infor-
mation for the LHUV-1 virus using the RNA-seq data, and aligned the newly identified contigs (TR30069|c0, 
TR30069|c1, and TR31304|c0) and previously identified contigs (n1000, n1050, n19057) with the extended 
LHUV-1 sequence in MEGA7. We also used IVA to extend the newly identified and previously identified contigs, 
and Sanger sequenced those that could be extended (Supplementary Table S2). For n1905, which appeared to 
closely match KBV, we extended the 3′ end using primers based on the KBV genomes published in GenBank.

We translated the extended contigs using ExPASy and identified the most closely matching viral proteins with 
HHpred22. We created a maximum likelihood phylogenetic tree for the n1905 and LHUV-1 ORF1s, together with 
other Aparavirus complete ORF1 sequences from GenBank to determine the placement of our sequences within 
the group. Finally, we created a single phylogenetic tree from complete Ribosomal dependent RNA polymerase 
(RdRp) sequences together with sequences from GenBank and one TSA sequence predicted to be a virus of ants 
and other Hymenoptera (Supplementary Table S1 in Valles et al.). We restricted the analysis to ants and othe 
Hymenoptera as these groups were the closest matches to our protein sequences on GenBank. We translated the 
TSA sequence to obtain the RdRp region for comparison. Sequences were aligned using MUSCLE47 and phy-
logenetic trees were constructed in MEGA7.The alignments for both phylogenetic analyses are provided in the 
Microsoft Excel spreadsheet associated with Supplementary Table S5.

Additional screening and quantification of known viruses.  As well as using MEGAN to screen for all 
viruses, we screened our sequences for viruses known to infect bees and ants by mapping the RNA-seq reads to 
those virus genomes using Bowtie 224 and Virusfinder25, which uses the nr database as a reference, to identify all 
known viruses. For all putative viruses detected by MEGAN, we mapped the RNA-seq reads directly to their viral 
genomes using Bowtie 2 to identify potential true and false positives. We then used Virusfinder to also identify 
potential false positives and false negatives. We then used RT-PCR to confirm the positive results from Bowtie 2 
and Virusfinder. We also used RT-PCR to confirm false negatives and true negatives using selected viruses, and 
confirm true positives and true negatives of the viruses identified by Virusfinder and Bowtie 2 (Table 1). Viruses 
screened with Bowtie 2 included the ant RNA viruses: Solenopsis invicta virus 1,2 and 3 (SINV-1, SINV-2, SINV-
3), Formica exsecta virus 1 (FEX-1),and viruses commonly infecting honey bees: DWV, Kashmir bee virus (KBV), 
Acute bee paralysis virus (ABPV), Black queen cell virus (BQCV) and Israeli acute paralysis virus (IAPV), Chronic 
bee paralysis virus (CBPV), Varroa destructor virus 1 (VDV-1) and Sacbrood virus.

Additional samples of Argentine ants were collected to both confirm the presence and compare the relative 
infection level of identified viruses (Fig. 1). Viruses were detected and loads were quantified (where applica-
ble) in Argentine ant samples using qRT-PCR for KBV, LHUV-1, BQCV, DWV, and RT-PCR for ABPV, CBPV, 
IAPV, SINV-1 and FEX-1. Three composite samples were used in this analysis: a sample from southern sites 
(Blenheim, Christchurch, New Plymouth, and Paraparaumu), a northern sample (two sites in Auckland, and 
one in Dargaville), and three sites in Northland where Argentine ants were found to be attacking bee hives 
(Rangiputa, Te Kao, and Waipapa) (Fig. 1; Supplementary Table S3). All ants were collected alive and snap frozen 
at either −80C or in liquid nitrogen.

RNA was extracted from 24–30 whole ants from each site by bead-beating (BeadBeater 16, Biospec Products, 
USA) samples in GENEzol reagent (Geneaid, Taiwan) with 5% β-mercaptoethanol, with chloroform and isopro-
panol purification. These extractions were then pooled to provide RNA for the northern, southern locations, and 
where Argentine ants were co-located with bees (Supplementary Table S3). Concentrations of RNA were quan-
tified with a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA). A 1 µg/sample was 
used for cDNA synthesis using qScript XLT SuperMix (Quantabio, Beverly, USA). Samples were then analyzed 
in duplicate by RT-PCR and qRT-PCR with PerfeCTa SYBR Green reagent (Quantabio, Beverly, USA) using 1 µl 
cDNA/reaction using published and designed primers (Supplementary Table S4). A QuantStudio 7 (Applied 
Biosystems/Thermo Fisher Scientific, USA) was used for the qRT-PCR with fast cycling conditions and fluores-
cence detection during the elongation step (Stage 1: 95 °C, 30 s; Stage 2: 40 cycles of 95 °C, 5 s; 60 °C, 15 s; 72 °C, 
20 s). Quantification cycle (Cq) values were used to calculate viral loads via external standard curves generated 
for the viruses and internal reference genes. The external standards were 150–156 base DNA fragments (Thermo 
Fisher Scientific Inc., Waltham, USA and Sigma-Aldrich, St. Louis, USA) that matched the region recognized by 
the primers. The internal species specific reference gene L. humile Ndufa8 (NADH dehydrogenase [ubiquinone] 
1 alpha subcomplex subunit 8) was used to normalize the calculated viral loads48.

Viral replication was confirmed by detection of the virus negative strand using reverse transcription and 
RT-PCR based on the standard method for detecting DWV replication28. Reverse transcription (SuperScript IV, 
Invitrogen/Thermo Fisher Scientific, Waltham, USA) of 1 μg RNA was performed with a tagged forward primer 
at a final concentration of 100 nM (DWV Tag-F15; KBV Tag-KBV83F; VDV-1 Tag-VDVqF [as an additional 
negative control], or BQCV Tag-BQCV-sense; Supplementary Table S4). PCR was then carried out on the cDNA 
or no-template negative controls using the Tag primer (agcctgcgcaccgtgg) and the corresponding reverse primer 
(DWV B23; KBV KBV161R; VDV VDVqPCR-rev, or BQCV BQCV-antisense; Supplementary Table S4). The 
products were then resolved by 2% agarose gel electrophoresis. Positive controls for DWV and KBV were included 
(BQCV and VDV positive controls were not available). LHUV-1 replication was confirmed in our earlier study7.

References
	 1.	 Goulson, D., Nicholls, E., Botías, C. & Rotheray, E. L. Bee declines driven by combined stress from parasites, pesticides, and lack of 

flowers. Science. 347, 1255957, doi:10.1126/science.1255957 (2015).
	 2.	 Hou, C., Rivkin, H., Slabezki, Y. & Chejanovsky, N. Dynamics of the presence of Israeli acute paralysis virus in honey bee colonies 

with colony collapse disorder. Viruses. 6, 2012–2027 (2014).
	 3.	 de Miranda, J. R. et al. Standard methods for virus research in Apis mellifera. J. Apicult. Res. 52, 1–56, doi:10.3896/IBRA.1.52.4.22 

(2013).

http://S2
http://S1
http://S5
http://S3
http://S3
http://S4
http://S4
http://S4
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.3896/IBRA.1.52.4.22


www.nature.com/scientificreports/

9Scientific Reports | 7: 3304  | DOI:10.1038/s41598-017-03508-z

	 4.	 Schroeder, D. C. & Martin, S. J. Deformed wing virus: The main suspect in unexplained honeybee deaths worldwide. Virulence. 3, 
589–591, doi:10.4161/viru.22219 (2012).

	 5.	 Lester, P. J. et al. No evidence of enemy release in pathogen and microbial communities of common wasps (Vespula vulgaris) in their 
native and introduced range. PLOS ONE. 10, e0121358, doi:10.1371/journal.pone.0121358 (2015).

	 6.	 Levitt, A. L. et al. Cross-species transmission of honey bee viruses in associated arthropods. Virus Res. 176, 232–240, doi:10.1016/j.
virusres.2013.06.013 (2013).

	 7.	 Sébastien, A. et al. Invasive ants carry novel viruses in their new range and form reservoirs for a honeybee pathogen. Biol. Lett. 
11 (2015).

	 8.	 Oi, D. H., Porter, S. D. & Valles, S. M. A review of the biological control of fire ants (Hymenoptera: Formicidae). Myrmecol. News. 
21, 101–116 (2015).

	 9.	 Valles, S. M. et al. Isolation and characterization of Nylanderia fulva virus 1, a positive-sense, single-stranded RNA virus infecting 
the tawny crazy ant, Nylanderia fulva. Virology. 496, 244–254, doi:10.1016/j.virol.2016.06.014 (2016).

	10.	 Valles, S. M. et al. Discovery and molecular characterization of an ambisense densovirus from South American populations of 
Solenopsis invicta. Biol. Control. 67, 431–439, doi:10.1016/j.biocontrol.2013.09.015 (2013).

	11.	 Valles, S. M., Porter, S. D. & Firth, A. E. Solenopsis invicta virus 3: Pathogenesis and stage specificity in red imported fire ants. 
Virology. 460–461, 66–71, doi:10.1016/j.virol.2014.04.026 (2014).

	12.	 Johansson, H. et al. A metatranscriptomic approach to the identification of microbiota associated with the ant Formica exsecta. PLOS 
ONE. 8, e79777, doi:10.1371/journal.pone.0079777 (2013).

	13.	 Valles, S. M., Oi, D. H., Yu, F., Tan, X.-X. & Buss, E. A. Metatranscriptomics and pyrosequencing facilitate discovery of potential viral 
natural enemies of the invasive Caribbean crazy ant. Nylanderia pubens. PLOS ONE. 7, e31828, doi:10.1371/journal.pone.0031828 
(2012).

	14.	 Holway, D. A., Lach, L., Suarez, A. V., Tsutsui, N. D. & Case, T. J. The causes and consequences of ant invasions. Annu. Rev. Ecol. Syst. 
33, 181–233 (2002).

	15.	 Ward, D. F. et al. Twenty years of Argentine ants in New Zealand: past research and future priorities for applied management. N. Z. 
Entomol. 33, 68–78 (2010).

	16.	 Cooling, M., Hartley, S., Sim, D. A. & Lester, P. J. The widespread collapse of an invasive species: Argentine ants (Linepithema humile) 
in New Zealand. Biol. Lett. 8, 430–433, doi:10.1098/rsbl.2011.1014 (2012).

	17.	 Wetterer, J. K., Espadaler, X., Wetterer, A. L., Aguin-Pombo, D. & Franquinho-Aguiar, A. M. Long-term impact of exotic ants on the 
native ants of Madeira. Ecol. Entomol. 31, 358–368, doi:10.1111/j.1365-2311.2006.00790.x (2006).

	18.	 Lester, P. J. & Gruber, M. A. M. Booms, busts and population collapses in invasive ants. Biol. Invasions. 18, 3091–3101, doi:10.1007/
s10530-016-1214-2 (2016).

	19.	 Grabherr, M. G. et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 29, 
644–652 (2011).

	20.	 Huson, D. H., Mitra, S., Ruscheweyh, H.-J., Weber, N. & Schuster, S. C. Integrative analysis of environmental sequences using 
MEGAN4. Genome Res. 21, 1552–1560, doi:10.1101/gr.120618.111 (2011).

	21.	 Conesa, A. et al. Blast2GO: a universal tool for annotation, visualization and analysis in functional genomics research. 
Bioinformatics. 21, 3674–3676, doi:10.1093/bioinformatics/bti610 (2005).

	22.	 Söding, J., Biegert, A. & Lupas, A. N. The HHpred interactive server for protein homology detection and structure prediction. 
Nucleic Acids Res. 33, W244–W248, doi:10.1093/nar/gki408 (2005).

	23.	 Hunt, M. et al. IVA: accurate de novo assembly of RNA virus genomes. Bioinformatics. 31, 2374–2376, doi:10.1093/bioinformatics/
btv120 (2015).

	24.	 Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Meth. 9, 357–359, doi:10.1038/nmeth.1923 (2012).
	25.	 Wang, Q., Jia, P. & Zhao, Z. VirusFinder: Software for efficient and accurate detection of viruses and their integration sites in host 

genomes through next generation sequencing data. PLOS ONE. 8, e64465, doi:10.1371/journal.pone.0064465 (2013).
	26.	 Valles, S. M. et al. A picorna-like virus from the red imported fire ant, Solenopsis invicta: initial discovery, genome sequence, and 

characterization. Virology. 328, 151–157, doi:10.1016/j.virol.2004.07.016 (2004).
	27.	 Craggs, J. K., Ball, J. K., Thomson, B. J., Irving, W. L. & Grabowska, A. M. Development of a strand-specific RT-PCR based assay to 

detect the replicative form of Hepatitis C virus RNA. J. Virol. Methods. 94, 111–120, doi:10.1016/S0166-0934(01)00281-6 (2001).
	28.	 Yue, C. & Genersch, E. RT-PCR analysis of Deformed wing virus in honeybees (Apis mellifera) and mites (Varroa destructor). J. Gen. 

Virol. 86, 3419–3424, doi:10.1099/vir.0.81401-0 (2005).
	29.	 Brenton-Rule, E. C., Baty, J. W., Russell, J. F. E. J., Saunders, M. & Lester, P. J. Honey bee hive collapse driven by the combined effects 

of an invasive ant and viral pathogens. Biol. Invasions (2017).
	30.	 Francis, R. M., Nielsen, S. L. & Kryger, P. Varroa-virus interaction in collapsing honey bee colonies. PLOS ONE. 8, e57540, 

doi:10.1371/journal.pone.0057540 (2013).
	31.	 Furst, M. A., McMahon, D. P., Osborne, J. L., Paxton, R. J. & Brown, M. J. F. Disease associations between honeybees and bumblebees 

as a threat to wild pollinators. Nature. 506, 364–366, doi:10.1038/nature12977 (2014).
	32.	 Celle, O. et al. Detection of Chronic bee paralysis virus (CBPV) genome and its replicative RNA form in various hosts and possible 

ways of spread. Virus Res. 133, 280–284, doi:10.1016/j.virusres.2007.12.011 (2008).
	33.	 Porter, S. D., Gavilanez-Slone, J. M., Valles, S. M. Solenopsis invicta virus 3: Infection tests with honey bees. Fla. Entomol. 99, 

729–733 (2016).
	34.	 Porter, S. D., Valles, S. M. & Oi, D. H. Host specificity and colony impacts of the fire ant pathogen. Solenopsis invicta virus 3. J. 

Invertebr. Pathol. 114, 1–6, doi:10.1016/j.jip.2013.04.013 (2013).
	35.	 Schmid-Hempel, P. Parasites in Social Insects. Princeton University Press, Princeton, NJ (1998).
	36.	 Evans, J. D. & Schwarz, R. S. Bees brought to their knees: microbes affecting honey bee health. Trends Microbiol. 19, 614–620, 

doi:10.1016/j.tim.2011.09.003 (2011).
	37.	 Mondet, F., de Miranda, J. R., Kretzschmar, A., Le Conte, Y. & Mercer, A. R. On the front line: Quantitative virus dynamics in 

honeybee (Apis mellifera L.) colonies along a new expansion front of the parasite Varroa destructor. PLOS Pathog. 10, e1004323, 
doi:10.1371/journal.ppat.1004323 (2014).

	38.	 Dobelmann, J. et al. Fitness in invasive social wasps: the role of variation in viral load, immune response, and paternity in predicting 
nest size and reproductive output. Oikos, doi:10.1111/oik.04117 (2017).

	39.	 Allen, M. F. & Ball, B. V. Characterisation and serological relationships of strains of Kashmir bee virus. Ann. Appl. Biol. 126, 471–484, 
doi:10.1111/j.1744-7348.1995.tb05382.x (1995).

	40.	 Tufts, D. M., Hunter, W. B. & Bextine, B. Discovery and effects of Texas Solenopsis invicta virus [SINV-1 (TX5)] on red imported fire 
ant populations. J. Invertebr. Pathol. 104, 180–185, doi:10.1016/j.jip.2010.03.006 (2010).

	41.	 Dallmeier, K. & Neyts, J. Simple and inexpensive three-step rapid amplification of cDNA 5′ ends using 5′ phosphorylated primers. 
Anal. Biochem. 434, 1–3, doi:10.1016/j.ab.2012.10.031 (2013).

	42.	 Cornman, R. S. et al. Pathogen webs in collapsing honey bee colonies. PLOS ONE. 7, e43562, doi:10.1371/journal.pone.0043562 
(2012).

	43.	 Lester, P. J., Sébastien, A., Suarez, A. W., Barbieri, R. F. & Gruber, M. A. M. Symbiotic bacterial communities in ants are modified by 
invasion pathway bottlenecks and alter host behaviour. Ecology. 98, 861–874 (2017).

http://dx.doi.org/10.4161/viru.22219
http://dx.doi.org/10.1371/journal.pone.0121358
http://dx.doi.org/10.1016/j.virusres.2013.06.013
http://dx.doi.org/10.1016/j.virusres.2013.06.013
http://dx.doi.org/10.1016/j.virol.2016.06.014
http://dx.doi.org/10.1016/j.biocontrol.2013.09.015
http://dx.doi.org/10.1016/j.virol.2014.04.026
http://dx.doi.org/10.1371/journal.pone.0079777
http://dx.doi.org/10.1371/journal.pone.0031828
http://dx.doi.org/10.1098/rsbl.2011.1014
http://dx.doi.org/10.1111/j.1365-2311.2006.00790.x
http://dx.doi.org/10.1007/s10530-016-1214-2
http://dx.doi.org/10.1007/s10530-016-1214-2
http://dx.doi.org/10.1101/gr.120618.111
http://dx.doi.org/10.1093/bioinformatics/bti610
http://dx.doi.org/10.1093/nar/gki408
http://dx.doi.org/10.1093/bioinformatics/btv120
http://dx.doi.org/10.1093/bioinformatics/btv120
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1371/journal.pone.0064465
http://dx.doi.org/10.1016/j.virol.2004.07.016
http://dx.doi.org/10.1016/S0166-0934(01)00281-6
http://dx.doi.org/10.1099/vir.0.81401-0
http://dx.doi.org/10.1371/journal.pone.0057540
http://dx.doi.org/10.1038/nature12977
http://dx.doi.org/10.1016/j.virusres.2007.12.011
http://dx.doi.org/10.1016/j.jip.2013.04.013
http://dx.doi.org/10.1016/j.tim.2011.09.003
http://dx.doi.org/10.1371/journal.ppat.1004323
http://dx.doi.org/10.1111/oik.04117
http://dx.doi.org/10.1111/j.1744-7348.1995.tb05382.x
http://dx.doi.org/10.1016/j.jip.2010.03.006
http://dx.doi.org/10.1016/j.ab.2012.10.031
http://dx.doi.org/10.1371/journal.pone.0043562


www.nature.com/scientificreports/

1 0Scientific Reports | 7: 3304  | DOI:10.1038/s41598-017-03508-z

	44.	 McMenamin, A. J. & Genersch, E. Honey bee colony losses and associated viruses. Curr. Opin. Insect Sci. 8, 121–129, doi:10.1016/j.
cois.2015.01.015 (2015).

	45.	 Zhang, Z., Schwartz, S., Wagner, L. & Miller, W. A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 7, 203–214, 
doi:10.1089/10665270050081478 (2000).

	46.	 Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Mol. Biol. 
Evol. 33, 1870–1874,  doi:10.1093/molbev/msw054 (2016).

	47.	 Edgar, R. C. MUSCLE: a multiple sequence alignment method with reduced time and space complexity. BMC Bioinformatics. 5, 113, 
doi:10.1186/1471-2105-5-113 (2004).

	48.	 Cameron, R. C., Duncan, E. J. & Dearden, P. K. Stable reference genes for the measurement of transcript abundance during larval 
caste development in the honeybee. Apidologie. 44, 357–366, doi:10.1007/s13592-012-0187-0 (2013).

	49.	 R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 
URL https://www.R-project.org/ (2016).

	50.	 Becker, R. A., Wilks, A. R., Brownrigg, R., Minka, T. P. & Deckmyn, A. ‘maps’: Draw Geographical Maps. R package version 3.1.1. 
https://CRAN.R-project.org/package=maps (2016).

	51.	 Becker, R. A., Wilks, A. R. & Brownrigg, R. ‘mapdata’: Extra Map Databases. R package version 2.2-6. https://CRAN.R-project.org/
package=mapdata (2016).

	52.	 Bivand, R. & Lewin-Koh, N. ‘maptools’: Tools for Reading and Handling Spatial Objects. R package version 0.9-2. https://CRAN.R-
project.org/package=maptools (2017).

	53.	 Brunsdon, C. & Chen, H. ‘GISTools’: Some further GIS capabilities for R. R package version 0.7-4. https://CRAN.R-project.org/
package=GISTools (2014).

	54.	 Le, S. Q. & Gascuel, O. An improved general amino acid replacement matrix. Mol. Biol. Evol. 25, 1307–1320 (2008).

Acknowledgements
We are grateful to Evan Brenton-Rule for assistance with sampling, Hamid Ashrafi for scripting assistance, 
and Jing Wang and Alexie Papanicolaou for suggestions on bioinformatics analysis. Funding was provided by 
a Victoria University Research Grant. We are grateful to the three anonymous reviewers whose suggestions 
improved the manuscript. 

Author Contributions
M.A.M.G. and P.J.L. conceived and designed the study. M.C., J.W.B., A.S., O.Q. and J.F.E.J.R. collected the data. 
M.A.M.G., P.J.L., J.W.B., M.C., K.B., and A.F. analysed the data. M.A.M.G. and P.J.L. wrote the manuscript with 
contributions from all authors.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03508-z
Competing Interests: The authors declare that they have no competing interests.
Accession codes: N1905-KBV: pending. LHUV1: pending.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1016/j.cois.2015.01.015
http://dx.doi.org/10.1016/j.cois.2015.01.015
http://dx.doi.org/10.1089/10665270050081478
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1186/1471-2105-5-113
http://dx.doi.org/10.1007/s13592-012-0187-0
https://www.R-project.org/
https://CRAN.R-project.org/package=maps
https://CRAN.R-project.org/package=mapdata
https://CRAN.R-project.org/package=mapdata
https://CRAN.R-project.org/package=maptools
https://CRAN.R-project.org/package=maptools
https://CRAN.R-project.org/package=GISTools
https://CRAN.R-project.org/package=GISTools
http://dx.doi.org/10.1038/s41598-017-03508-z
http://creativecommons.org/licenses/by/4.0/

	Single-stranded RNA viruses infecting the invasive Argentine ant, Linepithema humile

	Results

	Metatranscriptomic virus detection and discovery. 
	Further characterization of LHUV-1 and putative novel viruses. 
	Additional screening and quantification of known viruses. 

	Discussion

	Methods

	Metatranscriptomic virus detection and discovery. 
	Characterization of LHUV-1 and putative novel viruses. 
	Additional screening and quantification of known viruses. 

	Acknowledgements

	Figure 1 Sampling sites in New Zealand.
	Figure 2 MEGAN taxonomic assignment of metatranscriptomic contigs.
	Figure 3 Organization of Linepithema humile virus-1 LHUV-1 partial genome.
	Figure 4 Phylogenetic tree of the Dicistroviridae ORF1 region.
	Figure 5 Phylogenetic tree of viruses in ants and other Hymenoptera.
	Table 1 Detection of known viruses from RNA-seq reads using MEGAN, Bowtie 2 and Virusfinder, and confirmation using RT-PCR.




