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The imported fire ants, Solenopsis invicta and S. richteri were introduced into the USA between 1918 and 1945. Since that time,
they have expanded their USA range to include some 138 million hectares. Their introduction has had significant economic
consequences with costs associated with damage and control efforts estimated at 6 billion dollars annually in the USA. The general
consensus of entomologists and myrmecologists is that permanent, sustainable control of these ants in the USA will likely depend
on self-sustaining biological control agents. A metagenomics approach successfully resulted in discovery of three viruses infecting
S. invicta. Solenopsis invicta virus 1 (SINV-1), SINV-2, and SINV-3 are all positive, single-stranded RNA viruses and represent
the first viral discoveries in any ant species. Molecular characterization, host relationships, and potential development and use of
SINV-1, SINV-2, and SINV-3 as biopesticides are discussed.

1. Introduction

The black imported fire ant (Solenopsis richteri) and red im-
ported fire ant (S. invicta) were thought to have been in-
troduced into the United States in 1918 [1] and sometime
between 1933 and 1945 [2], respectively. S. invicta has clearly
emerged as the most successful of the two ant species, largely
displacing and relegating S. richteri to a roughly contiguous
area in eastern Mississippi, western Alabama, and western
Tennessee [2]. In contrast, since its introduction, S. invicta
has expanded its range to infest more than 138 million hec-
tares (Figure 1) from Virginia, south to Florida, and west to
California [3]. Although both of these fire ant species are
invasive, S. invicta is by far the most successful and consid-
ered the major pest species in the USA. Thus, in the strictest
sense, the term “imported fire ants” (in the USA) refers to
both S. invicta and S. richteri. However, in reality, efforts to
study, understand, and control imported fire ants are focused
nearly completely on S. invicta.

Introduction of these ants into the USA has had signifi-
cant economic consequences. Damage attributed to S. invicta
is quite diverse, including, physical damage to agricultural

commodities, livestock, and equipment, infrastructure (e.g.,
roads and electrical equipment), negatively impacting bio-
logical diversity, and even human health [4]. Costs associated
with damage and control efforts are estimated to cost 6 bil-
lion dollars annually in the USA [5]. Although a number of
highly effective insecticides are available to control S. invicta
and S. richteri, they must be used regularly to provide
sustained control. If insecticide use is discontinued, fire ant
populations invariably re-inhabit these previously treated
areas. In addition, because fire ants are so ubiquitous within
the infested region, insecticide-based control is impractical,
from both environmental and economic standpoints.

A number of comparative ecological studies have dem-
onstrated that S. invicta nest density, nest volume, and
population density compared with other ant species in the
community are significantly greater in the USA compared
with South America where the ant is native [6, 7]. These
differences have been attributed to a lack of natural enemies
in the USA as a result of a bottleneck event at the time of
introduction [7]. The enemy release hypothesis [8] states
that introduced species arrive without their complement of
natural enemies, and release from these organisms confers
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Figure 1: Seminal events during the invasion of Solenopsis invicta and S. richteri in relation to their USA quarantined range. Since the
introduction of S. invicta and S. richteri into the USA, efforts to contain and eradicate the ants have been attempted [2, 4]. The USA federal
government emplaced a quarantine in May 1958 to limit the rate of range expansion of the ants. This quarantine is still enforced by the
Animal and Plant Health Inspection Service (APHIS) today and prohibits movement of soil-containing products (e.g., sod, nursery stock,
sand, etc.) or soil-moving equipment from a quarantined to a non-quarantined area unless first treated in an APHIS-specified manner to
kill fire ants. The range values correspond to areas quarantined and do not relate changing population densities in the USA. Rather, the
graph illustrates the expanding geographic range of these ants. Eradication efforts were attempted from 1957 through 1978 using several
organochlorine insecticides (heptachlor, dieldrin, and mirex). Research efforts to discover, develop, and release pathogens and parasites as
control agents in the USA resulted in identification and/or release of a microsporidian pathogen (Kneallhazia solenopsae) [18], viruses [24–
26], and Pseudacteon parasites [28]. Inset: S. invicta queen surrounded by workers and brood. Quarantine data were provided by APHIS [3]
and the figure was adapted from Lofgren [29].

superior performance and attainment of higher densities in
the introduced region [9]. The S. invicta introduction into
the USA exemplifies this hypothesis; at least 30 fire ant natu-
ral enemies have been identified in South America, but nearly
all of these are absent among USA populations [7, 10–14].
Indeed, this premise has served as the impetus for research
based on discovery, development, and use of pathogens and
parasites because permanent, sustainable control of S. invicta
across its USA range will likely depend on self-sustaining bio-
logical control agents as part of an integrated management
strategy.

A limited number of pathogens and parasites of S. invicta
have been detected or intentionally released in the USA. Cur-
rently, 2 species of endoparasitic fungi [15, 16], a microspo-
ridian obligate parasite [17, 18], a neogregarine parasite [19,
20], a strepsipteran parasite [21], phorid flies in the genus
Pseudacteon [22, 23], and 3 RNA viruses [24–26] comprise
the known self-sustaining, biological control agents found
in North American S. invicta. Discovery and exploitation of
additional biological control agents, from either South or
North American populations, could aid the control and sup-
pression of fire ants and remain a key research topic for
a number of academic and government laboratories [10].
Indeed, the number of natural enemies found in recently
introduced S. invicta populations in Australia and China are
even fewer than in the USA [27].

2. Virus Discovery

Although viruses can be important biological control agents
against pest insect populations [30], until recently, no viruses
had been shown to infect S. invicta. Indeed, no virus had
been reported in any species of the Formicidae before the
discovery of the fire ant virus, SINV-1. Extensive searches
for pathogens, including viruses, of S. invicta have been con-
ducted in the introduced (USA) and native (South America)
ranges using traditional methods (identification of unhealthy
ants followed by microscopic examination or simply exam-
ination of large numbers of healthy fire ant colonies) [11–
14]. However, with the exception of “virus-like particles”
observed in an unidentified species of Solenopsis from Brazil
[31], no viruses had been described by these methods. Fur-
ther complicating discovery of pathogens in fire ants by tra-
ditional methods is their fastidious nature [32]; sick or
dying colony members are promptly removed from the nest
precluding detection.

In an effort to identify virus infections of S. invicta, a met-
agenomics approach was employed [33]. The primary inten-
tion of this analysis was to utilize homologous gene identity
to facilitate discovery of viruses infecting S. invicta that could
potentially be used in pest management. A non-normalized
gene expression library was created from a monogyne colony
of S. invicta and a relatively small number (2,304) of clones
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Figure 2: Comparative genome architecture of SINV-1, SINV-2, and SINV-3. Orientation of each genome is 5′ to 3′ (left to right). Relative
positions of non-structural and structural proteins are indicated within each open reading frame (rectangles). ORFs are illustrated in
different vertical positions to show their in-frame, comparative relationships. The SINV-1 genome is monopartite, dicistronic, and possesses
6 copies of the viral protein genome (VPg) peptide, an intergenic IRES, a predicted overlapping gene (pog) within ORF 2, and well-
characterized capsid proteins (VPs) of known mass. The SINV-2 genome is monopartite with non-structural proteins encoded by the 3′-
proximal ORF. The 3 small ORFs at the 5′-proximal end of the genome are presumed capsid proteins. The SINV-3 genome is monopartite
with non-structural proteins encoded by ORF 1 (5′-proximal) and capsid proteins by ORF 2 (3′-proximal). An overlapping ORF (Arg) was
identified within ORF 2 of a virus isolate from infected S. invicta ants from Argentina.

were sequenced. After assembly, 1,054 unique sequences were
yielded and deposited into the GenBank database (accession
numbers EH412746 through EH413799). Six sequences ex-
hibited significant identity with RNA viruses. Subsequent
analysis of these expressed sequence tags led to the discovery
of three, positive, single-stranded RNA viruses, Solenopsis
invicta virus 1 (SINV-1), SINV-2, and SINV-3 [24–26].

3. Solenopsis invicta Virus 1

3.1. Genome Characterization. SINV-1, the first virus dis-
covered in S. invicta, is the best characterized of the three
currently described fire ant viruses [25]. Acquisition of the
SINV-1 genome sequence was completed by a series of 5′ and
3′ rapid amplification of cDNA ends (RACE) reactions using
expressed sequence tags identified from an expression library
as anchor templates. The A/T rich genome is composed of
8,026 nucleotides excluding the poly(A) tail found on the 3′

end (Genbank accession AY634314). Analysis of the genome
(Figure 2) revealed 2 large open reading frames (ORFs) in
the sense orientation (within frame) with an untranslated
region (UTR) at each end and between the two ORFs.
BLAST analysis [34] of ORFs 1 (5′-proximal) and 2 (3′-
proximal) revealed identity to nonstructural and structural
proteins, respectively, from positive, single-stranded RNA
viruses. ORF 1 was found to exhibit a characteristic helicase,
protease, and RNA-dependent RNA polymerase (RdRp)
cassette ascribed to viruses in the Picornavirales [35] and
ORF 2 the structural, or viral capsid, proteins. No large ORFs
were found in the inverse orientation suggesting that the
SINV-1 genome is a positive, single-stranded RNA virus. The
5′, 3′, and intergenic UTRs were comprised of 27, 223, and
204 nucleotides, respectively.

ORF 1 commenced at the first start AUG codon present
at nucleotide position 28 and ended at the UAA stop codon
at nucleotide 4,218 which encoded a predicted product of
1,397 amino acids with a molecular mass of 160,327 Da.
ORF 1 conspicuously lacks a region thought to suppress
host antiviral responses at the N-terminus—a characteristic
exhibited by other dicistroviruses [36–38]. Thus, Nakashima
and Shibuya [39] have suggested that SINV-1 lacks approxi-
mately 1,500 nucleotides at the 5′ end of the genome. How-
ever, no empirical evidence for this suggestion has been re-
ported. Sequence similarity analyses of ORF 1 identified
domains consistent with a helicase, protease, and RdRp
(Figure 2) [25]. Nakashima and Shibuya [39] identified the
putative viral protein genome (VPg) sequence and location
in SINV-1 ORF 1. The VPg is a peptide covalently linked
at the 5′ terminus of picornavirus genomes and serves as
a primer for viral RNA genome replication [40]. Six copies
of the heterologous 18 amino acid VPg peptide were iden-
tified between the helicase and 3C-like protease of SINV-
1 ORF 1 (Figure 2), the most for any dicistrovirus [39].
Multiple VPg copies are thought to facilitate multiplication
of dicistroviruses because fewer translation cycles of the non-
structural polyprotein (ORF 1 for SINV-1) are necessary for
viral replication to occur compared with the intergenic in-
ternal ribosome entry site-mediated production of the struc-
tural polyprotein (ORF 2). The 2C/3A and 3C/3D cleavage
site positions were predicted within ORF 1 of SINV-1 [41].

ORF 2 was originally reported [25] to commence at nu-
cleotide position 4,390 (canonical AUG start codon), how-
ever, it was later revealed empirically to actually start at
codon GCU (genome position 4423–4425) encoding an
alanine [42]. ORF 2 initiation at this noncanonical codon is
a consistent characteristic of dicistroviruses [43] and its pres-
ence and location were predicted to occur in SINV-1 [44]
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Figure 3: (a) Electron micrograph of purified SINV-1 particles. Scale bar represents 200 nm. (b) SINV-1 capsid proteins separated by
SDS-PAGE (lane 1) and probed with polyclonal antibodies developed toward a portion of the predicted capsid protein, VP3 (lane 2). (c)
Illustration of the intergenic region, IRES, and ORF 2 of SINV-1. Scissile bonds of each capsid protein of ORF 2 as determined by N-terminal
sequence analysis of VP1, VP2, and VP3. Cleavage positions (subscript numeral) and amino acid residues about the cleavage site (vertical
line) are illustrated.

before being empirically determined [42]. Thus, ORF 2 is
comprised of 1,126 amino acids with a molecular mass of
126,434 Da. SDS-PAGE analysis of purified SINV-1 particles
yielded 3 major and one minor protein band (Figure 3).
The capsid proteins were labeled VP1, VP2, VP3, and VP4
based on mass and N-terminal sequence analysis of each
of these proteins identified their respective positions within
ORF 2 (Figures 2 and 3). Western analysis conducted
with polyclonal antibodies developed from a peptide syn-
thesized from the predicted amino acid sequence of VP3
(SRGGYRYKFFADDN) confirmed its location and synthesis
from ORF 2 (Figure 3). The empirically determined and pre-
dicted molecular mass of VP0 (VP2 + VP4) (60.6 kDa), VP1
(41.8 kDa), and VP3 (24.0 kDa) were in agreement [42].
The positional organization of the capsid proteins of SINV-1
ORF 2 did not follow the pattern exhibited by most known
dicistroviruses when based on mass (i.e., NH2-VP2-VP4-
VP3-VP1). Although VP0 (VP2 + VP4) was at the N-ter-
minus of ORF 2, and VP1 and VP3 were downstream of VP0,
VP1 was found between VP0 and VP3. This organization
(NH2-VP2-VP4-VP1-VP3) was also reported for deformed
wing virus (DWV), an iflavirus [45]; SINV-1 and DWV
both possess an unusually large VP1. The scissile bonds for
VP0/VP1 and VP1/VP3 were located at amino acid positions
542/543 and 914/915, respectively. Amino acid residues at
these junctions were consistent with other dicistroviruses
and unclassified picorna-like insect-infecting viruses [46].
Amino acid residues G541, S543, and P545 at the VP4/VP1
cleavage site and Q914 at the VP1/VP3 cleavage site were
conserved. These sites exhibited highest identities with
Kashmir bee virus (KBV), Acute bee paralysis virus (ABPV),

and Israeli acute paralysis virus (IAPV), all of which infect
honey bees [47, 48].

A third overlapping ORF of unknown function has been
identified at the 5′ end of SINV-1 ORF 2 in the +1 read-
ing frame (Figure 2) [49]. The gene has been provisionally
named predicted overlapping gene (pog). Protein motif
searches of pog revealed weak relationships precluding as-
signment of a potential function. Interestingly, all hymenop-
teran-infecting dicistroviruses in the Aparavirus genus (KBV,
ABPV, SINV-1 and IAPV) feature the pog gene. However,
neither a transcript nor protein encoded by pog has been
detected.

The 5′ and intergenic UTRs of dicistroviruses character-
istically contain IRES regions that direct translation inde-
pendent of a 7-methyl guanosine cap [50, 51]. SINV-1 has
been shown to possess a Type II intergenic IRES based on
sequence, structure, and homology within the dicistroviruses
[44, 52]. Hertz and Thompson [53] have demonstrated that
the SINV-1 IGR IRES is translation competent in yeast and
mammalian cells.

Although positive, single-stranded RNA viruses, like
SINV-1, do not synthesize a DNA template during any
portion of their life cycle, portions of some positive, single-
stranded RNA virus genomes (including a dicistrovirus) have
been reported to be integrated into their host genomes. Inter-
estingly, these integration events apparently afforded protec-
tion to the host from infection by the corresponding virus
[54–56]. Because SINV-1 may be exploited as a microbial
control agent, it was important to determine whether inte-
gration of a portion of the virus genome occurred in the host.
A series of oligonucleotide primer pairs covering the entire
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genome of SINV-1 were used to probe the genome of its host
for integrated fragments of the viral genome [57]. Among 32
S. invicta genomic DNA samples collected from Argentina
and the USA, no SINV-1 genome integration was detected.

3.2. Host Specificity and Prevalence. SINV-1 has been shown
to infect S. invicta in the USA and Argentina [58–61].
Monogyne and polygyne S. invicta colonies [62] serve as
hosts for SINV-1 [63]. However, SINV-1 infections appear
to be more prevalent among polygyne S. invicta colonies
[64]. S. geminata, S. richteri, the S. invicta/S. richteri hybrid,
the S. geminata/S. xyloni hybrid (SMV unpublished) and
S. carolinensis were also found to be infected with SINV-1
[58]. The infections in Solenopsis species other than S. invicta
appear to be limited to areas in which S. invicta is sympatric
and well established. SINV-1 was not detected in S. xyloni nor
was it detected in S. geminata from southern Mexico (where
S. invicta is not found currently), Hawaii, or Australia (SMV
unpublished). Although still developing, these data suggest
that S. invicta is the primary host of SINV-1 with other
species in the Solenopsis genus serving as hosts occasionally
(acquired from sympatric, SINV-1-infected S. invicta).

SINV-1 was distributed widely among S. invicta popula-
tions throughout the USA and Argentina [58, 60] with inter-
colony infection rates ranging from <10% [58] to >90% [63].
SINV-1 was detected in fire ants collected from all USA states
examined with the exception of New Mexico. Although some
dicistroviruses, like Cricket paralysis virus (CrPV), exhibit
extremely wide host ranges, others, like Drosophila C virus
(DCV), exhibit a genus-limited host range as observed for
SINV-1 [50, 51, 65].

A strong relationship between temperature and SINV-
1 colony prevalence was reported in two separate studies
[58, 63]. Thus, time of collection (as it relates to temperature)
must be considered when evaluating comparative prevalence
data for SINV-1. This temperature dependency may be
the result of more efficient IGR IRES activity. Hertz and
Thompson [53] have shown recently that the SINV-1 IGR
IRES exhibits increased activity at higher temperatures (3
to 5-fold). Further, the temperature-dependent enhanced
activity resided in the ribosome binding domain of the IRES
[53, 66]. So, the seasonally observed prevalence of SINV-1
appears directly related to the ability of the virus to replicate
more efficiently at higher temperatures and not necessarily
influenced by the behavior of the ant host.

Multiple genotypes of SINV-1 have been identified [25,
67, 68], and genomic diversity has been attributed to a
high mutation rate characteristic of positive, single-stranded
RNA viruses [69, 70]. Phylogenetic analysis of nucleotide
sequences from the structural protein regions of the SINV-1
genome indicated divergence between isolates infecting
North American and South American S. invicta [58] suggest-
ing a prolonged duration of separation on the two con-
tinents. The analysis also indicated that North American
SINV-1 had diverged more recently compared with those
from Argentina. Indeed, a more extensive examination of the
conserved RdRp region of the SINV-1 genome from Solenop-
sis hosts across the USA and northern Argentina revealed

clustering of Argentinean sequences, distinct from the USA
sequences [59]. Thus, SINV-1 in North America likely ar-
rived with one of the founding introductions of S. invicta
from South America. This conclusion is supported by the
lack of infection among other Solenopsis species (S. geminata
and S. xyloni) in areas devoid (Mexico and Hawaii) or with
incipient infestations of S. invicta (New Mexico, California,
and Australia). SINV-1 infection of S. geminata and S. car-
olinensis (in Florida and Northern Mexico/Southern Texas)
may have originated from introduced S. invicta or S. richteri.

SINV-1 was capable of being detected retrospectively in
alcohol-stored arthropods for at least 2 years facilitating host
specificity evaluations [71]. Pitfall collections of 1,523 ants
from 16 genera (excluding Solenopsis) tested negative for
SINV-1 from areas in Florida where SINV-1 was present in
the S. invicta community [58]. Likewise, 282 other arthro-
pods in four classes and ten families within the Hexapoda
were negative for SINV-1. Even Pseudacteon parasitoids that
complete development within S. invicta do not serve as
hosts of SINV-1 [72]. Thus, SINV-1 appears limited to the
Solenopsis genus with S. invicta likely the primary host.

3.3. Stage and Tissue Tropism, Transmission. Real-time PCR
was employed to determine the presence of SINV-1 in tissues,
individual ants, and among colonies of S. invicta by quanti-
fying the genome of the virus [73, 74]. Initial experiments
examined groups of tissues collectively to pinpoint the lo-
cation of the virus infection. In workers, the abdomen con-
tained the highest proportion of SINV-1; virus was also
detected in the head and thorax of worker ants, but at very
low rates (Figure 4). Among the remaining abdominal tissue
groups, SINV-1 was detected occasionally in worker Mal-
pighian tubules, the poison sac, hindgut and crop, but the
greatest concentration of SINV-1 was in the midgut. Larval
infection was also largely limited to the alimentary canal
(Figure 4). SINV-1 specificity for the midgut of S. invicta is
consistent with a number of other insect-infecting positive,
single-stranded RNA viruses. Ingestion and the alimentary
canal feature prominently in dicistrovirus infection acqui-
sition and transmission processes [75]. Indeed, among the
14 described dicistroviruses, 12 exhibit a tissue tropism
toward some part of the alimentary canal of their hosts [76].
Also, the gut contents of many hosts have been shown to
contain high numbers of viral particles (e.g., Himetobi P
virus (HiPV) [77], SINV-1 [73], DCV [78], and Triatoma
virus (TrV) [79, 80]).

Electron microscopy of worker and larval gut homoge-
nates revealed the presence of spherical virus particles with a
diameter of 30–35 nm, consistent with SINV-1. The molec-
ular and microscopic data suggest that SINV-1 replicates in
gut epithelial cells of S. invicta and infectious viral particles
are shed into the gut lumen [76, 81]. From there, the particles
may be passed to nestmates by trophallaxis or substrate
contamination by defecation [81]. Large quantities of SINV-
1 detected in the gut contents of S. invicta larvae [73] suggest
that this stage facilitates intra-colony dissemination of SINV-
1. Late-instar S. invicta larvae digest all solid food for the
colony which is redistributed in liquid form to nestmates
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Figure 4: Tissue tropism of SINV-1, SINV-2, and SINV-3 among larval and worker S. invicta ants. Virus was quantified by real-time PCR.
Color key reflects the proportion of the total for each virus detected in each tissue. (ND = not detected). Tissue key is identical for all viruses,
H: head; Th: thorax; C: crop; Mg: midgut; Hg: hindgut; PS: poison sac; Mt: Malpighian tubules; AbC: abdominal carcass, AC: alimentary
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[83]. Thus, larvae not only appear to serve as reservoirs for
SINV-1, but also conduits for SINV-1colonial dissemination
(Figure 5).

Evidence for the importance of the alimentary canal in
the horizontal transmission of dicistroviruses is further il-
lustrated by the presence of virus particles in the excreta of
infected hosts. The excreta serves as an important source of
viral inoculum for Plautia stali intestine virus (PSIV) [84],
Black queen cell virus (BQCV), Acute bee paralysis virus
(ABPV), [85] Kashmir bee virus (KBV) [86], HiPV [87], and
TrV [80]. The fecal-oral route of infection has even been

shown to play a prominent role in the infection process of
many of the Picornaviridae in mammals [88].

SINV-1 was detected in all developmental stages of S. in-
victa including eggs and queens indicating vertical trans-
mission of the virus [25, 73, 74]. Larval and worker ants
generally exhibited the highest viral loads reaching levels
of 108 to 109 per individual [74]. The SINV-1 titer was
generally similar between larvae and workers collected from
the same colony. A positive relationship was observed be-
tween the SINV-1 titer in individual ants and intracol-
ony SINV-1 prevalence; colonies with higher intracolony
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Figure 5: Routes proposed for SINV-1 (and possibly SINV-2
and SINV-3) colony acquisition and dissemination [81]. SINV-1
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of virus are detected in the midgut contents of adults and larvae
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queens). The vertical route of distribution is illustrated by broken
red lines. The food flow diagram was adapted from Vinson and
Sorensen [82].

SINV-1 prevalence exhibited higher SINV-1 titers among in-
dividuals [73].

3.4. Colony Effects. Initially, SINV-1 was associated with lar-
val mortality in laboratory S. invicta colonies but no observa-
ble symptoms were detected among field populations [25]. A
number of factors, including undetected pathogens and the
inability to produce pure SINV-1 have limited the ability to
directly infect colonies with SINV-1 and measure the impact
of the infection on individual ants and colonies. SINV-1
appears to conform to the paradigm of many arthropod-
infecting positive, single-stranded RNA viruses. Specifically,
the virus persists as a chronic, asymptomatic infection that
does not cause any overt signs or symptoms. However, under
certain circumstances (e.g., environmental stress) the virus
replicates rapidly causing overt symptoms and even death
[89–91].

A recent series of experiments examined the ability of
SINV-1-infected and -uninfected S. invicta ants and colonies
to compete with native ant species Pheidole fervens and
Monomorium chinense [92]. SINV-1-infected S. invicta were
more quickly eliminated by M. chinense than healthy S. in-
victa. Direct confrontation tests confirmed these results;

M. chinense killed significantly more S. invicta minors from
SINV-1-infected colonies compared with healthy colonies.
Against P. fervens, SINV-1-infected S. invicta required signif-
icantly more time to eliminate competing P. fervens colonies
compared with healthy S. invicta. The study revealed that
SINV-1 infection weakened the competitive ability of S. in-
victa and made them more susceptible to elimination by
some species of sympatric ants, like M. chinense.

4. Solenopsis invicta Virus 2

SINV-2 is the second virus discovered that infects the red
imported fire ant, S. invicta [26]. This virus possesses a
genome structure that is unique and differs considerably
from currently described positive, single-stranded RNA vi-
ruses. As with SINV-1, the SINV-2 genome was constructed
by compiling sequences from successive 5′ and 3′ RACE reac-
tions using an expressed sequence tag (Genbank accession
EH413675) as the initial anchor template (Figure 2). The
genome (Genbank accession EF428566) was monopartite,
11,303 nucleotides in length, polyadenylated at the 3′ end,
A/U rich (27.9% A, 28.9% U, 20.1% C, 23.1% G), and
encoded 4 major ORFs (comprised of ≥100 codons) in
the sense orientation (Figure 2). Untranslated regions were
present on the 5′ (nts 1–301) and 3′ ends (nts 10917–
11303) of the genome. Intergenic regions were also indicated
between ORFs 1 and 2 (nts 1079–1828), and ORFs 3 and
4 (nts 3793–4454). ORFs 2 and 3 overlap a stop and start
codon, respectively, and are not, therefore, interrupted by an
intergenic region. ORF 3 was in the first reading frame, ORFs
1 and 2 were in the second reading frame, and ORF 4 was in
the third reading frame. ORFs 1 through 4 encoded predicted
proteins of 29,413; 31,160; 43,224; 246,845 Da, respectively.
Blastp analysis [34] of SINV-2 ORF 4 identified regions with
significant identity to RdRp, helicase, and protease conserved
domains from positive, single-stranded RNA viruses [35]
(Figure 2). Blastp analysis of ORFs 1, 2, and 3 yielded poor
identity (expectation scores greater than 1) to corresponding
capsid proteins from positive, single-stranded RNA viruses.

The monopartite, multiple ORF-encoding genome struc-
ture of SINV-2 is unique. Regions of the polyprotein encoded
by SINV-2 ORF 4 exhibited identity with RdRp and helicase
domains characteristic of positive, single-stranded RNA
viruses. However, only a partial domain for a protease was
recognized near the amino end of the ORF 4 polyprotein
(amino acid residues 330 to 410). A similarly unique genome
structure was reported for the Nora virus, an unclassified
virus that persistently infects Drosophila melanogaster [93].
The Nora virus genome is also monopartite and encodes
4 major ORFs. In addition to genome structural similari-
ties, Nora virus and SINV-2 contained truncated protease
domains [93]. Amino acids thought to form the catalytic
triad of the protease (H, E, C) and the consensus GxCG
sequence motif were absent in all ORFs of SINV-2 [94,
95]. Additional differences between Nora virus and SINV-
2 included positional relationships of the nonstructural
proteins and relative ORF positions.
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S. invicta colonies infected with SINV-2 did not exhibit
any discernable symptoms in the field or consistently when
reared in the laboratory. Occasionally, infected laboratory
colonies exhibited brood die-off. Whether SINV-2 was re-
sponsible for this pathology was undetermined. The negative
strand of the SINV-2 genome was detected in larvae and
adults of S. invicta indicating that the virus was replicating
[96].

SINV-2 host specificity evaluations have not been con-
ducted. All developmental stages of S. invicta have been
shown to be infected with SINV-2, including the queen and
eggs suggesting vertical transmission of the virus [97]. Larvae
and workers generally exhibited the highest viral load. Hor-
izontal transmission of SINV-2 to uninfected S. invicta col-
onies was accomplished by feeding a homogenate of SINV-
2-infected ants [97]. Tissue specificity of SINV-2 closely re-
flected that of SINV-1. The midgut of workers and alimenta-
ry canal of larvae possessed the highest quantities of SINV-2
(Figure 4).

5. Solenopsis invicta Virus 3

SINV-3 is the most recent virus to be discovered from S. in-
victa using the metagenomics approach [24, 33] and it also
possesses features consistent with placement within the order
Picornavirales [35]. As with SINV-1 and -2, the genome
of SINV-3 was constructed by compiling sequences from
successive 5′ and 3′ RACE reactions using an EST sequence
(Genbank accession EH413252) as anchor template. SINV-
3 possesses a genome that is 10,386 nucleotides in length,
excluding the poly(A) tail present on the 3′ end (Genbank
accession FJ528584). Also consistent with SINV-1 and -2, the
SINV-3 genome was A/U rich (70.9% A/U; 29.1% G/C). It
encodes 2 large ORFs in the sense orientation with a UTR
at each end and between the two ORFs (Figure 2). The 5′

proximal ORF (ORF 1) began at nucleotide position 92 and
ended at a UGA stop codon at nucleotide 7,834 yielding
a predicted polyprotein of 299,095 Da (2,580 amino acids).
The 3′ proximal ORF (ORF 2), commenced at nucleotide
position 8,308, terminated at nucleotide position 10,263 and
encoded a predicted protein of 73,186 Da (651 amino acids).
No large ORFs were found in the inverse orientation. The
5′, 3′, and intergenic UTRs were comprised of 91, 123,
and 473 nucleotides, respectively. Blastp analysis [34] of the
polyprotein encoded by ORF 1 identified conserved domains
for RdRp, protease, and helicase (Figure 2). Blastp analysis
of the ORF 2 polyprotein did not yield any sequences with
significant identity.

For comparison, the genome of an Argentinean isolate
of SINV-3 (SINV-3ArgSF ) obtained from the Santa Fe region
of Argentina was sequenced in entirety [98]. Argentina is
thought to be the region from which the USA S. invicta
population originated [99]. Excluding the poly(A) tail, the
genome length of SINV-3ArgSF (Genbank accession GU
017972) was identical to the North American isolate (referred
to as SINV-3). The SINV-3ArgSF genome possessed 3 major
ORFs in the sense orientation; SINV-3 possessed only two
ORFs [24]. Both isolates exhibited identical start and stop

codon positions for ORFs 1 and 2. Blastp analysis of the
translated ORF 1 of SINV-3ArgSF recognized conserved do-
mains for helicase, protease, and RdRp, and their corre-
sponding positions were identical to those reported for
SINV-3. ORF 3, unique to the SINV-3ArgSF genome (Figure 2),
was located at nucleotide positions 8,351 through 8,827
and overlapped ORF 2. ORF 3 yielded a predicted protein
sequence comprised of 158 amino acids with a molecular
mass of 18.8 kDa. Blastp analysis of the translated amino acid
sequence of ORF 3 revealed no significant similarity in the
Genbank database.

The two SINV-3 isolates exhibited 96.2% nucleotide
sequence identity across the entire genome [98]. The 5′, 3′

and intergenic UTRs of the genomes exhibited 100, 99.2, and
92.6% identities, respectively. The amino acid sequences of
ORFs 1 and 2 exhibited 99.0 and 96.6% identities, respec-
tively, indicating that the nucleotide differences between iso-
lates were largely synonymous. Indeed, the proportion of
amino acid residues that were similar in ORFs 1 and 2 were
even higher (99.6% and 98.2%, resp.).

Tracking changes in pathogen genomes (including virus-
es) can be a useful and indirect method of providing infor-
mation about their hosts [59, 100] and have been employed
to construct demographic histories of host populations
[101]. Unlike SINV-1 [59], comparison of the genome se-
quences of SINV-3 isolates indicated that no significant di-
rectional selection has occurred despite separation of the
host populations geographically (Argentina/United States)
and temporally (approximately 70 years). Thus, SINV-3 may
have been a relatively recent introduction into the North
American S. invicta population. SINV-1, -2, and -3 may aid
a number of phylogenetic-based studies and reveal informa-
tion about movement and establishment of the S. invicta host
population.

SINV-3 infects all developmental stages of S. invicta,
including the queen and eggs suggesting that vertical trans-
mission occurs. Unlike SINV-1 and SINV-2, SINV-3 exhibits
a broad tissue tropism. SINV-3 was detected in all tissues of
S. invicta queens, workers and larvae examined (Figure 4).
Thus, the SINV-3 infection appears to be systemic. This
systemic characteristic appears to coincide with the asso-
ciation between SINV-3 infection and significant mortality
among S. invicta laboratory colonies [24]. Signs of infection
included large midden piles of ants, brood mortality, and
colony collapse. Dead, dried brood found on the midden
piles exhibit a crystallized appearance. Some workers may
remain alive for considerable periods after the initial die-off,
and occasionally, if the queen survived, colonies will rebound
exhibiting normal brood production.

Although SINV-1, SINV-2, and SINV-3 are all positive,
single-strand RNA viruses infecting S. invicta, they exhibit
differences in their genome organizations; SINV-1 and SINV-
3 encode 2 ORFs, while SINV-2 encodes 4 ORFs. However,
the most important difference between SINV-1, SINV-2, and
SINV-3 is pathogenicity. SINV-1 and -2 appear to cause
chronic, asymptomatic infections that may result in mor-
tality under certain stressful conditions, as reported in hon-
eybees [90]. Although SINV-1 and SINV-2 were regularly
transmitted to healthy colonies of S. invicta ants by feeding,
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Figure 6: Phylogenetic analysis of the conserved amino acid sequences containing domains I to VIII of the putative RdRp from 13
dicistroviruses, 5 iflaviruses, 4 picornaviruses, and 3 unassigned viruses (bold). Virus abbreviation, Genbank accession number of the
virus sequence, and amino acid residues of aligned sequences in a specific ORF (5′ proximal ORF of dicistroviruses, otherwise an ORF
number is specified) include the following. Aphid lethal paralysis virus (ALPV) [AF536531], 1661–1955; Black queen cell virus (BQCV)
[NP620564], 1317–1585; Cricket paralysis virus (CrPV) [NP647481], 1423–1697; Drosophila C virus (DCV) [AF014388], 1415–1693;
Himetobi P virus (HiPV) [AB017037], 1441–1710; Plautia stali intestine virus (PSIV) [NP620555], 1465–1739; Rhopalosiphum padi virus
(RhPV) [AF022937], 1625–1916; Triatoma virus (TrV) [AF178440], 1446–1716; Acute bee paralysis virus (ABPV) [AAG13118], 1566–
1837; Homalodisca coagulata virus-1 (HoCV-1) [DQ288865], 1446–1716; Kashmir bee virus (KBV) [AY275710], 1594–1864; Solenopsis
invicta virus-1 (SINV-1) [AY634314], 1052–1327; Taura syndrome virus (TSV) [AF277675], 1770–2036; Infectious flacherie virus (IFV)
[AB000906], 2618–2888; Sacbrood virus (SBV) [NC002066], 2522–2790; Deformed wing virus (DWV) [AJ489744], 2556–2826; Kakugo
virus (KV) [AB070959], 2556–2826; Varroa destructor virus 1 (VDV-1) [AY251269], 2556–2826; Foot-and-mouth disease virus (FMDV)
[AF308157], 2011–2264; Hepatitis A virus (HAV) [NC001489], 1904–2161; Human parechovirus (HPV) [AJ005695], 1871–2117; Simian
picornavirus 1 (SiPV-1) [AY064708], 2119–2368; Solenopsis invicta virus 2 (SINV-2) ORF 4 [ABQ01575], 1814–2081; Kelp fly virus (KFV)
[YP415507], 3015–3272; Solenopsis invicta virus 3 (SINV-3) ORF 1, 1848–2107.

mortality among recipient colonies was an occasional event
[25]. On the other hand, SINV-3 was associated consistently
with ant mortality and a correspondingly high SINV-3 titer
(>109 viral particles in a single dead ant carcass). Further-
more, SINV-3 was detected systemically—unlike SINV-1 and
SINV-2 which were largely limited to the gut [73, 74, 97].

SINV-3 is readily transmitted to healthy colonies in the
laboratory by exposure to homogenates of SINV-3-infected
ants and by simply being confined in areas containing SINV-
3-infected colonies (SMV unpublished). SINV-3-containing
fire ant body parts become friable and airborne, contaminat-
ing surrounding areas. Disinfection of contaminated areas is

extremely difficult. However, hypochlorite solution is an ef-
fective means of disinfection.

6. S. invicta Virus Phylogenetic Analysis

Phylogenetic analysis of the conserved amino acid sequences
containing domains I to VIII of the RdRp from representative
dicistroviruses, iflaviruses, picornaviruses, and unassigned
positive, single-stranded RNA viruses revealed a phenogram
with SINV-1 clearly part of the Dicistroviridae, SINV-2
forming its own unique clade, and SINV-3 and Kelp fly virus
(KFV) comprising a unique group (Figure 6). SINV-1 has
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been placed formally into the Dicistroviridae family [102]
and the recently proposed Aparavirus genus (pending ap-
proval from the International Committee for the Taxonomy
of Viruses). Bootstrap values between the major clusters and
SINV-2 were relatively low indicating an uncertain common
ancestor for this virus. This independent placement of SINV-
2 is further supported by phylogenetic results for the helicase
region of ORF 1 [26]. SINV-3 is also unique, but exhibits
a relationship with KFV. Both of these viruses exhibited a
small virion size (27.3 ± 1.3 nm diameter) with apparent
surface projections [103] and a high buoyant density (1.39±
0.02 g/mL). They also appear to possess only 2 major capsid
proteins (VP1 and VP2) as opposed to 3 or 4 which is typical
of the Iflaviridae and Dicistroviridae. The capsid proteins
of KFV and SINV-3 exhibited poor comparative sequence
identity (<10%).

7. Potential as Control Agents

SINV-1, -2, and -3 represent the only known viruses infecting
any ant (Hymenoptera: Formicidae) species. As stated, the
intention of virus discovery in S. invicta was to utilize viruses
as novel control agents against this ant pest. Development
and use of positive, single-stranded RNA viruses as insect
control agents has been proposed [104, 105] and successfully
demonstrated for a number of insect pests. CrPV was eval-
uated against the olive fruit fly, Dacus oleae, and shown to
cause up to 80% mortality [106]. CrPV was also reported to
be an effective control agent for adult Mediterranean fruit
flies, Ceratitis capitata [107]. High rates of mortality were
observed in laboratory and field tests of RNA viruses against
Epicerura pergrisea and Latoia viridissima in Côte d’Ivoire
[108, 109]. Unfortunately, a major limitation of the use of
RNA viruses in insect control is large-scale production. This
problem can be ameliorated when virus growth is supported
by a cell line. However, insect host cell lines supporting
viral production are available for only a handful of viruses.
Indeed, the absence of a fire ant cell line has hampered inves-
tigation and development of the Solenopsis invicta viruses as
microbial control agents. However, alternative methods of
virus production have been demonstrated.

Production of infectious RNA transcripts [110–112] and
in vitro baculovirus-driven expression of insect-infecting
positive, single-stranded RNA viruses have been reported
[113]. These methods facilitate study of virus biology and
provide a means for their large-scale production. Develop-
ment of a SINV-3 construct and subsequent in vitro expres-
sion of SINV-3 has been underway in our laboratory for the
last year. Successful transcription of the SINV-3 genome has
been accomplished, but production of encapsidated SINV-3
genome has not been observed (SMV unpublished). Indeed,
transcript production and translation have proven extremely
limited in this system. Because SINV-3 is associated with
significant mortality among S. invicta colonies (reminiscent
of colony collapse disorder of honeybees), our research is
focused on studying this virus, including production, host
specificity, efficacy, dose responses, mechanisms of action,
and development as a biopesticide. Although SINV-1 and

SINV-2 appear to cause chronic, asymptomatic infections,
they might find utility as control agents once their biology is
more fully understood. Sodium alginate microencapsulated
formulations of SINV-1 have been demonstrated to success-
fully transmit virus to uninfected colonies [114]. SINV-1
and -2 may also be exploited in unique ways, for example,
as delivery vehicles for toxins or RNA interfering molecules
after modification. Only through additional research to char-
acterize the biology of these viruses will their full poten-
tial as control agents be realized.
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