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Abstract

Viruses are ubiquitous within all forms of cellular life, including ants. We documented the currently known viral infections
described and their effects on ants. Our literature review found 87 different viruses (including 40 putative viruses and
five bacteriophages detected via high-throughput sequencing) across 38 ant species. The majority of these viruses have
been described from studying pathogens as potential biological control agents for the invasive red imported fire ant,
Solenopsis invicta BUREN, 1972 or due to efforts to determine if ants serve as reservoirs for honey bee viruses in places
where Argentine ants, Linepithema humile (MAYR, 1868) are also invasive. Most of these viruses belong to the Picorna-
virales order of small RNA single-stranded RNA (ssRNA) viruses, with more than half being positive-sense (+ssRNA)
viruses. We review modes of viral transmission and suggest that horizontal transmission is a common mode of infection in
ants as they share food via trophallaxis, although vertical transmission of viruses in eggs from queens has been observed.
Viruses can substantially alter ant behaviour and physiology. We review effects of viruses on immune gene expression,
feeding, locomotion, aggression, and colony defence. Then, we review the current state of the art in prospecting and using
viruses for biological control. Mortality of ant colonies can occur, although the impact of some viral infections appears to
be dependent on other environmental factors. Solenopsis invicta virus 3 (SINV-3) has had the most focus as a biological
control agent. Effective laboratory and field transmission of SINV-3 in S. invicta colonies has been demonstrated although
large-scale ant control with SINV-3 has not yet been reported. Finally, we review virus discovery and detection methods,
including high-throughput sequencing that has revolutionised the field. We encourage testing for viral replication within
each ant species to confirm active infection and that the ant is a true host to the virus, and we recommend approaches for
viral discovery in invasive ants that focus on colony monitoring in their native range.
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Introduction

Viruses are ubiquitous, parasitizing all cellular life forms,
and are thought to represent the most physically-abun-
dant and genetically-diverse biological entities on Earth
(KooNIN & DorJa 2013). Ants have been known to har-
bour viruses since the mid-20™ century with reports of
viral-like particles in the common wood ant Formica
lugubris ZETTERSTEDT, 1838 (STEIGER & al. 1969), and
in the fire ant, Solenopsis spp. (AVERY & al. 1977). Since
these publications, many different viral families have
been discovered in different ant species, with much of the
research typically being driven by the hunt for biological
control strategies for globally important invasive ant spe-
cies such as the red imported fire ant (Solenopsis invicta
BUREN, 1972) (VALLES 2012, O1 & al. 2015). The objectives
of this review are to: (1) summarise diversity, discovery,
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modes of transmission, and specificity of viruses infecting
ants; (2) outline the effects of viruses on ant physiology
and behaviour; and (3) discuss the potential of viruses for
biological control of ants. Our goal with this resource is to
encourage further research and highlight knowledge gaps
ready to be explored.

The diversity, specificity, and phylogenetic
relationships of viruses infecting ants

Our literature review of publications reporting viruses
in ants showed 87 different viruses across 38 ant species
(Tab.1 and Tab. S1 as digital supplementary material to this
article, at the journal’s web pages). Many of the detected
viruses have been found in the invasive Argentine ant
Linepithema humile (MAYR, 1868) and red imported fire
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Tab. 1: Summary of viruses reported to occur in ants. Viruses demonstrated to replicate in the ant host are shown in bold and
with an asterisk. Viral replication demonstrates true parasitism of an ant host. Some of the viruses detected might not infect
ants but were present following ingestion or for other reasons. In addition, 33 of the viruses listed were identified from partial
sequences obtained via high-throughput sequencing. Viral detection methods and references are found in Table S1 as digital

supplementary materia

1 to this article, at the journal’s web pages.

Ant species

Viruses

Subfamily - Dolichoderinae

Forelius sp.

Deformed wing virus (DWV)

Linepithema humile

Acute bee paralysis virus (ABPV), Alphabaculovirus, Aphid lethal paralysis virus, Black queen cell virus
(BQCV), DWV*, Drosophila C virus, Escherichia virus HK022, Formica exsecta virus 1 (FEX-1 / FeV1),
Israeli acute paralysis virus (IAPV), Kashmir bee virus (KBV)*, Linepithema humile bunya-like virus
1, Linepithema humile C-virus 1, Linepithema humile entomopoxvirus 1, Linepithema humile narna-like
virus 1, Linepithema humile partiti-like virus 1, Linepithema humile picorna-like virus 1, Linepithema
humile polycipivirus 1% Linepithema humile polycipivirus 2, Linepithema humile qginvirus-like virus
1, Linepithema humile rhabdo-like virus 1, Linepithema humile toti-like virus 1, Linepithema humile
virus 1*, Linepithema humile virus 2, Moku virus, Pseudomonas phage PS-1, Rhopalosiphum padi virus,
Salmonella phage SJ46, Shigella phage SfIV, Solenopsis invicta virus 1 (SINV-1), Sp6virus, Thika virus

Tapinoma
melanocephalum

ABPV, BQCV, DWYV, IAPV, KBV, Lake Sinai virus (LSV), Milolii virus, Moku virus, Sacbrood virus (SBV),
Slow bee paralysis virus (SBPV)

Subfamily - Formici

nae

Anoplolepis
gracilipes

TR17983 virus, TR44839 virus*, TR80102 virus

Brachymyrmex sp.

BQCV, DWYV, SBV

Camponotus sp.

ABPV, BQCV, DWV, IAPV, SBV

Camponotus Wuhan Ant Virus 1

Jjaponicus

Camponotus Camponotus nipponicus virus
nipponicus

Camponotus vagus

Chronic bee paralysis virus (CBPV)*

Camponotus Camponotus yamaokai virus
yamaokai
Colobopsis shohki Colobopsis shohki virus 1

Formica aquilonia

FEX-1/ FeV1

Formica cinerea

FEX-1 / FeV1, Formica exsecta virus 2 (FeV2), KBV

Formica exsecta

FEX-1 / FeV1, FeV2, Formica exsecta virus 3, Formica exsecta virus 4 (FeV4), KBV

Formica fusca

FEX-1 / FeV1, FeV2, FeV4, Formica fusca virus 1*, KBV

Formica pressilabris

FEX-1 / FeV1, FevV2, KBV

Formica rufa

CBPV

Formica truncorum

FEX-1 / FeV1, FeV2

Lastius neglectus

Lasius neglectus virus 1, Lasius neglectus virus 2*

Lasius niger

Lasius niger virus 1, ABPV*, DWV (strains A and B)

Lastius platythorax ABPV*, DWYV (strains A and B)
Nylanderia sp. ABPV, BQCV, IAPV
Nylanderia fulva Nylanderia fulva virus 1*
Subfamily - Myrmicinae

Aphaenogaster ABPV

texana

Crematogaster sp.

ABPV, BQCV, DWYV, IAPV, KBV, SBV

Monomorium
pharaonis

Monomorium pharaonis virus 1, Monomorium pharaonis virus 2

Myrmica scabrinodis

Myrmica scabrinodis virus 1, Myrmica scabrinodis virus 2*

Pheidole sp.

ABPV, BQCV, DWV, IAPV
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Ant species Viruses

xyloni hybrid

Pheidole ABPV, BQCV, DWYV (strains A, B and C), IAPV, KBV, LSV, Milolii virus, Moku virus, SBV, SBPV
megacephala

Pogonomyrmex sp. ABPV

Pogonomyrmex KBV

californicus

Solenopsis Solenopsis invicta virus 1A (SINV-1A)

carolinensis

Solenopsis geminata | SINV-1

Solenopsis geminata | SINV-1A

Solenopsis geminata/ | SINV-1

Solenopsis invicta

ABPV, Alber virus, Aphid lethal paralysis virus, Autographa californica nuclear polyhedrosis virus
(AcNPV) AalT-p10, AcNPV-AalT-iel, AcNPV-LqhIT2-iel, Big Sioux River virus, BQCV, DWYV, Drosophila C
virus, Helicoverpa zea nuclear polyhedrosis virus (HzZNPV), HZNPV-LqhIT2-iel, Hubei orthoptera virus 1,
Hubei picorna-like virus 46, Hubei picorna-like virus 50, IAPV, KBV, Mosinovirus, Nasonia vitripennis
virus, Nodamura virus, Rhopalosiphum padi virus, SBV, Shuangao insect virus 8, Solenopsis invicta
densovirus, SINV-1*, SINV-1A, Solenopsis invicta virus 2 (SINV-2)* Solenopsis invicta virus 3
(SINV-3)*, Solenopsis invicta virus 4 (SINV-4), Solenopsis invicta virus 5 (SINV-5)* Solenopsis
invicta virus 6 (SINV-6), Solenopsis invicta virus 7 (SINV-7), Solenopsis invicta virus 8 (SINV-8), Solenopsis
invicta virus 9 (SINV-9), Solenopsis invicta virus 10 (SINV-10), Solenopsis invicta virus 11 (SINV-11),
Solenopsis invicta virus 12 (SINV-12), Solenopsis invicta virus 13 (SINV-13), Solenopsis midden virus,
Wuhan arthropod virus 2, Wuhan insect virus 11

Solenopsis richtert SINV-1

Solenopsis invicta/

SINV-1, SINV-1A, SINV-3*, SINV-3 hybrid

richtert hybrid

Subfamily - Pseudomyrmecinae
Pseudomyrmex DWV
gracilis

ant Solenopsis invicta due to efforts to determine if ants
serve as reservoirs for honey bee viruses and to discover
potential biocontrol agents, respectively. A large number
of studies focused on these two ant species, therefore, it
is highly likely that a substantial diversity of viruses still
remains unknown in the other > 13,500 ant species on the
planet (BorowIEC & al. 2020). Most of the reported viruses
belong to the Picornavirales order of single-stranded
RNA (ssRNA) viruses. More than half of the viruses are
positive-sense ssSRNA (+ssRNA) viruses, however other
viral genome types have also been found including neg-
ative-sense ssSRNA (-ssRNA); double-stranded RNA (ds-
RNA); and double-stranded DNA (dsDNA). Replication of
+ssRNA viruses involves production of the negative-sense
RNA strand which indicates that the virus is replicating
and that the ant serves as a host. We report on 13 +ssRNA
viruses known to replicate within ant hosts representing
four families (Dicistroviridae, Iflaviridae, Polycipiviridae,
and Solinviviridae; Fig.1) in one viral order (Picornavi-
rales). If we include all viral families detected in ants,
not only those shown to replicate, then the viruses re-
ported represent 15 families. We note that these numbers
include 40 putative viruses that were only detected in
high-throughput sequencing datasets and are sometimes
represented by only partial sequences, and also include five
bacteriophages (in three different bacteriophage families)
that do not directly infect ants but bacteria instead.

Virus bioprospecting in ants has led to unique virus
discoveries not detected previously, which now represent
new taxa. Recently, two new virus families originated from
discoveries in ant hosts. These two families have been
accepted and ratified by the International Committee on
Taxonomy of Viruses (OLENDRAITE & al. 2017, BROWN & al.
2019, OLENDRAITE & al. 2019). The family Polycipiviridae
belongs to the order Picornavirales, and is characterised
by a clade of arthropod-infecting polycistronic picor-
na-like viruses. It comprises three genera: Sopolycivirus,
Hupolycivirus, and Chipolycivirus (OLENDRAITE & al.
2017, OLENDRAITE & al. 2019). The genus Sopolycivirus
appears to be specific for the Formicidae (OLENDRAITE &
al. 2017). Another recently discovered viral family, Solinvi-
viridae (BROWN & al. 2019) is a family of picorna/calici-like
viruses, with two genera: Invictavirus and Nyfulvavirus.
Two viral species, Solenopsis invicta virus 3 (SINV-3) and
Nylanderia fulva virus 1 (NfV-1), infect ants; however,
related unclassified virus sequences have been isolated
from a variety of other insects and arthropods (SHI1 & al.
2016, VALLES & al. 2016). It is possible that Solinviviridae
forms a sister group to Caliciviridae, though phylogenetic
clustering remains inconclusive (VALLES & al. 2014a).

Two viruses in fire ants, Solenopsis invicta virus 7
and Solenopsis invicta virus 10 were recently discovered
and may represent a unique taxonomic group, as they
do not fit within the current viral taxonomic structure
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Fig.1: (A) Tree based on Baltimore classification of viral genome organisation representing the virus families reported in ants (not

including bacteriophages). (B) Venn diagram representing the number of ant species infected by different types of viruses (note
the overrepresentation of +ssRNA viruses). (C) Barplot showing the number of viruses reported per virus family, including those
with evidence for replication in darker colour shade. Evidence of true parasitism or that ants are definitive hosts of the viruses

is demonstrated by replication. Only a portion of the viruses found in ants have been shown to replicate. The other viruses may

be parasitizing the ants (but we are yet to see evidence of replication) or they may have been ingested in ant prey items. (D) Venn

diagram showing the number of virus species detected in three ant subfamilies.

(VALLES & RIVERS 2019). The same study also identified
a Toti-like virus, Solenopsis midden virus, which forms a
new monophyletic group divergent from the established
Totiviridae genera and appears to infect arthropods exclu-
sively (VALLES & RIVERS 2019). Another study discovered
three ant viruses with sequences highly divergent from
previously sequenced viruses in three different ant species,
Formica fusca LINNAEUS, 1758, Lasius neglectus VAN
LooN, BooMsMA & ANDRASFALVY, 1990, and Myrmica
scabrinodis NYLANDER, 1846. Two of the viruses fall
within known viral genera, however, the third, Lasius ne-
glectus virus 2, belongs in the family Rhabdoviridae where
it groups within an unclassified cluster of rhabdoviruses
that infect arthropods (KLEANTHOUS & al. 2019).

Many viruses detected in ants are also found in other
species. Out of the 87 viruses reported in ants, 32 are also
found in other insects and five are bacteriophages found in
various organisms. Only 41 viruses are found in individual
ant species and nine in multiple ant species. The five most
commonly detected viruses have been described from
and are more typically associated with honey bees (Apis
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mellifera LINNAEUS, 1758): Acute bee paralysis virus
(ABPYV, found in 12 ant species); Deformed wing virus
(DWYV, found in 12 ant species); Kashmir bee virus (KBV,
found in 10 ant species); Black queen cell virus (BQCYV,
found in nine ant species); and Israeli acute paralysis virus
(IAPV, found in eight ant species). Honey bees are an eco-
nomically important species, so have had much focus and
examination, allowing for the discovery of these viruses.
We suspect that many viruses and pathogens described
from honey bees are widely shared amongst hymenopteran
hosts (LooPE & al. 2019), and may have even evolved in
non-bee hosts, but were first discovered and have had the
majority of research emphasis in honey bees. For many
viruses first isolated in bees, demonstration of replication
in ants is still lacking (Fig. 1 and Tab. S1). We recommend
testing for viral replication within each ant species in order
to be confident that the virus species is parasitizing the ant
and that the ant is a true host to the virus. It is also likely
that some of the viruses reported in ants may have been
present only after prey ingestion. Viral host specificity
varies, with some viruses such as SINV-3 being completely



A b’ ' ’;:B s AR | 250 = ;
Fig.2: Ants interact with and prey upon a wide array of insects that host viruses. Here, Argentine ants are raiding a beehive in
New Zealand. (A) Honey bees appear to be stressed by ant raids but can do little to deter ants. (B) The ants consume brood and
honey, and (C) swarm over emerging bee adults. Some viruses have been found to replicate in bees, Argentine ants and other
arthropods (e.g., Deformed wing virus, Kashmir bee virus, Moku virus) (DOBELMANN & al. 2020). These and other viruses might
be generalist viruses of insects. Other viruses found in honey bees appear to have a more restricted host range (e.g., Black queen

cell virus). (Photos by Phil Lester).

specific to ants in the genus Solenopsis (PORTER & al. 2013,
PORTER & al. 2015) whereas some other viruses are found
in a diversity of arthropods.

Virus transmission

In social species there are direct and indirect oppor-
tunities for virus transmission from one individual to
another. The transmission potential of a virus increases
in association with three factors: abundance (host and
viral load), prevalence (number of infected individuals),
and infectivity (ability to initiate infection). Where so-
cieties interact with other species there is the additional
risk of viral transmission to new hosts which can have
substantial effects and are a major cause of emerging in-
fectious diseases (JOHNSON & al. 2015). Of the many viral
types, ssSRNA viruses are especially capable of switching
hosts due to the high mutation rate caused by error-prone
RNA-dependent RNA polymerase (reviewed in HOLMES
2009). An example is the +ssRNA virus DWV, which has
multiple hosts including various ant species, and has
become a major cause of honey bee mortality around the
globe (SCHROEDER & MARTIN 2012).

Viruses can be transmitted horizontally or vertically
(CHEN & al. 2006, CREMER & al. 2007). Horizontally,
viruses are transmitted between individuals in an ecosys-
tem, whereas vertical transmission describes situations
when infections spread from mother to offspring. Hori-
zontal transmission of viruses by feeding has been con-
firmed for viruses in species such as the yellow crazy ant,
Anoplolepis gracilipes (SmiTH, 1857) (Hsu & al. 2019a),
Lastius spp. (SCHLAPPI & al. 2020), and red imported fire
ants, Solenopsis spp. (VALLEsS & HasHiMoTO 2009) as
discussed in the next paragraph. Horizontal, inter-spe-
cific transmission of these viruses is likely to happen via
direct or indirect interaction with infected honey bees
especially for the variety of ant species found living on or
near bee hives (Fig. 2) (CELLE & al. 2008, LEvITT & al. 2013,

SEBASTIEN & al. 2015, GRUBER & al. 2017, BRETTELL & al.
2019, LESTER & al. 2019, DOBELMANN & al. 2020, PAYNE &
al. 2020, ScHLAPPI & al. 2020). Ants have been observed
foraging on virus-infected bees discarded from bee hives
and laboratory-based experiments have demonstrated
that DWV and ABPV can be transmitted via ingestion by
ants consuming homogenates of infected honey bee pupae
(ScHLAPPI & al. 2019, SCHLAPPI & al. 2020). Ants interact
with bees in other ways that provide opportunities for
infection, such as predation; co-habitation; and robbing of
hive resources including honey (PAYNE & al. 2020).
Within ant colonies, horizontal transmission is likely
to occur through the many different interactions infected
ants have with other colony members. Like other social in-
sects, ants often live in high densities within nests and co-
operate for the success of the colony, which carries risk of
viral spread. Trophallaxis and allogrooming are examples
of close-contact behaviour and possible routes for virus
transmission. Solenopsis invicta virus 1, 2 and 3 (SINV-1,
SINV-2, SINV-3) all target the midgut, and it has been
hypothesized that virus particles can spread from there
to the gut lumen, and then to other ants via trophallaxis
or by contact with contaminated faeces (HAsHIMOTO & al.
2007, HAsHIMOTO & VALLES 2008a, VALLES & HASHIMOTO
2009, VALLES 2012). Laboratory and field experiments
with various formulations of SINV-3, including crushed-
ants in sugar solutions, have demonstrated transmission
of this virus via ingestion (VALLES & HasHIMOTO 2009,
PORTER & al. 2013, VALLES & PORTER 2013, VALLES &
Or1 2014, VALLES & PORTER 2015), and showed the virus
could also spread over 100 m from the initial bait station
(O1 & al. 2019). Solenopsis invicta ants can also become
infected with SINV-3 by consuming house crickets Acheta
domesticus LINNAEUS, 1758 that had consumed dead
infected ants (PORTER & al. 2016b). Solenopsis invicta
virus 3 and Nylanderia fulva virus 1 are particularly in-
fectious with unintended virus-transmission occurring in
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laboratory-reared ant colonies (VALLES & PORTER 2013,
VALLES & al. 2016).

There is some evidence for vertical transmission for
a few viruses including SINV-2, which was detected in
queens and eggs of Solenopsis invicta as well as other
developmental stages (HASHIMOTO & VALLES 2008b).
Similarly, Camponotus yamaokai virus was detected in
all Camponotus yamaokai TERAYAMA & SATOH, 1990
caste members and developmental stages including eggs
(Kovama & al. 2015). Currently, the prevalence of vertical
transmission as a mode of transmission is unknown for
most viruses in ants as there have been few studies exam-
ining transmission dynamics.

Effects of viruses on ant physiology

The majority of studies on ant viruses have focused on viral
molecular characterization, phylogenetics, host specificity,
transmission, geographical distribution and genomics
with only a limited number of studies reporting on the
effects of viruses on ant physiology. Indeed, the best-stud-
ied viruses in terms of physiological effects are three
viruses infecting ants in the genus Solenopsis (VALLES &
al. 2007b): SINV-1 (VALLES & al. 2004); SINV-2 (VALLES
& al. 2007a); and SINV-3 (VALLES & HasHiMoTO 2009).
The effects of these viruses span from slight fitness costs
to colony mortality. For the majority of ant viruses, little is
known of their pathogenicity possibly because infections
remain asymptomatic. We summarised the known effects
(or observed absence of effects) for 13 different viruses that
attack ants (Tab. 2).

Solenopsis invicta virus 1 appears to affect early stages
of a queen’s life cycle, from development in her natal

Brood rating

SINV-3-Infected

0 10 20 30
Days after virus exposure

colony up to, or shortly after, her nuptial mating flight
(MANFREDINI & al. 2016). Queens infected with SINV-1
have decreased body weight which is likely to reduce the
probability of successful colony founding. It is not known
whether reduced queen weight is due to the infection it-
self (for example SINV-1 interfering with metabolism), or
whether light-weight queens are the product of colonies
with chronic infection where food distribution is less ef-
ficient, or whether light-weight queens are more likely to
become infected due to a lack of energy reserves (MANFRE-
DINI & al. 2016). Most SINV-1 infections are chronic and
remain asymptomatic but may result in mortality under
certain conditions of stress (VALLES 2012).

Solenopsis invicta virus 2 infections are also chronic
and asymptomatic until infected individuals encounter
additional stressors (HASHIMOTO & VALLES 2008b). In
contrast to SINV-1, SINV-2 appears to affect later stages
of colony founding, with significant reductions in queen
fecundity (less brood produced) and other detrimental
fitness effects, including longer claustral periods, reduced
weight and slower growth of newly-established colonies
(MANFREDINI & al. 2016). This virus is associated with
greater changes in global gene expression in the host
than SINV-1 and SINV-3 (MANFREDINI & al. 2016). Gene
expression data suggests that queens mount a stronger
immune response to SINV-2 than to SINV-1 (MANFREDINI
& al. 2016).

Solenopsis invicta virus 3 infection is consistently
associated with significant mortality among Solenopsis
invicta laboratory colonies (Fig.3). Once S. invicta colo-
nies become infected with SINV-3, the same progression
of events unfold beginning with cessation of feeding on

Fig. 3: (A) Solenopsis invicta virus 3 (SINV-3) is pathogenic to infected fire ant colonies. Here we show mean brood ratings (+ one
standard error) for laboratory colonies of Solenopsis invicta infected by SINV-3 compared to uninfected control colonies, adapted
from VALLES & al. (2014b). The scoring scale ranged from colonies that were without any brood (score = 0), a 2 indicating colonies
were in poor health with brood mass of ~50% of worker mass, to a 4 which would indicate a rapidly growing colony with brood
mass > worker mass. Figure adapted from VALLES & al. (2014b), Solenopsis invicta virus 3: Pathogenesis and stage specificity in
red imported fire ants, 67, Copyright (2014), with permission from Elsevier. (B) An electron micrograph of a negative stain of a
SINV-3 preparation obtained from Solenopsis invicta worker ants and purified by cesium chloride isopycnic centrifugation (photo
by Steven Valles). (C) A laboratory colony of S. invicta attacking a mealworm larva (Tenebrio molitor) (photo by Phil Lester).
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Tab. 2: Physiological and gene expression effects of viruses (or the reported lack of effects) in ants. Tissue tropism refers to organs
in which viruses were detected.

Virus |Tropism Physiological effects on ants Physiological effects

on other insects

ABPV In honey bees, ABPV Infected L. niger ants present with impaired | In honey bees, the death of infected adults is
accumulates in the brain |locomotion, shakiness and uncontrolled preceded by rapidly progressing paralysis,
and hypopharyngeal movements. Infected colonies were smaller in | including trembling and inability to fly. There
glands of adults, and in size as fewer adults emerged (SCHLAPPI & al. | is gradual darkening and loss of hair from the
faeces, semen, and in the |2020). thorax and abdomen (BAILEY & al. 1963,
brood (DE MIRANDA & al. MaorI & al. 2007, RIBIERE & al. 2008). Severe
2010). infections result in sharp declines in bee

populations with the appearance of diseased
larvae and pupae due to the lack of adults
available to tend brood (reviewed in DE
MIRANDA & al. (2010).

BQCV Detected in the gut tissue | In L. humile ants BQCV had the lowest rate of | In honey bees, queen larvae turn yellowish
of honey bees infection or load compared with other studied | with sac-appearance, later turning dark
(BEAUREPAIRE & al. viruses. Viral load positively correlated with | brown. Infected pupae turn brown and die.
2020). KBV and was not significantly associated with | Queen cell walls turn dark brown/black.

the expression of any immune gene studied Adults exhibit shortened lifespan (reviewed in
(LESTER & al. 2019). BEAUREPAIRE & al. 2020).

CBPV In honey bees, this virus | In a study of infected C. vagus and F. rufa, Symptoms in bees include: bloated abdomens;
exhibits neurotropism, there were no observations of trembling ants | partially-spread dislocated wings trembling
and is detected in the in the field, although dead ants were found motion; inability to fly; and a tendency to
alimentary tract, along with dead bees around apiaries (CELLE | crawl on the ground and up plant stems,
mandibular and & al. 2008). sometimes in masses of thousands of
hypopharyngeal glands individuals. Bees often huddle together on top
(RIBIERE & al. 2010). of the cluster in the hive. Distension of the

honey sac with fluid leads to ‘dysentery’. Sick
individuals die within a few days of the onset
of symptoms. Infected bees lose hair and
appear dark and almost black, shiny and
greasy. They suffer nibbling attacks by healthy
bees of their colony (appearing like robber
bees). Severely infected colonies suddenly
collapse, leaving queens with a few workers
(BAILEY & BALL 1991, BALL & BAILEY 1997
and reviewed in RIBIERE & al. 2010).

DWV In honey bee queens, DWYV replicates in M. rubra however, colony | In honey bees, wings are crumpled or
DWYV concentrates in the | development showed no abnormalities and aborted, and abdomens are shortened. The
reproductive tissues the | worker ants did not show clinical symptoms | lifespan of adult workers and drones is
ovaries and spermatheca | (SCHLAPPI & al. 2019). Viral loads varied shortened considerably. Individuals show
but was also directly enormously among infected L. humile ants, impaired learning and forging behaviour
observed in fat body cells | and viral loads were orders of magnitude (reviewed in BEAUREPAIRE & al. 2020).
(FIEVET & al. 2006). higher in the presence of honey bees. Levels of

infection were an order of magnitude higher
than for KBV and BQCV (LESTER & al. 2019).

FeVl No overt symptoms noted in F. exsecta
(JOHANSSON & al. 2013).

FeV2 Males and queen F. exsecta ants with
deformed wings have been observed from
sampled populations but the culprit has not
been confirmed (JOHANSSON & al. 2013,
DHAYGUDE & al. 2019).

Fev4 No overt symptoms noted in F. exsecta
(JOHANSSON & al. 2013).

KBV In honey bees, KBV is There has been no indication of L. humile In honeybees, infections are associated with
detected in faeces, colony suffering or collapse (ABRIL & sharp decline in adult bees resulting in
surface-sterilised eggs JURVANSUU 2020). In queens from the diseased larvae and pupae due to the lack of
but not in the queen European supercolony, KBV was the most adults available to tend the brood (reviewed in
ovaries (DE MIRANDA & common virus. A high percentage of queens (DE MIRANDA & al. 2010).
al. 2010). had unusually high viral loads, indicating

active infection (VILJAKAINEN & al. 2018a).
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Virus

Tropism

Physiological effects on ants

Physiological effects
on other insects

LHUV-1

No indication of L. humile colony suffering or
collapse (ABRIL & JURVANSUU 2020).
However, they mount a substantial immune
response to infection, involving almost all
immune pathways (LESTER & al. 2019). Viral
loads varied enormously and were orders of
magnitude higher in ants outside of apiaries.
Viral load negatively correlated with KBV
load.

Nfv-1

Detected in N. fulva
workers, larvae, pupae,
and queens with the
exception of eggs (VALLES
& al. 2016).

Infected N. fulva lack overt symptoms. One
infected colony in a transmission experiment
declined over time exhibiting significant
mortality among brood (83%) and workers
(76%). However, other infected colonies in the
experiment seemed to thrive (VALLES & al.
2016).

SINV-1

Replicates in the midgut
epithelial cells of larvae
and adults with infectious
viral particles are shed
into the gut lumen (01 &
VALLES 2009, VALLES
2012).

Infections persist chronically and
asymptomatically. When infected colonies
encounter stressors, the virus replicates
rapidly with host symptoms and death
(VALLES 2012). Significant brood mortality
has been observed following colony
translocation (VALLES & al. 2004, Hsu & al.
2019b). SINV-1 appears to play a role in early
queen life, from natal colony development up
to/shortly after her nuptial mating flight.
Infected queens weighed significantly less at
colony foundation, likely reducing the
probability of successful colony founding
(MANFREDINI & al. 2016). Infections
decreased mortality in S. invicta exposed to
some insecticides through unknown
mechanism/s, possibly through decreased
foraging activity at toxic baits in infected
colonies (TUFTS & al. 2014, Hsu & al. 2018).

SINV-2

Midgut epithelial cells of
adults and larvae

Infections impact later stages of colony
founding, resulting in queens with reduced
reproductive output. SINV-2 has detrimental
effects on fire ant incipient colonies: infected
colonies have longer claustral periods, weigh
less and grow slowly (MANFREDINI & al.
2016).

SINV-3

Detected in all tissues of
S. invicta queens,
workers and larvae
(VALLES & HASHIMOTO
2009, VALLES 2012).

Severe disease symptoms following infection
can lead to colony death (VALLES &
HasHiMoTo 2009). Infected colonies exhibit a
characteristic disease progression including:
cessation of feeding on solid food; massive
brood reductions; large numbers of dead ants
and brood; queen weight loss and decreased
egg production/ovary wasting; and colony
collapse in 30-60 days (PORTER & al. 2013,
VALLES & al. 2014b).

solid food (CHEN & al. 2012, VALLES & al. 2014b), followed
by brood (larval and pupal) mortality (CHEN & al. 2012,
PORTER & al. 2013, VALLES & al. 2014b). Early signs of
infection include larger than normal midden piles of adult
ants followed by near complete brood disappearance (POR-
TER & al. 2013). Larval mortality is thought to occur as a
result of starvation or neglect by the worker caste (VALLES
& al. 2013, VALLES & al. 2014b, VALLES & RIVERS 2019).
Queens lose their ability for distension of the abdominal
intersegmental membranes (physogastricity) (VALLES &
HasHimoTo 2009). However, they continue to produce
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eggs. Some workers remain alive for considerable peri-
ods after the initial brood die-off, and occasionally the
colonies rebound with normal brood production (VALLES
& HasHiMoTO 2009, VALLES 2012). In later stages of in-
fection, worker mortality increases and queens decrease
egg production and lose weight (VALLES & al. 2013). The
frequency of SINV-3 varies seasonally; its prevalence
increases during cooler periods and decreases during
warmer periods (VALLES & al. 2010). Temperature can
affect SINV-3 pathogenicity. Worker ants from SINV-3-
treated colonies maintained at low temperatures showed



strong production of the viral capsid protein; indicating
that warm summer temperatures combined with fire ant
thermoregulatory behaviour might explain lower SINV-3
prevalence during summertime (VALLES & PORTER 2019).
Individual S. invicta ants can be infected simultaneously
with all combinations of SINV-1, SINV-2 and SINV-3
(VALLES & al. 2009, ALLEN & al. 2011).

There are few studies of the physiological effects of
viruses on other ant species. Recently, clinical symptoms
of ABPV were found at the individual and colony levels
of Lasius niger (LINNAEUS, 1758) ants (SCHLAPPI & al.
2020). Ants were fed bees infected with two viruses, DWV
and ABPV, but only ABPV was found to replicate in these
ants. Forager ants from ABPV-fed colonies presented with
impaired locomotion and were shaky with uncontrolled
movements. No effects of ABPV on body weight were
detected, either for queens or workers. However, infected
colonies were smaller due to having fewer emerging adults.
The impaired movement capabilities and decreased colony
size due to ABPV infections are relevant for ant fitness, and
may contribute to the weakening of colonies (SCHLAPPI
& al. 2020). A larger workforce means a more productive
colony, and it also provides an advantage in interspecific
conflicts. Larger colonies can be expected to have a higher
fitness, as they start reproducing earlier with more gynes
and males produced.

Molecular work in Argentine ants examined expression
patterns of immune genes in ant communities naturally
infected with varying viral species and infection loads. Si-
multaneous viral and bacterial pathogen infections altered
gene expression with both up- and down-regulation of
different genes (VILJAKAINEN & al. 2018b). Another study
revealed that Argentine ants mounted greater immune
responses to the bacteria Pseudomonas spp. and Linepi-
thema humile virus 1 (LHUV-1) infections, while BQCV
was not associated with strong alteration of immune gene
expression (LESTER & al. 2019). All immune pathways ex-
amined (namely the Jak / STAT, RNAI, Toll, Imd, and JNK
pathways) were associated with -ssRNA viruses. The same
set of genes were down-regulated in response to dsSRNA
and most +ssRNA viruses. Surprisingly, genes within the
RNAIi and Jak / STAT pathways, which are typically as-
sociated with anti-viral immune defence, were negatively
associated with +ssRNA and dsRNA viruses in Argentine
ants. Different microbial pathogens were clearly associated
with different immune responses. Patterns of expression
for nearly all the immune genes were correlated both
within and between immune pathways. The expression
levels of the RNAi-pathway genes Dicer and argonaute
were expected to be highly correlated given their involve-
ment in the same anti-viral response. However, nearly all
other genes associated with the immune pathways studied
were also significantly and highly correlated with these
RNAi-pathway genes (LESTER & al. 2019).

Viral infections that change ant behaviour

Behavioural changes associated with viral infections in
ants can stem from direct pathogenic effects of the virus

as well as prophylactic immune defence mechanisms
(CREMER & al. 2007). In Solenopsis invicta, viral infections
have been shown to be associated with changes in forag-
ing behaviour and food collection patterns. Colony-level
foraging activity was shown to decrease after inoculation
with SINV-1 (Hsu & al. 2018). Infected colonies also
displayed changes in diet preferences, with a decline of
lipid intake and increased bias towards carbohydrate-rich
food. Similarly, SINV-3 decreases protein intake, likely
translating into poorer colony health and productivity
(VALLES & al. 2013, VALLES & al. 2014b). Solenopsis invicta
virus 3-infected queens suffer from malnutrition and their
ovaries are devoid of developing eggs (VALLES & al. 2013).
The changes in nutrient intake could be associated with
“lllness-induced anorexia”, a defence mechanism believed
to have evolved to deprive pathogens from essential ma-
cronutrients and allow the allocation of resources towards
the immune response instead of digestion (Apamo & al.
2010, MasoN & al. 2014). An alternative hypothesis is
that infected individuals feeding preference tilts towards
carbohydrate-rich food as a compensatory feeding mech-
anism (SHIKANO & CoRrY 2016). Solenopsis invicta virus 1
also decreases competitive abilities of S. invicta in staged
group and individual interspecific competition assays
(CHEN & al. 2011). Interestingly, infected colonies did not
engage in fights as often as uninfected colonies. A proposed
mechanism was the consequence of decreased foraging ac-
tivity in infected colonies, resulting in lower recruitment.
Aggression has been correlated with viral presence
in another invasive ant species, the yellow crazy ant,
Anoplolepis gracilipes. A virus putatively described as
TR44839 was observed in invaded areas of Australia
(CooLING & al. 2016). Hsu & al. (2019a) suggest that in-
tercolonial aggressive behaviour in A. gracilipes was
correlated with virus prevalence. They suggested that
strong links between colonies with weak social bound-
aries (simple colony composition) resulted in epidemics
of the TR44839 virus among the colonies, likely induced
by horizontal transmission of viruses (Hsu & al. 2019a).
Similarly, in red imported fire ants, polygynous colonies
harbor a higher diversity of parasites and pathogens when
compared to their monogyne conspecifics (VALLES & al.
2010). Resource exchanges between non-aggressive colo-
nies are likely to facilitate viral transmission.
Researchers are only beginning to uncover the effects
of viruses on ant behaviour and physiology. Virus-associ-
ated behavioural changes have been documented in a wide
range of insects, including other hymenopterans (HAN & al.
2015). In honey bees, the Kakugo variant of DWV induces
increased aggression, while other DWV strains and IAPV
are associated with learning disabilities and impaired for-
aging (FuJsryuki & al. 2004, 2005, IQBAL & MUELLER 2007,
L1 &al. 2013). While most changes in ant behaviour associ-
ated with viral infections are reported for foraging activity,
it is likely that viruses affect a wider range of behaviours.
A notable example of insect behavioural manipulation
by a virus is the parasitoidism of ladybugs, Coccinella
septempunctata LINNAEUS, 1758, by braconid wasps,
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Dinocampus coccinellae (SCHRANK, 1802) (DHEILLY &
al. 2015). The Dinocampus coccinellae paralysis virus
is injected by the ovipositing female adult wasp together
with the egg, and migrates into the host’s brain, presum-
ably altering the ladybug’s behaviour. Fungal, helminth
and insect parasites in ants can actively manipulate host
behaviour to maximise their own fitness (DE BEKKER & al.
2018). Although viral manipulation of behaviour has not
yet been observed in ants, these examples underline the
possibility of virus-mediated behavioural manipulation.

Studies specifically related to viral infections are
scarce, but there is a large number of studies investigating
behavioural defence mechanisms against entomopatho-
genic fungi. A number of these reveal mechanisms that
are proactive and function as prophylaxis, for example:
the division of labour between individuals resulting in
differences in exposure to pathogens; the use of antimi-
crobial compounds; or waste and corpse management
(ScuMID-HEMPEL 1998, CHAPUISAT & al. 2007, BRUTSCH &
al. 2017, KEsANIEMI & al. 2019). However, ant colonies can
also adjust their behaviour reactively as a result of active
infections. Social interactions within colonies have been
shown to undergo changes after experimental infection,
suggesting that network plasticity might be a component of
disease management (STROEYMEYT & al. 2018). Remarka-
bly, sanitary care between nestmates can also be adjusted
depending on individual infection levels, likely resulting in
healthier colonies (KONRAD & al. 2018). Such behavioural
immune defences have been characterised in response to
non-viral pathogens and research is needed to elucidate
whether virus can also elicit similar responses.

Population dynamics and the potential
for biological control using viruses

Boom-and-bust dynamics have been observed in some
invasive ant populations prompting the hypothesis that
pathogens such as viruses may play a role in regulating
ant populations (LESTER & GRUBER 2016). Low genetic
diversity, high abundance and super-colonial behaviour
would seem likely to make invasive ants highly susceptible
to pathogens. Viruses are known to regulate insect pop-
ulations and are used in biological control programmes.
Double-stranded DNA viruses of the family Baculoviridae
are the most common viruses employed for biological
control because they can be mass-produced, are generally
accepted as safe to humans, highly pathogenic, and can be
readily formulated and applied (LACEY & al. 2015). Twen-
ty-six different baculoviruses have been used for biological
control of insect pests. In addition to baculoviruses, insect
biocontrol has been attempted with two dsDNA viruses in
the Parvoviridae and Nudiviridae families, respectively
and with one dsRNA virus in the Reoviridae family (LACEY
& al. 2015).

Much of our current knowledge of viruses in ant pop-
ulations is derived from the search for biological control
agents for invasive ant species (DE BEKKER & al. 2018),
specifically with red imported fire ants and also due to ef-
forts to determine if Argentine ants serve as reservoirs for
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honey bee viruses. A total of 41 viruses have been reported
in red imported fire ants and 30 in Argentine ants (Tab. 1
and Tab. S1). The diversity of viruses is typically higher in
the native range of both ants relative to their invaded range
(VALLES 2012, FELDEN & al. 2019, VALLES & RIVERS 2019).
This loss of potential pathogens between natural and in-
vaded areas is a prediction of the enemy release hypothesis
(KEANE & CRAWLEY 2002) and is a likely explanation as to
why invasive ants frequently attain high densities in their
invaded range (YANG & al. 2010). The relatively lower ex-
pression of several immune pathways primarily targeting
viruses in the invaded range appears to support a lower
viral pressure that may allow reallocation of resources
away from immunity to other functions that result in an
increase of the invader’s fitness (FELDEN & al. 2019). Viral
diversity appears similarly lower in the introduced range
of fire ants but interestingly prevalence of SINV-1, SINV-2
and SINV-3 is higher than in the native range (YANG & al.
2010). More data on virus prevalence between the native
and introduced ranges of invasive ants is needed to further
relate invasion success to release from natural enemies.

Most currently known viruses appear to typically have
subtle effects on the population dynamics of invasive ants.
The viruses often appear to be “covert”, possibly because of
the hygienic behaviour of ant colonies to remove diseased
or dead individuals. Viruses such as SINV-1 and SINV-2
have been considered to conform to the paradigm of many
arthropod-infecting +ssRNA viruses, in that they typically
persist as chronic but asymptomatic infections that do
not cause any overt signs or symptoms of disease (VALLES
2012). However, both SINV-1 and SINV-2 can lead to ant
mortality when the colony is exposed to certain stressors
(O1 & al. 2015). For example, infection by SINV-1 can
make fire ants more susceptible to attack by other co-
occurring ant species (CHEN & al. 2011). We are yet to see
any colony level effects of any of the viruses discovered in
Argentine ants (SEBASTIEN & al. 2015, GRUBER & al. 2017,
VILJAKAINEN & al. 2018a, ABRIL & JURVANSUU 2020) or
species such as the tawny crazy ant, Nylanderia fulva
(MAYR, 1862) (VALLES & al. 2016).

Of all the viruses infecting ants, SINV-3 has received
the most focus as a potential biological control agent.
Multiple studies have demonstrated effective SINV-3
transmission in field colonies of Solenopsis invicta, and to
our knowledge it is the only virus so far used in attempted
biological control programme against an invasive ant
(VALLES & O1 2014, O1 & al. 2019). The combined high
host specificity and high virulence have led researchers
to suggest SINV-3 has the potential to be a widespread
self-sustaining biocontrol agent or biopesticide (PORTER
& al. 2013, PORTER & al. 2015, PORTER & al. 2016a). The
dose required to initiate a lethal response in fire ant
colonies has been established. Exposure to a SINV-3 bait
solution of 10° genome equivalents per pL is sufficient
to initiate and sustain an infection (VALLES & PORTER
2015). However, in order to cause lethal colony effects, a
SINV-3 bait solution of at least 10° genome equivalents
per uL appears to be required. Improved efficacy might be



reached by adding more attractive bait carriers, synergists
and multiple viruses (VALLES & PORTER 2015). Solenop-
sis invicta virus 3 appears highly infectious and readily
transmittable between colonies (VALLES & HASHIMOTO
2009, VALLES & al. 2014b). VALLES & al. (2014b) describe
how SINV-3 infections appear to prevent or slow workers
from acquiring and distributing solid food to the larvae
and queen. Starvation can then occur for both the queen
and larvae (VALLES & al. 2014b). This process of colony-
collapse by starvation and mortality may then take one to
two months. Its effects on ant colonies, however, are both
temperature- and dose-dependent as described above
(VALLES & PORTER 2015, 2019). This dependency suggests
that SINV-3 will not be uniformly effective everywhere,
which may help explain the lack of population suppression
after introduction to California for biological control
(O1 & al. 2019). Furthermore, such biological control
option might also be detrimental to the efficiency of bait-
formulated pesticide treatments if used in combination,
as foraging and food intake is known to decrease with
infection with viruses such as SINV-1 (TUFTs & al. 2014,
Hsu & al. 2018).

A virus (or pathogen) effective as biological control
agent in social insects is not necessarily the most virulent,
as time is necessary for the virus to infect all members in
a colony. Solenopsis invicta virus 3 has a much greater
pathogenicity than SINV-1 or SINV-2 (Or1 & al. 2019),
however, its pathogenicity is lower than that of the many
baculoviruses commercially-produced for biological
control. For example, the one- to two-month period for
fire ant colony mortality by SINV-3 (VALLESs & al. 2014b,
VALLES & PORTER 2015) contrasts with a LT, (time to
kill 50% of a population) of 64 hours for cotton bollworm
treated with the commercially produced Helicoverpa
armigera single-nucleocapsid nucleopolyhedrovirus
(CHEN & al. 2000).

Highly virulent pathogens likely occur within the
native range of many invasive ants. A key problem with
the discovery and identification of highly lethal viruses is
that a high pathogenicity will likely lead to the elimination
of virulent pathogens during introduction events because
of strong selection against founders (YANG & al. 2010).
This concept is supported by surveys indicating that there
are many more viruses in the native range of ants than in
invaded countries typically (FELDEN & al. 2019, VALLES
& R1VERS 2019). Much of the work on viral discovery
in invasive ants, including ours, has involved pathogen
discovery in the invaded range. We suggest that future
work into viruses and other biological control agents for
invasive ants involve the collection and rearing of many
different colonies within the home range of the invasive
ants. There are surveys that involve extensive sampling
for viral and other pathogens within the native range of
invasive ants (VALLES & al. 2018), but the sampled ants
are typically killed and transported internationally for
analysis. Transportation itself can be a viral and survival
stressor (SAKUNA & al. 2017) that could trigger mass viral
replication causing significant mortality in ant colonies.

The focus on virus and pathogen discovery should be on
colonies that experience high mortality due to highly
transmittable pathogens which satisfy Koch’s postulates
for sequence-based pathogen identification (FREDERICKS &
RELMAN 1996). The efficiency of this work could or should
be facilitated by a multi-national approach, ideally with
different countries that harbour invasive ants providing
resources to sustain pathogen discovery facilities in an
area that encompasses the home-range of multiple invasive
ants, such as Argentina. Multiple invasive ant species could
be simultaneously examined and a sample bank created
for future analysis.

Equally critical for biological control of invasive ants
is the ability to rear and mass-produce any viral pathogen
that is discovered. It has been previously recognised that
a major constraint of the use of RNA viruses is a process
for their large-scale production and lack of resources such
as cell lines (VALLES 2012, O1 & al. 2015). Methods for
the development of a cell line from embryonic honey bee
tissues could be adapted for ants (GOBLIRSCH & al. 2013).
An alternative option to propagating viruses in vitro is to
utilize a baculovirus expression system. ALLEN & VALLES
(2015) utilised an insect cell line, Spodoptera frugiperda
21 that allowed production of a baculovirus expressing
full-length SINV-3 transcripts. Unfortunately, despite
successful transcription, in this case there was no evidence
of translation (ALLEN & VALLES 2015), although it may be
a viable option for the expression of other viruses.

Methodology for viral discovery and delimita-
tion in ant communities

Various approaches are employed to detect viruses in
ants including: reverse transcription PCR (RT-PCR);
Sanger sequencing; Next Generation Sequencing (NGS);
and Rapid amplification of cDNA ends (RACE) (Tab. S1).
High-throughput sequencing has revolutionised the dis-
covery and survey of viruses. Unlike PCR-based methods,
these methods do not require specific knowledge of viral
genomes. Hence, recent studies have reported unprece-
dented numbers of new viruses using RNA high-through-
put sequencing techniques (SH1 & al. 2016, GRUBER &
al. 2017, VILJAKAINEN & al. 2018a). Data for the study
of viruses may come from messenger RNA (mRNA) se-
quencing (RNA-seq) or microRNA (miRNA) sequencing
(sRNA-seq), as these techniques allow both for detec-
tion of RNA viruses as well as actively replicating DNA
viruses. An advantage of high-throughput RNA sequenc-
ing techniques resides in the ability to characterise virus
presence and loads as well as the immune response of
the host. In RNA-seq studies, data allow for the analysis
of immune gene expression possibly related to the host’s
response against viruses (LESTER & al. 2019). In sSRNA-seq
experiments, the sequencing of short RNA provides infor-
mation on both viral infection and also on the host RNA
interference (RNAi) immune response via the production
of virus-specific miRNA (Wu & al. 2010, VILJAKAINEN &
JURVANSUU 2020). Published RNA-seq databases from
studies focusing on ant gene expression may harbour
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known and even unknown viruses in reads that did not
map to host genomes and are typically discarded from
gene expression studies.

PCR-based methods remain extremely useful to
confirm entire viral genomes and are more relevant
in surveys of specific, already characterised viruses.
Furthermore, PCR-based methods also allow investigation
of viral replication, which is an important component
of pathogen dynamics. Assays such as RT-PCR and
quantitative RT-PCR are commonly used to confirm virus
presence when coverage in high-throughput sequencing is
low or to test for load or prevalence of specific viruses in
different tissues or hosts. Quantitative RT-PCR can provide
indirect evidence for active virus infections when viral
genome concentrations increase in repeated sampling.
Yet, in some cases viral loads may increase without active
viral replication. Trophallaxis, the feeding behaviour in
which fluids are shared between different members of
an ant society, caused elevated SINV-3 levels in larvae of
infected Solenopsis invicta colonies (VALLES & PORTER
2013), however, the lack of negative viral strands, small
genome fragments (miRNA) and viral capsid protein VP2
production in larvae later revealed that SINV-3 replication
is limited to the adult stage from which the larvae acquired
increased SINV-3 concentrations (VALLES & al. 2014b).
Methods used to test for active viral infections include
northern blot for miRNA detection, western blot to de-
tection viral capsid proteins and strand specific RT-PCR
to detect the negative strand intermediate that +ssRNA
viruses produce during replication (VALLES & al. 2014b).

To date, only 13 +ssRNA viruses have been shown to
replicate in ants using strand-specific RT-PCR (Tab. S1).
This common tool is used to confirm active viral infec-
tions and is usually based on a protocol first developed by
CrAGGS & al. (2001). During the RT step cDNA specific
to the negative (antisense) strand is generated by using a
virus-specific primer tagged with an unrelated sequence.
To improve specificity and avoid false-positives, many
studies additionally use enzymes to digest remaining
RNA and single-stranded DNA (such as unincorporated
RT-primers) before the PCR step. The PCR is then car-
ried out in presence of primers specific to the virus and
the tag sequence so that only ¢cDNA derived from the
tagged RT-PCR primer will be amplified (CraGaGs & al.
2001). This method is considered the gold standard of
detecting replicative forms of +ssRNA viruses and es-
tablishing host status. For instance, it was used to show
that SIN'V-3 only replicates in the Solenopsis saevissima
(Sm1TH, 1855) complex of fire ants and not in other ant
species exposed to the virus (PORTER & al. 2013). The host
range of bee-infecting viruses has increasingly gained
interest as emerging viral diseases may pose a significant
risk to pollinator health. Nineteen different ant species
have been found to be positive for viruses that are known
to infect honey bees (Tab. 1) (CELLE & al. 2008, LEVITT &
al. 2013, GRUBER & al. 2017, BRETTELL & al. 2019, LESTER
& al. 2019, DOBELMANN & al. 2020, PAYNE & al. 2020),
raising concerns about virus reservoirs in ant populations
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(SEBASTIEN & al. 2015). However, strand-specific RT-PCR
has shown that only four ant species display active repli-
cation of bee-infecting viruses, including DWV and KBV
replication in Linepithema humile (see GRUBER & al. 2017),
CBPV replication in Camponotus vagus (SCopoLI, 1763)
(CELLE & al. 2008) and ABPV replication in Lasius niger
and Lasius platythorax SEIFERT, 1991 (ScHLAPPI & al.
2020). These findings suggest that RT-PCR may be prone
to detecting viruses that are not actively infecting the ant
host. Viruses are equipped with a variety of strategies to
protect viral RNA from degradation (DICKSON & WILUSZ
2011), perhaps causing positive RT-PCR results when ants
forage on infected bees or ingest other virus-contaminated
material. Research on DWYV in the ectoparasitic mite
Varroa destructor ANDERSON & TRUEMAN, 2000 shows
that even negative strand intermediates from ingested
honey bee tissue can be detected although the virus does
not actively replicate within mites (PosaADA-FLOREZ & al.
2019). Quantification of negative- and positive-strand
copies has been used to study replication efficiency in
different life stages of fire ants (HASHIMOTO & VALLES
2008a). Quantitative strand-specific RT-PCR could help to
resolve the question of active virus replication in different
hosts, which can serve as an indicator of disease severity
(VALLES & PORTER 2015) that can improve understanding
pathogenicity of ant viruses.

Concluding remarks

Further studies are clearly warranted to understand how
viral infections affect ant physiology and behaviour at the
individual and colony level. It is evident that the more we
look, the more we find, both in terms of viral discovery and
viral impacts on their ant hosts. Rates of viral discovery in
ants will increase in the following decades with new and
relatively cheaper techniques. Given the recent discovery
and description of a diverse community of bacteriophage
viruses in the gut bacterial communities of honey bees
(BoNILLA-ROSSO & al. 2020, DEBOUTTE & al. 2020), it
seems likely that the diverse community of gut bacteria in
ants will also be subject to a wide array of bacteriophages.
Similarly, the recent description of how viruses can dra-
matically alter ant behaviour suggests that viruses may
commonly affect individual hosts and colony dynamics
(Hsu & al. 2019a, ScHLAPPI & al. 2020). Multiple pathogens
also share ant hosts. It has been hypothesised that within
ants, different pathogens could compete for host resources
or might be synergistic in their effects on ant physiology
(LESTER & al. 2019).

The challenge remains to find viruses that are patho-
genic enough to be utilized for biological control of inva-
sive ants. The majority of viral infections that have been
studied are likely those having sub-lethal or mild effects
on their ant hosts. These sub-lethal viral infections are
much more likely to be moved to a new geographic range
and discovered in any survey, compared to viruses that
quickly kill a colony. Because of their nature, the more
damaging viruses are largely understudied as acutely-in-
fected colonies most likely died before sampling. We highly



recommend more in situ studies of viral infections on
ants in their native range. In situ rearing and monitoring
of large numbers of colonies to study their viruses would
increase chances of finding viruses more useful for bio-
logical control.
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