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a b s t r a c t
Solenopsis invicta virus 2 (SINV-2) is the second virus identiﬁed from the ﬁre ant, S. invicta Buren. SINV-2 is
unique among positive-strand RNA viruses from insects by possessing four cistrons in a monopartite genome. Fire ant colonies testing positive for SINV-2 by RT-PCR did not exhibit any discernable symptoms. RTPCR-based surveys for SINV-2 among 688 ﬁre ant mounds in Alachua County, Florida, sampled during the
period January, 2006 through December, 2007 showed that the prevalence of SINV-2 among nests ranged
from 1.6% to 16.4%. Unlike S. invicta virus 1, no seasonal-associated prevalence was observed with regard
to SINV-2 infection among ﬁre ant colonies. No social form speciﬁcity was evident; SINV-2 was found in both
monogyne and polygyne S. invicta ants. Real-time quantitative PCR experiments showed that SINV-2 genome equivalents per individual ant ranged from 1.9  107 in. pupae to 4.3  1011 in. inseminated queens.
The SINV-2 infection was detected in all ant stages examined (eggs, larvae, pupae, workers, and queens). Tissue tropism studies indicated that the alimentary canal (speciﬁcally the midgut) is most likely the susceptible tissue. SINV-2 was successfully transmitted to uninfected S. invicta ants by feeding a partially puriﬁed
homogenate of SINV-2-infected ants. The SINV-2 transmission rate ranged from 30% to 80%, and both positive (genomic) and negative (replicative) SINV-2 RNA strands accumulated in recipient ants over the course
of the experiment. These results indicated that SINV-2 replicates within S. invicta.
Ó 2008 Elsevier Inc. All rights reserved.

1. Introduction
Red imported ﬁre ant, Solenopsis invicta Buren, was introduced
into the United States from South America in the early 1900s
(Creighton, 1950). Damage attributed to this aggressive, territorial
ant species is wide-ranging and includes physical damage to agricultural commodities and equipment, roads, electrical equipment,
and livestock, decreased biological diversity, and human health
concerns associated with stings (Williams et al., 2001). Nearly all
of the natural enemies of S. invicta identiﬁed in South America
are absent from the US population which is likely the reason S. invicta has become such a major pest in the US (Porter et al., 1992,
1997). Thus, identiﬁcation and utilization of natural enemies speciﬁc to S. invicta are considered to be crucial in achieving sustainable control (Williams et al., 2003).
We reported recently the discovery of a new virus (S. invicta
virus 2 [SINV-2]) from S. invicta (Hashimoto and Valles, 2008; Valles et al., 2007a). SINV-2 is only the second virus known to infect
this ant species. Molecular characterization of SINV-2 revealed a
single-stranded positive sense RNA genome comprised of 10,303

nucleotides and a polyadenylated tail at the 30 terminus. The
SINV-2 genome is unique among other insect-infecting RNA
viruses in that it possesses four open reading frames (ORFs) in a
monopartite genome. Protein domains consistent with positivestrand RNA viruses (i.e., an RNA-dependent RNA polymerase
[RdRp], helicase, and protease) were present in the ORF 4 of the
SINV-2 genome. Phylogenetic analysis of SINV-2 RdRp and helicase
amino acid sequences indicated unique placement of SINV-2 exclusive from the Dicistroviridae (including the ﬁrst identiﬁed ﬁre ant
virus, SINV-1), iﬂaviruses, and plant small RNA viruses. Although
an initial molecular characterization of SINV-2 has been completed
(Valles et al., 2007a), information concerning the infection characteristics of this virus in the ant host is lacking. Therefore, descriptive studies focused on the infection characteristics (tissue tropism,
stage-speciﬁcity, transmission, replication, and prevalence) of
SINV-2 in the ﬁre ant were conducted.

2. Materials and methods
2.1. Field surveys and social form speciﬁcity
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A ﬁeld survey was conducted to examine the extent of SINV-2
infection among S. invicta mounds in Alachua County, Florida.
Samples of workers were retrieved from the ﬁeld and RNA
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was extracted from the ants with Trizol reagent (Invitrogen,
Carlsbad, CA). SINV-2-speciﬁc oligonucleotide primers (p64,
50 -ATTTGTTTGGCCACGGTCAAC, genome position 10,758?10,780,
and p65, 50 -GATGATACAAAGCATTAGCGTAGGTAAACG, genome position 11,047 11,076) were used in an RT-PCR reaction to determine the presence of infection. In an effort to determine possible
ant social form speciﬁcity of SINV-2, each mound that tested positive for SINV-2 was also genotyped at the Gp-9 locus to determine
the social form of the nest (Valles and Porter, 2003).
2.2. Stage speciﬁcity and tissue tropism
Experiments were conducted to examine the developmental
stages of S. invicta for SINV-2 infection. Samples of queens (n = 4
individuals), workers (n = 5 groups of 10 individuals), larvae
(n = 5 groups of 10 individuals), sexual larvae (n = 12 individuals),
eggs (n = 2 masses of an unknown number of eggs), and pupae
(n = 5 groups of 10 individuals) were sampled directly from the
ﬁeld from SINV-2-positive colonies. RNA was extracted from the
ants with Trizol reagent. The RNA concentration was determined
spectrophotometrically.
Tissue tropism of SINV-2 was examined by dissecting different
tissues and quantifying the number of SINV-2 genome equivalents
in each respective preparation. Ice-chilled ﬁre ant workers from a
SINV-2-positive colony were placed on a glass microscope slide,
and head, thorax, and abdomen were separated with a surgical
blade under a Leica MS5 dissecting microscope. The head and thorax were placed directly in Trizol and the abdomen was immersed
in 10 mM Tris–HCl, pH 8.0, for further dissection. Tissues were isolated and removed from the abdomen with micro-dissecting forceps in the following order: crop, poison sac, alimentary canal
(comprised of the midgut, hindgut, and Malpighian tubules), and
the remaining abdominal carcass (comprised of the Dufour’s gland,
ovary, fat body, muscle, and cuticle). The alimentary canal was later examined further by separating the midgut, hindgut, and Malpighian tubules. Larvae from SINV-2 positive colonies were
dissected to the following groups: Malpighian tubules, alimentary
canal, and remaining carcass. Five replicates were conducted. RNA
was extracted with Trizol.
The number of SINV-2 genome equivalents in different developmental stages and tissues were quantiﬁed by QPCR. cDNA was synthesized from the SINV-2 genome region corresponding to an area
between the helicase and RdRp with total RNA isolated from dissected tissues and stages using SuperScript III Reverse Transcriptase (SsRT; Invitrogen) and a gene-speciﬁc primer (p514, 50 -TA
CACTTGGGTCTCAGGAACC, genome position 8816 8836). In a
0.5 ml PCR tube, 2 ll of primer p514 (1 lM), 1 ll of a dNTP mix
(10 mM), and 10 ll of total RNA (50 ng) were mixed and heated
to 65 °C for 5 min in a PTC 100 thermal cycler, followed by incubation on ice for 1 min. Then, 4 ll of ﬁrst-strand buffer (250 mM
Tris–HCl, pH 8.3; 375 mM KCl, 15 mM MgCl2), 2.75 ll of DEPCtreated water, and 0.25 ll of SsRT (200 U/ll) were added. The mixture was incubated at 55 °C for 30 min, followed by inactivation of
SsRT by heating to 70 °C for 15 min.
QPCR was performed on an ABI PRISM 7000 Sequence Detection
System interfaced to the ABI prism 7000 SDS software (Applied
Biosystems, Foster City, CA) in a 25 ll reaction volume. The reaction contained 12.5 ll of SYBR Green SuperMix (with UDG and
ROX, Invitrogen), 0.4 ll each of 10 lM SINV-2-speciﬁc primers
(p511, 50 -CGGAGACACTGAGCCTTTCTGGACTCCATAG, genome position 8677 8707 and p515, 50 -TGTATCGCGGAAATTACCCAACATCA
CAAC, genome position 8584?8613), 3 mM MgCl2, 1 ll of the
cDNA synthesis reaction, and 10.7 ll of DEPC-water. QPCR conditions consisted of one cycle at 50 °C for 2 min and 95 °C for
2 min, followed by 40 cycles at 95 °C for 15 s, 64 °C for 15 s,
72 °C for 1 min. The non-template control for QPCR included a
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complete cDNA synthesis reaction devoid of RNA template. A standard curve was constructed from a plasmid clone of the corresponding SINV-2 genome region using a copy number range of
5–5  107 copies. Reaction efﬁciencies were determined by
regressing CT values against the template copy number (log) and
calculated according to the formula [E = (101/slope)  1] (Klein
et al., 1999). Reaction efﬁciencies routinely exceeded 96%.
QPCR was also conducted to separately quantify the plus (genomic) and minus (replicative) RNA strands of SINV-2. cDNA was
synthesized from the SINV-2 plus strand with oligonucleotide primer p511 and minus strand with oligonucleotide primer p515 as
described above. After cDNA synthesis, the RNA templates were digested with RNase A and RNase H at 37 °C for 30 min. After RNA
digestion, QPCR was conducted as described above with oligonucleotide primers p511 and p515.
2.3. SINV-2 transmission to uninfected ﬁre ants
SINV-2-uninfected laboratory-reared monogyne colonies were
identiﬁed by RT-PCR and divided into four equivalent fragment
colonies comprised of 0.5 g of brood and 4 ml of workers. Colonies
were infected by a modiﬁed method described by Ackey and Beck
(1972). Workers and brood (0.15 g) from a SINV-2-infected colony
were homogenized in an equal volume of 10% sucrose with a Potter-Elvehjem Teﬂon pestle and glass mortar. The homogenate was
ﬁltered through four layers of cheesecloth. Approximately 4 ml of
the homogenate/sucrose solution was placed into a cotton-stopped
test tube and presented to three of the four fragment colonies; one
fragment colony was provided a homogenate of uninfected ants
and served as control. After 2 days, the homogenate was removed
and replaced with unadulterated 10% sucrose, water, frozen crickets (Acheta domesticus), and egg yolk (hard-boiled). Three experiments were conducted comprised of three colonies that had been
fragmented into four sub-colonies (one control and three treated
for a total of nine experimental units experiencing treatment).
Fragment colonies were examined for the presence of SINV-2 by
extracting total RNA from 20 worker ants and conducting RT-PCR
at 0, 7, 14, 21, and 28 days after exposure to the homogenate. Percent infection, by day, among recipient fragment colonies was analyzed by analysis of variance (SAS Institute, 1988). Samples testing
positive for SINV-2 by RT-PCR were analyzed by strand-speciﬁc
QPCR to quantify the genome equivalents (plus and minus strand).
3. Results and discussion
3.1. Field prevalence and ﬁre ant social form
Among 688 S. invicta nests sampled from January, 2006 through
December, 2007, 38 (5.5%) were found to be infected with SINV-2
by RT-PCR (Table 1). Sampling during the ﬁrst quarter of 2006
yielded the lowest SINV-2 prevalence (1.6%) and the fourth quarter
of 2006 the highest (16.4%). The nest infection rate for SINV-2 was
lower than either S. invicta virus 1 (SINV-1) genotype; SINV-1 and
SINV-1A were found previously in 22.9% and 55% of S. invicta nests
sampled, respectively (Valles et al., 2004; Valles and Strong, 2005).
The prevalence of the SINV-2 infection was independent of collection time. In other words, the presence of the SINV-2 infection in S.
invicta nests did not exhibit any apparent pattern with respect to
season. SINV-1 and SINV-1A infections of ﬁre ants were found in
signiﬁcantly greater frequency during the late spring, summer,
and early fall in Alachua County, Florida (Valles et al., 2007b). Further examination revealed that the SINV-1/SINV-1A infection prevalence exhibited a signiﬁcant correlation with temperature (Valles
et al., 2007b). A number of other insect-infecting, positive-strand
RNA viruses have been shown to exhibit either seasonal ﬂuctuations (Bailey et al., 1981, 1983; Tentcheva et al., 2004) or greater
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Table 1
Field prevalence of SINV-2 infection in Alachua County, Florida, and corresponding
Gp-9 genotype of S. invicta workers from SINV-2-infected nests
Period of
collectiona

Nests
sampled

Quarter 1, 2006
Quarter 2, 2006
Quarter 3, 2006
Quarter 4, 2006
Quarter 1, 2007
Quarter 2, 2007
Quarter 3, 2007
Quarter 4, 2007
Grand total

64
35
85
55
213
108
108
20
688

Nests infected
with SINV-2
(%)

1 (1.6)
1 (2.9)
3 (3.5)
9 (16.4)
9 (4.2)
12 (11.1)
2 (1.9)
1 (5)
38 (5.5)

Gp-9 genotype ofSINV-2infected nests
BB
(monogyne)

Bb
(polygyne)
1
1
2
4
6
11
2

1
5
3
1
1
11 (28.9)

27 (71.1)

a

Quarter 1 corresponds to January, February, and March; Quarter 2 to April, May,
and June; Quarter 3 to July, August, and September; Quarter 4 to October,
November, and December. Percentage nests (grand mean) infected with SINV-2 are
expressed as a proportion of the total samples (688) and percentage Gp-9 genotypes
are expressed as a proportion of the total nests infected (38).

abundance in warmer areas (Plus et al., 1975). These associations
are hypothesized to be linked to host behavior patterns.
Solenopsis invicta social form, as determined by Gp-9 allele composition (Valles and Porter, 2003), had no bearing on the presence
of SINV-2 infection; monogyne (28.9%) and polygyne (71.1%) ants
were found to harbor the virus (Table 1). Alachua County, Florida,
is populated by an overwhelming majority of the polygyne social
form (Porter, 1992), so the higher percentage of SINV-2 observed
in polygyne ants is likely from a sampling bias. Regardless, the data
clearly show that both social forms are capable of being infected
with the virus.
3.2. Stage speciﬁcity
QPCR revealed that the SINV-2 genome was present in all developmental stages of infected S. invicta colonies (Fig. 1). Whether dissemination was transmitted horizontally or (and) vertically was
not determined. However, vertical transmission was implicated
by detection of SINV-2 in eggs. Whether SINV-2 was inside the
eggs (transovarial) or on the surface of the eggs (transovum) was
not determined. Among the four queens from SINV-2 positive col-

SINV-2 genome equivalent / ant (log)
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onies, all possessed signiﬁcant numbers of SINV-2 genome equivalents (1.7  108 to 1.7  1012). Vertical transmission has been
shown for a number of positive-strand RNA viruses that infect
the honey bee, Apis mellifera (Chen et al., 2006; Chen and Siede,
2007). However, the Plautia stali intestine virus was not transovarially transmitted in its host, rather, the virus was passed to progeny
by surface contamination of eggs and from feces of infected aphids
(Nakashima et al., 1998).
Based on SINV-2 genome equivalents, the infection was quite
large (>108 copies per ant) in all ﬁre ant stages, except eggs, ranging from 1.9  108 copies (pupae) to 4.3  1011 copies (queens)
(Fig. 1). These genome copy values were comparable to those reported for SINV-1-infection of S. invicta (Hashimoto et al., 2007).
None of these ants (or colonies) exhibited any obvious signs of distress. Thus, SINV-2 appears to cause an asymptomatic, chronic
infection in S. invicta. Whether the virus is capable of causing disease or mortality among the ants under certain conditions is unknown. Again, using the honey bee as an example, among the 18
known positive-strand RNA viruses infecting honey bees, most
are present in the population as an asymptomatic infection. It is
postulated that under certain environmental conditions (e.g.
stress), the virus(es) begin to replicate actively resulting in the
exhibition of disease symptoms and sometimes death (Chen and
Siede, 2007).
3.3. Tissue tropism
QPCR examination of tissues for the SINV-2 genome showed
that the virus was most prevalent in the alimentary canal of larvae and workers (Table 2). In workers, 99% of the SINV-2 genome equivalents were found in the alimentary canal. When the
alimentary canal was further dissected to midgut, hindgut, and
Malpighian tubules, the majority of the virus (based on detection
of genome equivalents) was found in the midgut. Larvae exhibited a similar tissue tropism; 99.5% of the SINV-2 genome equivalents were found in the alimentary canal. The gut contents of
the infected ants also possessed large quantities of SINV-2 genome equivalents (data not shown). Therefore, it is highly possible that detection of SINV-2 in tissues other that midgut is
from virus release and subsequent contamination during the dissection process. The alimentary tract is a common target of insect-infecting positive-strand RNA viruses (Gildow and D’Arcy,
1990; Nakashima et al., 1998; van den Heuvel et al., 1997).
SINV-1 also has been shown to exhibit tropism toward the alimentary canal of ﬁre ants (Hashimoto and Valles, 2007). It is
likely that dissemination of SINV-2 is similar to the mode of dispersal postulated for SINV-1. That is, virus appears to replicate in
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Table 2
Presence of SINV-2 genome equivalents (based on RdRp ampliﬁcation) among
different tissues and body parts of workers and larvae of S. invicta

10
9
8
7

Developmental stage

Tissue/body parts

Distribution of genome
equivalents by QPCR (% of totala)

Adult

Head
Thorax
Crop
Poison sac
Abdominal carcass
Alimentary canal
Midgut
Hindgut
Malpighian tubules

0.1 ± 0.01
0.6 ± 1.4
0.1 ± 0.2
0.1 ± 0.2
0.1 ± 0.1
99.0 ± 1.4
95.8 ± 8.4
1.3 ± 2.8
2.9 ± 4.8

Larvae

Malpighian tubules
Carcass
Alimentary canal

6
5
4
Eggs

Larvae

Sexual
Larvae

Pupae

Workers

Queen

Fig. 1. SINV-2 genome equivalents determined for individual ants in different
developmental stages. Genome equivalents were interpolated from a standard
curve generated simultaneously from a plasmid construct. Mean and standard
deviation values are indicated by the bar and error bars, respectively. Eggs were
counted and prepared as a pooled group.

0.1 ± 0.1
0.4 ± 1.3
0.4 ± 1.3

a
Mean (±SD) total genome equivalents; 9.9  108 ± 1.5  109 (workers) and
4.1  107 ± 7.8  107 (larvae).
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Colonies infected by RT-PCR (%)

120

8

Strand amplified

100

Positive

7

Negative

6

80

5

60

4
3

40

2
20

1

0

0
1

2

3

RNA strand copies / 50 ng ant RNA (log)
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4

Time (weeks)
Fig. 2. SINV-2 transmission to uninfected S. invicta fragment colonies. Worker ants were sampled on the week speciﬁed from each colony and tested for the presence of SINV2 by RT-PCR and QPCR. Bars indicate the percentage of fragment colonies (n = 9) testing positive for SINV-2 by RT-PCR. Open circles and squares indicate negative and
positive-strand copy numbers from samples testing positive for SINV-2 by RT-PCR among the SINV-2-treated fragment colonies. Filled circles and squares represent samples
taken from fragment colonies fed with homogenate prepared from SINV-2 uninfected colonies (i.e., control).

the midgut epithelial cells and shed viral particles into the midgut lumen where they are ultimately dispersed by trophalaxis or
contamination of surfaces by fecal deposits. Further, the gut lumen may function as a reservoir of the virus.
3.4. Transmission
Transmission of SINV-2 to uninfected S. invicta colonies was
successfully accomplished by feeding. SINV-2 was detectable in
treated colonies within 7 days of exposure to a partially puriﬁed homogenate of SINV-2-infected ﬁre ants (Fig. 2). The infection was detected for at least 28 days after treatment,
indicating sustained infection among recipient colonies. No signiﬁcant differences were noted in the percent infection among
recipient colonies for weeks 1 through 4 (p = 0.28). Plus and
minus SINV-2 genome strands were also detected in the recipient colonies. The number of plus and minus strands increased
throughout the duration of the test (Fig. 2). Neither strand
was detected among the control colonies treated with homogenate prepared from SINV-2-negative ants. These results show
that both plus and minus strand RNA copies were produced
de novo in the uninfected colonies and that virus replication
was occurring. Ratios of plus to minus strand copies were
10:1 to 100:1, consistent with values detected in SINV-2 infected larvae and workers collected directly from the ﬁeld
(Hashimoto and Valles, unpublished data) and other replicating
positive-strand RNA viruses (Regoes et al., 2005; Castillo et al.,
2007). These data also suggest that SINV-2 is transmitted to
nestmates horizontally by food-borne dispersion, probably by
trophallaxis. Further studies on the transmission route are
underway to test our hypothetical mode of SINV-2 dissemination in ﬁre ants.
The ﬁre ant viruses SINV-1 and SINV-2 are recent discoveries
that hold promise as alternatives to traditional insecticides for
controlling red imported ﬁre ants in the United States. These
viruses seem to ﬁt the paradigm of positive-strand RNA viruses
in honey bees-they are present in the population (often together
within the same colony) as persistent, asymptomatic infections.
However, under certain conditions, the virus begins to replicate
resulting in discernable symptoms and often death. Therefore,
with further study, SINV-1 and -2 may be able to be artiﬁcially
manipulated to induce harmful colony behaviors or death in S.
invicta.

Acknowledgments
We thank Drs. J. Becnel and D. Oi (USDA-ARS) for critical reviews of the manuscript. The use of trade, ﬁrm, or corporation
names in this publication is for the information and convenience
of the reader. Such use does not constitute an ofﬁcial endorsement
or approval by the United States Department of Agriculture or the
Agricultural Research Service of any product or service to the
exclusion of others that may be suitable.
References
Ackey, D.H., Beck, S.D., 1972. Nutrition of the pea aphid, Acyrthosiphon pisum:
requirement for trace metals, sulphur, and cholesterol. J. Insect Physiol. 18,
1901–1914.
Bailey, L., Ball, B.V., Perry, J.N., 1981. The prevalence of viruses of honey bees in
Britain. Ann. Gen. Virol. 25, 175–186.
Bailey, L., Ball, B.V., Perry, J.N., 1983. Association of viruses with two protozoal
pathogens of the honey bee. Ann. Appl. Biol. 103, 13–20.
Castillo, I., Rodriguez-Inigo, E., Bartolome, J., de Lucas, S., Ortiz-Movilla, N., LopezAlcorocho, J.M., Pardo, M., Carreno, V., 2007. Hepatitis C virus replicates in
peripheral blood mononuclear cells of patients with occult hepatitis C virus
infection. Gut 54, 682–685.
Chen, Y.P., Pettis, J.S., Collins, A., Feldlaufer, M.F., 2006. Prevalence and transmission
of honeybee viruses. Appl. Environ. Microbiol. 72, 606–611.
Chen, Y.P., Siede, R., 2007. Honey bee viruses. Adv. Virus Res. 70, 33–80.
Creighton, W.S., 1950. The ants of North America. Bull. Mus. Comp. Zool. Harvard
Univ. 104, 1–585.
Gildow, F.E., D’Arcy, C.J., 1990. Cytopathology and experimental host range of
Rhopalosiphum padi virus, a small isometric RNA virus infecting cereal grain
aphids. J. Invertebr. Pathol. 55, 245–257.
Hashimoto, Y., Valles, S.M., 2007. Solenopsis invicta virus-1 tissue tropism and intracolony infection rate in the imported ﬁre ant: a quantitative PCR-based study. J.
Invertebr. Pathol. 96, 156–161.
Hashimoto, Y., Valles, S.M., 2008. Detection and quantitation of genomic and
intermediary replicating viral RNA in the ﬁre ants infected with Solenopsis
invicta virus-2 by real-time PCR. J. Invertebr. Pathol. 98, 243–245.
Hashimoto, Y., Valles, S.M., Strong, C.A., 2007. Detection of Solenopsis invicta virus in
ﬁre ants by real-time PCR. J. Virol. Methods 140, 132–139.
Klein, D., Janda, P., Steinborn, R., Muller, M., Salmons, B., Gunzburg, W.H., 1999.
Proviral load determination of different feline immunodeﬁciency virus isolates
using real-time polymerase chain reaction: inﬂuence of mismatches on
quantiﬁcation. Electrophoresis 20, 291–299.
Nakashima, N., Sasaki, J., Tsuda, K., Yasunaga, C., Noda, H., 1998. Properties of a new
picorna-like virus of the brown-winged green bug, plautia stali. J. Invertebr.
Pathol. 71, 151–158.
Plus, N., Croizier, G., Jousset, F.X., David, J., 1975. Picornaviruses of laboratory and
wild Drosophila melanogaster: geographical distribution and serotypic
composition. Ann. Microbiol. 126A, 107–121.
Porter, S.D., 1992. Frequency and distribution of polygyne ﬁre ants (Hymenoptera:
Formicidae) in Florida. Fla. Entomol. 75, 248–258.
Porter, S.D., Fowler, H.G., Mackay, W.P., 1992. Fire ant mound densities in the United
States and Brazil (Hymenoptera: Formicidae). J. Econ. Entomol. 85, 1154–1161.

Author's personal copy

140

Y. Hashimoto, S.M. Valles / Journal of Invertebrate Pathology 99 (2008) 136–140

Porter, S.D., Williams, D.F., Patterson, R.S., Fowler, H.G., 1997. Intercontinental
differences in the abundance of Solenopsis ﬁre ants (Hymenoptera: Formicidae):
escape from natural enemies? Environ. Entomol. 26, 373–384.
Regoes, R.R., Crotty, S., Antia, R., Tanaka, M.M., 2005. Optimal replication of
poliovirus within cells. Am. Nat. 165, 364–373.
SAS Institute, 1988. SAS procedures guide for personal computers. SAS Institute,
Cary, NC.
Tentcheva, D., Gauthier, L., Zappulla, N., Dainat, B., Cousserans, F., Colin, M.E.,
Bergoin, M., 2004. Prevalence and seasonal variations of six bee viruses in Apis
mellifera L. and Varroa destructor mite populations in France. Appl. Environ.
Microbiol. 70, 7185–7191.
Valles, S.M., Porter, S.D., 2003. Identiﬁcation of polygyne and monogyne ﬁre ant
colonies (Solenopsis invicta) by multiplex PCR of Gp-9 alleles. Insect. Soc. 50,
199–200.
Valles, S.M., Strong, C.A., Dang, P.M., Hunter, W.B., Pereira, R.M., Oi, D.H., Shapiro,
A.M., Williams, D.F., 2004. A picorna-like virus from the red imported ﬁre ant,
Solenopsis invicta: initial discovery, genome sequence, and characterization.
Virology 328, 151–157.

Valles, S.M., Strong, C.A., 2005. Solenopsis invicta virus-1A (SINV-1A): distinct
species or genotype of SINV-1? J. Invertebr. Pathol. 88, 232–237.
Valles, S.M., Strong, C.A., Hashimoto, Y., 2007a. A new positive-strand RNA virus
with unique genome characteristics from the red imported ﬁre ant, Solenopsis
invicta. Virology 365, 457–463.
Valles, S.M., Strong, C.A., Oi, D.H., Porter, S.D., Pereira, R.M., Vander Meer, R.K., Hashimoto, Y.,
Hooper-Bui, L.M., Sánchez-Arroyo, H., Davis, T., Karpakakunjarum, V., Davis, T., Vail,
K.M., Fudd Graham, L.C., Briano, J.A., Calcaterra, L.A., Gilbert, L.E., Ward, R., Ward, K.,
Oliver, J.B., Taniguchi, G., Thompson, D.C., 2007b. Phenology, distribution, and host
speciﬁcity of Solenopsis invicta virus-1. J. Invertebr. Pathol. 96, 18–27.
van den Heuvel, J.F., Hummelen, H., Verbeek, M., Dullemans, A.M., van der Wilk, F.,
1997. Characteristics of acyrthosiphon pisum virus, a newly identiﬁed virus
infecting the pea aphid. J. Invertebr. Pathol. 70, 169–176.
Williams, D.F., Collins, H.L., Oi, D.H., 2001. The red imported ﬁre ant (Hymenoptera:
Formicidae): an historical perspective of treatment programs and the
development of chemical baits for control. Am. Entomol. 47, 146–159.
Williams, D.F., Oi, D.H., Porter, S.D., Perira, R.M., Briano, J.A., 2003. Biological control
of imported ﬁre ants (Hymentoptera: Formicidae). Am. Entomol. 49, 150–163.

