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A review of the biological control of fire ants (Henoptera: Formicidae)
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Abstract

The suppression of established invasive ants ikély require biological control by natural enemi&sis approach is

self-sustaining and can impact undetected or irssilske populations that are a source of the coatiptesence and
expansion of the invaders. There is an ongoingteffointroduce and distribute biological contrgleats against fire
ants,Solenopsis invicta BUREN, 1972 andSolenopsis richteri FOREL, 1909, in the USA. Eight natural enemies, con-
sisting of two pathogens, a microsporidiudmeallhazia solenopsae, and a virus, Solenopsis invicta virus-3, plus six

»  species of parasitoid flies in the gersgudacteon are now established (i.e., reproducing in thalfieThese biological
control agents are host specific and negativelyaichfire ants to varying degrees. Fire ant popaoretiin the presence
of biological control agents are often reduced €dasn number of ants per nest), but the numbeesismmay not de-
cline. It remains to be seen if the continued ieand establishment of a suite of biological @ragents can result
in the complete control of fire ants. The currergtablished biocontrol agents are acting as egfdry weakening
fire ant colonies, and contributing to the potdntiamulative attrition of colony vigor. Knowledgeaiged from estab-
lishing and disseminating biological control agesftfire ants in the USA will allow for faster pragss in the utilization
of biological control for fire ants in other reg®bf the world as well as providing guidance far tlmportation and es-
tablishment of natural enemies for other invasivis.a
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Introduction

Several ant species are highly invasive in variegsons
of the world (McGLYNN 1999, Lowe & al. 2000, $A-
REZ & al. 2009). Biotic attributes including highly ai-
dant populations, efficient dispersal, omnivoroesding
behavior, and unicoloniality, in addition to theefarence
for disturbed habitats, have allowed these spdoies-
tablish, spread, and become dominant in many etarags
(PASSERA 1994, HbLWAY & al. 2002, KRUSHELNYCKY
& al. 2009). Invasive ant incursions elicit a raragfere-
sponses that include eradication programs, aggeesen-
tainment, and management. Eradication is oftenrel@si
once an incursion is detected, and this approasibban
successful when infestations are very small andliwed
(often < 1 ha) (l@FFMANN & al. 2011). In contrast, in-
festations that are entrenched across variousdtalsind
geographically expansive, such as the ArgentinglLamt
epithema humile (MAYR, 1868) in Western Australia and
New Zealand (AN SCHAGEN & al. 1994, WARD & al.
2010) and the red imported fire afglenopsis invicta
BUREN, 1972, in the southern USA (AAaMS & al. 2001)
have not been eliminated despite extensive eraaficat-
tempts. Eradication programs in the late 1990s28@Ds
for S invicta in California (USA), Queensland (Australia),

and Taiwan (KoTz & al. 2003, $iIH & al. 2007, Mc-
NAUGHT & al. 2014) also have not achieved eradication to
date, and eradication is no longer an objectiv@énUSA.

If eradication is not feasible, regulatory progravhag-
gressive containment can be instituted. Quarantiyjes-
erally initiated during eradication, are maintainadd the
elimination of new infestations both inside andsaié the
quarantined areas are attempted with contact iicsbes
and / or insecticidal ant baits to hinder, or itdedtop the
further spread of infestations@dRTER & HIGASHI 2008).
The major difference between eradication and agores
containment is that the goal of aggressive contaiirs
only to suppress populations rather than to firdi kit the
last colony. While aggressive containment requfegs
fewer treatments than eradication, it is still endless
program that needs substantial funding for manysiea
Realistically, containment eventually will fail @aspula-
tions colonize inaccessible habitats or simply pecde-
tection.

Management of invasive ants encompasses several con

trol methods that attempt to slow the spread asdele
their impacts on humans and the environment. lanrb
settings, contact insecticides and baits appliddfested



properties temporarily suppress populations toratlke
levels (DREES& al. 2006). Commodity treatments use in-
secticides to disinfest host / harborage materidl gua-
rantines restrict movement of readily infestedcke such
as nursery stock (doNYMous 2015). A more sustainable
management approach is classical biological conttaére
natural enemies are introduced and establisheeldiace
pest populations. Ideally, natural enemies will deéf-
sustaining and spread naturally into untreatechacdes-
sible populations and significantly reduce the opula-
tion's reproductive rate and dissemination. Lasilggrated
pest management (IPM), utilizes a combination af-co
trol methods (e.g., insecticides and biologicaltomi to
facilitate near-and long-term suppression of ink@sints.
The biological control of invasive ants is undedizgid
perhaps because of the emphasis on eradicatiochemnat
ical control. In addition, the potential for negaj unin-

sitic antS. daguerrei; five species of eucharitid wasps in
the genu®rasema (VARONE & BRIANO 2009, VARONE &
al. 2010); the scarab beetMartineziana dutertrei (CHA-
LUMEAU, 1983) (WbJCIK 1990); the strepsipteraaeno-
cholax fenyesi PERCE, 1909 (KATHIRITHAMBY & JOHNS
TON 1992, oK & al. 1997); nematode®etradonema
solenopsis NICKLE & JOUVENAZ, 1987 andAllomermis
solenops POINAR, PORTER TANG & HYMAN, 2007 (NCKLE
& JOUVENAZ 1987, ®INAR & al. 2007); the microspori-
dia Kneallhazia solenopsae (KNELL, ALLEN & HAZARD,
1977) andvairimorpha invictae JOUVENAZ & ELLIS, 1986
(KNELL & al. 1977, ®UVENAZ & ELLIS 1986); the neogre-
garine protozoaMattesia sp. (EREIRA & al. 2002); fungi
Myrmecomyces annellisae JOUVENAZ & K IMBROUGH, 1991
(JOUVENAZ & KIMBROUGH 1991) andMlyrmicinosporidium
durum HOLLDOBLER, 1933 (RREIRA 2004);Wolbachia and
other bacteria specifically associated with firésa($10E-

tended consequences, for example the biocontraitage MAKER & al. 2000, BB UWMA & SHOEMAKER 2011, BHAK

becoming a pest, from introducing exotic organifars
biological control should not to be overlooked. Tdwgh
evaluation of host specificity before introductiam post-
release monitoring is imperative to minimize antede
mine non-target impacts (0.AGHAN & BROWNBRIDGE
2009). In some cases, non-targets may serve as odt
thus the potential benefit of establishing an dféecbio-
control agent must be evaluated against the ridiaah-
ing non-targets (BRTER & GILBERT 2004). The biological
control of invasive ants should be a high prioritgn-
agement option. Here we review the utilization wid-
gical control with natural enemies to suppressfitleeant
population in the USA.

Status of potential biological control agentsfor fire
antsin the USA

Solenopsis richteri FOREL, 1909 andSolenopsis invicta
were accidentally introduced separately into th@ism
South America in 1918 and the 1930s, respectiusby{
GREN 1986, TSCHINKEL 2006). At the time of these intro-
ductions both were considered to be two forms @fsdme
species, and it was not until 1972 that the twonfowvere
formally designated separate speciesKBN 1972). The
more prevalent fire ant species in the USA.isnvicta,
and together witl®. richteri and their hybrid (MNDER

& al. 2011); RNA viruses Solenopsis invicta virus2l
and 3; and the DNA virus Solenopsis invicta denswsvi
(SIDNV) (VALLES 2012, \ALLES & al. 2013b). While their
potential as biological control agents is often tiwered,
only a limited number of these natural enemies Heaaa
their host specificity and / or their life histosienvesti-
gated. Several reviews provide the chronology ofesys
for, and descriptions of natural enemies of firesalViL-
LIAMS & WHITCOMB 1974, DUVENAZ 1983, WLLIAMS &
al. 2003, @& VALLES 2009, BRIANO & al. 2012, \ALLES
2012). In this review, we summarize the evaluatiand
current status of natural enemies that were coreidare
being assessed, or were released for the biologaa
trol of fire ants in the USA.

Solenopsis daguerrei, Orasema spp.,Allomeris solen-
opsi, andMattesia sp. have had various aspects of their
life histories and effects on imported fire antalerated
for their biological control potential. While noné these
species are being actively pursued as biologicatrob
agents, they are associated with reduced vigovear death
of individual fire ants.

Parasitic ant Solenopsis daguerrei: In the 1960s Sil-
veira-Guido and colleagues described how queeniseof
parasitic anSolenopsis daguerrei, attach, or yoke, to the
neck of aS. richteri queen and lay eggs simultaneously

MEER 1986), invasive fire ants occupy an estimated 148with the yoked host queen. Both the parasite aisti dggs

million hectares in 2014 (A.-M. Callcott, pers. com
[based on USA hectares under the Federal Impoiited F
Ant Quarantine]).

Surveys and studies on parasites and pathoge®es of
lenopsisinvicta andS. richteri for potential use as biolo-
gical control agents initially were conducted ie tt960's

are reared by the fire ant colony and thus thegiterés
considered to be a drain on colony resources. Hemvi
fested fire ant colonies were reported to have fawnegor
workers and alate reproductivesiu{&IRA-GUIDO & al.
1973). Q\LCATERRA & al. (1999) reported significantly
fewer host queens in infested field colonieSafichteri,

and 1970's among South American and southern US/Aas well as, decreased worker brood in the fallsprihg.

populations (ALEN & BUREN 1974, ALEN & SILVEIRA-
GUIDO 1974, BROOME 1974, DUVENAZ & al. 1977, dUVE-
NAZ & al. 1981). These included extensive studieshen t
parasitic an. (Labauchena) daguerrei (SANTSCHI, 1930)
(SILVEIRA-GUIDO & al. 1973), observations of scuttle flies
in the genu$seudacteon attacking ants in th8. saevis-
sma species complex (WLIAMS & al. 1973), and the dis-
covery of a microsporidium infection & invicta (ALLEN

& BUREN 1974, KNELL & al. 1977). To date, at least 40
parasites, parasitoids, and pathogenS.afivicta or S.

These results implied a detrimental impacBaflaguerrei
on fire ant colonies, however, findings were quadifby
high variation and the need for more sampling locatof
longer duration. Prevalence &fdaguerrei in South Am-
erican surveys was reported to be low (1.4% of82¢blo-
nies) but not unexpected given the behavior of exdeks
parasitic ants and the sampling methods user(® &
al. 1997).

Attempts to propagat8olenopsis daguerrel in the lab-
oratory and field have not been successful, ané lpas-

richteri have been reported. This number includes 23 specluded further efforts to utilize it as a biolodic@ntrol

cies of fly parasitoids in the genBseudacteon; the para-
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agent. Transferrin§. daguerrei queens to non-parasitized



colonies resulted in execution of the parasiteaddition,
the sustained survival of adult reproductives ait accur
after the introduction and eclosion®fdaguerrei pupae in
non-parasitized colonies ACCATERRA & al. 2001, RRIANO
& al. 2002a). It has been speculated Bataguerrei may
be a complex of cryptic species associated witltifipe
host fire ant species. This may contribute to #ymorted
unsuccessful intercolony transfer of this paradiile
low mtDNA sequence divergence amdiglaguerrei ha-
plotypes does not support the hypothesis that kpaia-
sites co-speciated with its hosts, the possibdftthe ex-
istence of multiple cryptic species cannot be disded
(SHOEMAKER & al. 2006). Certainly a better understand-
ing of the systematics & daguerrei could revive consid-
eration of its use as a biological control agent.
Eucharitid waspsin the genus Orasema: Several spe-
cies of eucharitid wasps in the geriiasema parasitize
Solenopsis fire ants. The life cycle foDrasema xanthopus
(CAMERON, 1909), typical of otheDrasema species, be-
gins with adult wasps ovipositing in a variety damts,
including crops, apparently causing minor damagsamne
plant tissues. Planidia (mobile Instar larvae) eclose
and attach to foraging worker ants which transgioetm
back to their colony. Within the colony, planidiawe to
the ant larvae where they develop endoparasitictign
after host pupation, they feed on the pupae astapara-
site. MatureOrasema larvae detach from the now deformed
host and pupate with the host bro@dasama adults emerge
in host nests and adults exit the nest for matimd) @vi-
position (WLLIAMS & WHITCOMB 1974, HERATY & al.
1993, HERATY 1994).0Orasema simplex HERATY, 1993 was
the most common species recovered from fire antees
cavations in surveys across southern South AmeFioa.
transfer of planidia to laborato invicta ant colonies has
been accomplished, but only 12 adults were reaxad f
385 transfers, a 3.1% rate ARONE & BRIANO 2009, BrI-

but at a low rate which will likely hinder evaluati of A.
solenopsi for biological control. Unsuccessful laboratory
transmission of th&lattesia sp. also has deterred the fur-
ther evaluation of this protozoan as a biologicaitml de-
spite some promising attributes. THattesia sp. is widely
distributed in the state of Florida, USA, and thisrevi-
dence that infected ants die sooner than healtby aen
observed in the laboratoryHREIRA & al. 2002). However,
with both the nematode and the neogregarine, ttia-in
colony prevalence appears to be limited and theatspon
fire ant colonies are unknown.

Entomopathogenic fungus Beauveria bassiana: Un-
like the fire ant natural enemies discussed presljouhe
fungusBeauveria bassana (BALSAMO-CRIVELLI) VUILLE-
MIN, 1912 is a generalist entomopathogen, infectimg-nu
erous species across several insect or8essiveria bas-
siana has been isolated frof invicta in Brazil, with one
virulent isolate, #447, evaluated as a potentialdgjical
control agent (AVES & al. 1988, SIMAC & al. 1989, SI-
MAC & ALVES 1994). Spores of the isolate have been mass
produced on rice media and directly applied toviatlial
fire ant nests using various spore formulations&Q@il.
(1994) collected infected workers from treateddfirests
and piles of infected cadavers were observed autsid
these nests. However, cadaver piles are indicafivhe
presence of survivors that removed infected anis fihe
nests to create the piles. The majority (48 - 100%4p-
oculated colonies either relocated or remained/agtd
& al. 1994). Bait formulations containing the 44plate
spores, as well as with alginate encapsulated mayasing
an isolate from the Mexican leaf-cutting afAtta mexi-
cana (SMITH, 1858), have also been tested with variable
reductions in laboratory and field colonieso{CiNs & al.
1999, SIMAC & PEREIRA 2001, BEXTINE & THORVILSON
2002, THORVILSON & al. 2002, MLNER & PEREIRA 2007).
Despite recovery of dead and infected fire anterdst

ANO & al. 2012). Intracolony prevalence of parasitism bassiana applications, other factors such as the hygienic

varied widely with reports of an average of 18.2f

behavior of ants, microbial antagonism, and thgiftatic

Orasema individuals (larvae, pupae, and adults) per para-effect of fire ant venom may limit the intracolotrans-

sitized colony, with a maximum of 598 individualr eI-
ony (HERATY & al. 1993, \ARONE & BRIANO 2009). The
impact of Orasema on imported fire ant colonies is not

mission of the pathogen {SREY & al. 1991, BREIRA &
STIMAC 1992, O & PEREIRA 1993). Thus, the pathogen
may be more amenable as a biopesticide requiritenex

known (HERATY 1994), but appears to be low given the sive spore contact with the colony. In additiorg thter-

small number of recovered parasites relative tot¢ns
of thousands of fire ants within a colony. The bgital
control potential ofD. smplex, the most studie@rasema
species parasitizing. invicta, is hindered by the broad
range of plants used for ovipositionARONE & BRIANO
2009) and potentially by difficulties in laboratopyopa-
gation and minimal effects on fire ant populations.
Nematode Allomeris solenops and protozoan Mat-
tesia gp.: Infections inSolenopsis invicta by the nematode

Allomeris solenops and the neogregarine (protozoan) patho-

genMattesia sp. were discovered in the 2000&KPIRA
& al. 2002, PINAR & al. 2007).Allomeris solenops has
an intriguing water dependent life history whichnist
fully resolved given the paucity of water within &nin-
victa nest (®INAR & al. 2007). BRIANO & al. (2012) re-
ported reduced survivorship, aggression, and stinge-
havior in infected ants. In addition, field parasit aver-

colony spread between treated and untreated nestsdh
been documented and have discouraged the furthgmipu
of B. bassiana as a biological control agent.
Microsporidium Vairimorpha invictae: Currently un-
der consideration for the biological control ofefiants is
the microsporidian pathogéfairimorpha invictae. This
pathogen was presumably first collectedsahenopsisin-
victa from Brazil in 1976 and later described in 1986
VENAZ & al. 1980, HUVENAZ & ELLIS 1986). Fluctuating
declines in field populations & invicta, which included
100% reductions for over 31 months, were associattd
natural infections o¥. invictae in Argentina (BRIANO
2005). Evidence oY. invictae pathogenicity include lab-
oratory studies documenting dead workers havinbérig
infection prevalence than live workers in diseasel-
nies, and faster mortality of starved infected veoskthan
starved, uninfected workersKBINO & WILLIAMS 2002).

aged 52 workers per colony which encompassed a widén addition, small laboratory colonies infectedwit. in-

variation in the number of infected adults (rane:500
per colony). Laboratory transmission was accomplish

victae had reductions in colony growth of greater tha#80
(O1 & al. 2005). The host range ¥f invictae is limited to
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Tab. 1: Percent prevalence of microsporidian fitepathogengneallhazia solenopsae andVairimorpha invictae for
sites and among colonies in various South Ameritareys®— Not available® Solenopsis interrupta SANTSCHI, 1916
infected withK. solenopsae; © small area near Brazil / Argentine border northMiSiones Province, Argentina;
4 Solenopsis gayi (SPINOLA, 1851) collected in Chile not infected.

Survey Species % Prevalence, Sites (n infected / n sampled); | Reference
Colonies (n infected / n sampled)

K. solenopsae V. invictae
1988 S richteri, 25 (46 / 185); 5(9/185); BRriaNO (1993)
Buenos Aires provinc | S. quinquecuspis 8 (145/183¢ 1.1 (20/183¢€ BriaNO & al. (1995a
1991 - 1999 S invicta 43 (66 / 154) 13 (20/ 154) BRIANO & WiLLIAMS (2002)
northern Argentin 12 (303 / 252¢ 2.3 (58 /252¢ BriaNO & al. (2012
1993 S invicta - (- /18 sites) — (/18 sites) BRIANO & al. (2012)
Cuiaba, Braz 21 (13/61 6.6 (4/61
2001 — 2005 S invicta, 32 (59/184) 22 (241 109) BRrRIANO & al. (2006)
Central & Northern S richteri, 15 (262 / 1780) 13 (191 /1435)
province;, Argentina | S interrupta®
2001 - 2005 S invicta, 7.7(6/78) 4.6 (71 153) BRrRIANO & al. (2006)
Brazil°, SE Paraguay, | S richteri, 2.8 (8/284) 1.1 (7/629)
southcentral Bolivia, | S gayi®
central Chile

fire ants in theS saevissima species group, which includes the microsporidiunkneallhazia solenopsae and the RNA
S. invicta andS. richteri. Host range was based on field virus Solenopsis invicta virus 3A/LES & HASHIMOTO,
surveys in South America and laboratory host spagif 2009, were detected ®olenopsis invicta populations in
tests on North AmericaBolenopsis fire ants (BRIANO & the USA and have since been introduced into uniafec
al. 2002b, PRTER& al. 2007, O & al. 2010). populations in geographically dispersed sites. dassical
The natural mechanism of intracolony and intercplon biological control approach of importing, releasiagd
transmission o¥/airimorpha invictae are unknown. Detec- establishing a natural enemy from the native raofgg
tion of infected eggs and queens has been rarg,thieu  invicta andS. richteri has been accomplished with para-
importance of transovarial transmission Yorinvictae is sitoid phorid flies in the genuRBseudacteon. A total of six
uncertain (BRIANO & WILLIAMS 2002). HoweverV. in- Pseudacteon species from South America have been im-
victae can be transmitted by adding live, infected brood ported and established in USA populations of finésa
dead,V. invictae-infected adults int&®. invicta colonies  Below we discuss the background and current stdttie
(O1 & al. 2005). Infection by isolated spores hastlmtn  biological control of fire ants with all of the amagents.
accomplished, but pupae became infected when reared Parasitoid phorid fliesin the genus Pseudacteon: At

from larvae by infected adult workerO(WWENAZ & ELLIS
1986, O & al. 2010).
Potential limitations to the utilization &airimorpha

least 24 species d#¥seudacteon flies attack fire ants in
South America (BRTER & PESQUER02001, RTROCK &
al. 2009). Females hover several millimeters aliioeeant

invictae as a biological control agent are its somewhat lowworkers before diving in and rapidly injecting ayganto

field prevalence among colonies (Tab. 1), althoegh
zootics at some sites have been reported. Epizoofic
over 50% have been followed by abrupt declinesfiec-
tion prevalence, and at some sitésnvictae was not de-
tected for several years RBINO & WiLLIAMS 2002, BrI-
ANO 2005, BRIANO & al. 2006, RRIANO & al. 2012). The
fluctuating presence &f. invictae has made it challenging
to find and maintain consistent sources of inocul8mi-
larly, consistent laboratory propagation, whicimégessary
for field releases, has yet to be achieved. Funibee,
constant changes in regulatory requirements torékpo
logical control agents have significantly diminidheccess

the ant thorax with a short hypodermic needle-tikgo-
sitor. After eclosion, the maggot makes its watht head
of fire ant worker, where it develops and decapgats
host prior to pupariation (RTER 1998, (ONSOLI & al.
2001). The maggot then pushes the mandibles asitle a
pupariates inside the empty head capsule. Afteersév
weeks, adult flies emerge ready to mate and attamie
fire ants. Only a single fly emerges per parasitiaet, with
egg to adult development time ranging from foudfo
weeks depending on temperature and species. Athgdt f
live only a few days and a female can have 10®-&fyjs
(PORTER & al. 1997a, PRTER 1998, ACARO & PORTER

to V. invictae. Nevertheless, efforts are continuing to gain 2003, GIEN & FADAMIRO 2006).

approval to employ this pathogen of fire ants ataasi-
cal biological control agent in the USA.

Pathogens and parasites used for the biological control
of fireantsin the USA

To date eight natural enemies have been releasédid-or
tributed as self-sustaining biological control ageuf fire
ants in the USA. Two pathogens found in South Acaeri
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Host specificity testing oPseudacteon species con-
sidered for introduction into the USA was reviewad
detail by ®RTER& GILBERT (2004). Six categories of host
range studies were conducted: 1) literature sesreftdch
provide field host data as well as geographic ibistions;
2) field observations on behavior and ecology topser
ment literature data; 3) field testing in the natrange to
confirm literature documentation of general hostcifi-



city to fire ants (tests with congeners are pality useful
if they occur in the USA); 4) laboratory testinggoaran-
tine; 5) testing for attraction to an assortmentoofds to
determine if flies could be a nuisance or poterdistase
vector; and 6) post-release field testing to confpre-
release host specificity determinations.

Laboratory tests in quarantine focused on the t¢alpi
fire ant, Solenopsis geminata (FABRICIUS, 1804) and the
southern fire antS. xyloni McCook, 1880, which are na-
tive to the USA and similar in size ®invicta andS rich-
teri. In theory (BRIESE 2005), flies that do not attack fire
ant congeners are unlikely to attack other ant geré
flies developed in either of the native fire ariteen ad-
ditional nonSolenopsis ants were tested. No-choice tests
were utilized initially to determine if attacks wdwccur
without alternative hosts. Paired choice tests beh&o-
lenopsis species were conducted to assess whether the pr
sence of the preferred host facilitated or supee sg-
tacks on a secondary host. If ant species werenazs¢o
be attacked, they were maintained for four to fixeeks
and checked for evidence of parasitisTo§PER & GIL-
BERT 2004).

\

Pseudacteon species released in the USA had high host _.

specificity toSolenopsisinvicta, S. richteri, and / or their
hybrid. Some species could developSngeminata and

S xyloni in the laboratory. However, the high preference
for the target hosts, and the relative benefitedéasing
flies against the invasive fire ants species wiiahe ex-
tirpated the native fire ants outweighed the ris&t tthe
Pseudacteon species would be a detriment to the native
fire ants (MRTER2000, MRTER & GILBERT 2004).

The host specificity testing also reveakstudacteon
biotype host preferences. In the cas®sdudacteon cur-
vatus BORGMEIER 1925 obtained frorBolenopsis richteri
populations, attack frequencies were higher aneldev
mental rates faster @ richteri than onS invicta (PORTER
& BRIANO 2000). ConverselyP. curvatus originating
from S invicta populations exhibited greater host prefer-
ence forS invicta (VAZQUEZ & al. 2004). Post-release host
specificity testing ofPseudacteon tricuspis BORGMEIER
1925 andP. curvatus has confirmed the host range pre-
dicted by the pre-release studiesAPQUEZ & PORTER
2005, MoRRISON& PORTER 2006).

The impact of the parasitic phorid flies on firasaat
the colony level is associated with the behavioealc-
tions of the ants to the presence of flies. Thesgmee of
a single fly usually stops or greatly inhibits foeaging ef-
forts of hundreds of workers EENER & BROWN 1992,
ORR & al. 1995, PRTER& al. 1995). Reduced foraging ap-
pears to facilitate competition from ants that nigtier-
wise be excluded from food sources in fire antittenies
(FEENER 1981, RR & al. 1995). In contrast, maximum
direct parasitism of fire ants was reported to b/ for
phorid species released in Florida and < 3% foerass
blages of native phorid species in Argentinaofi#ISON
& PORTER2005a, GLCATERRA & al. 2008, \ALLES & al.
2010b). More recent data suggest that up to 5%lohy
workers can be parasitized (S.D. Porter, unpuBliyen
that a colony can easily contain over a hundredgand
fire ant workers (SCHINKEL 1988), the effect of direct pa-
rasitism on colony populations is presumably lihite

MORRISON& PORTER (2005b) reported that the effects
of a single species of flyrseudacteon tricuspis, did not

Fig. 1: Phorid fly attempting to oviposit into adiant
worker. Note the defensive C-shaped posture ofatite
(photo: S.D. Porter, USDA-ARS).

rise above background variability in the field (180%).
Assessments of colony level impacts by single ssecf
phorid flies in the laboratory have resulted in tcasting
conclusions. Inhibition of fire ant foraging in tpeesence
of flies together with a competing ant species ltedun
less protein consumption by colonies, smaller nusbé
intermediate-sized workers, and significantly dasesd
worker populations (MHDIABADI & GILBERT 2002). In
contrast, MOTTERN & al. (2004) reported that significant
inhibition of foraging did not affect colony growthow-
ever, an unexplained 50% mortality of their tedboges
during four weeks of observations almost certaingsked
any effective assessment of fly effects on colomngh.
Furthermore, whatever impaseudacteon flies have on
fire ant populations it is clearly sufficient toueacaused
the evolution and maintenance of a number of phewit
cific defense behaviors such as seeking refugéaiting
movement, and assuming specialized defensive passtur
(Fig. 1) (WLLIAMS & BANKS 1987, FEENER & BROWN
1992, BRTER& al. 1995, WJELLNER & al. 2002). These
behaviors could have only evolvedP#eudacteon flies have
population-level impacts on the survival of firet @olo-
nies or the production of the reproductive castR({BR &
al. 1995, PRTER 1998). Alternatively, MVRRISON(2012)
contended that the regulation of fire ant populaiby
Pseudacteon parasitoids is unlikely because compensating
behaviors of fire ants allows them to acquire sidfit nu-
trition despite reduced foraging when flies aresprs.
Compensating behaviors include foraging when s
not active (e.g., at night), utilizing undergrouiadaging
tunnels that limit their accessibility to flies,daguarding
food resources from competitors even when fliesrarr
(PORTER & al. 1995). In fact, the proliferation of the in-
troducedPseudacteon flies in the USA may simply be a
product of the availability of abundant host popiolas
of fire ants (MDRRISON2012).
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Tab. 2: Traits oPseudacteon species established in the USA for fire ant biaabcontrol (adapted fromdRTER &

CALCATERRA 2013). SD = standard deviation.

Species Aver age female thor ax Host size Year of first successful Reference
width (mm + <D, n =10 |preference release

P. tricuspis 0.51+0.0: mediun-large 1997 PORTER& al. (2004

P curvatus 0.33+0.03 small 2000 Las Flores; GRAHAM & al. (2003)
2003 Formosa biotyp VAzQUEZz & al. (2006

P. litoralis 0.57 £0.0: large 200¢ PoORTER& al. (2011

P. obtusus 0.53+0.0: mediun-large 200¢ PLowes& al. (2011

P. nocens 0.49 £ 0.0! mediun-large 2006- 201C PLowes & al. (2012

P. cultellatus 0.33+0.0: smal 201(¢ PoORTER& al. (2013a

Despite the inconclusive determinationRstudacteon
impact on fire ants at the colony level, the fliese been
established in the USA as classical biological omint
agents. In addition to being highly host speciéiteriti-
cal importance was the development of efficientirep
methods to provide flies for studies and releaststhods
initially entailed exposing fire ant colonies iays to flies
in the field and then holding colonies in bucketghster-
ilized soil. Buckets were enclosed within a plastig un-
til adult flies were observed §BQUERO& al. 1995). Sub-
sequently, flies were reared through one completeig-
tion, including mating and oviposition, in the laatwry on
North AmericanSolenopsisinvicta and theS invicta x S.
richteri hybrid (FORTER& al. 1997a). Innovative improve-
ments to rearing methods, such as exploiting btend-
ing behavior to overcome the defensive reactiores/tnd

TERRA 2013). This species is also abundant and rapidly
expanding even in competition wikh curvatus (PORTER

& CALCATERRA 2013). A fifth species?. nocens BORG
MEIER, 1925, has been established in Texas where dkatta
large fire ant workers especially during twiligi_OWES

& al. 2012), unlike the other released speciesides®.
litoralis, which are diurnal. The sixth established species,
P. cultellatus BORGMEIER 1925, is a very small decapitat-
ing fly which parasitizes the smallest of fire ardrkers.

It has been recovered at two sites in Florida f20t0
through the last survey in 2013, where populati@nsain
low (PORTER & al. 2013a). As previously indicated, one
purpose of introducing several speciesPséudacteon
was to exploit their varied activity patterns arobhpref-
erences to increase the parasitism pressure dingtants.
While co-occurrence of several fly species in ti#®AUs

Pseudacteon attacks, have resulted in successful mass readocumented, there is evidence of competitive digpleent

ing operations that can produce thousands of fleesday
(PORTER 2000, \OGT & al. 2003). Modifications in rearing
and release methods continued to be adopted iomesp
to the nuances in behavior and traits of the varitseud-
acteon species (GBERT & al. 2008, QLLCOTT & al. 2011,
PLOWES & al. 2011, BRTER& al. 2013a).

In South America, different species of decapitafiies
partition niche space by host, host size, seasowe, of
day, and host location &®PIOLO & al. 1994, OWLER &
al. 1995, BSQUERO& al. 1996, MORRISON & al. 1997,
ORR & al. 1997, BLGARAIT & al. 2003, BLGARAIT & al.
2007). Similarly, the six species established & tSA
(Tab. 2) parasitize different sized workers, andak at
different times of the day and host location (irests vs.
foraging trail).

Pseudacteon tricuspis andP. curvatus, are now widely
distributed across the southeastern USAL(COTT & al.
2011). Densities dP. curvatus are about 10-fold those of

among some of the species. As mentioned ald&veyr-
vatus, which was released after tricuspis, has become
the most abundant species, whilericuspis is becoming
rare in some locations EBRUN & al. 2009, PRTER& al.
2013a). Likely mechanisms of the displacement ha¢ t
P. curvatus parasitizes the more prevalent minor fire ant
workers, thus it is more abundant. Moreover, thendant
P. curvatus will arrive at disturbed nests first and illicit
the refuge seeking response by the fire ants winiakes
the less prevalent major workers even less avaiffablat-
tacks byP. tricuspis (LEBRUN & al. 2009, BRTER 2010).
Nevertheless, the introduction of several speaieshao-
types of biocontrol agents and subsequent displanem
of the less efficient or poorly adapted agent(gh\ai bet-
ter agent(s) is a common tenant of successfulickdgso-
logical control (HUFFAKER & al. 1976).

Microsporidium pathogen Kneallhaza (formerly The-
Ilohania) solenopsae: The fire ant pathogelneallhazia

P. tricuspis, probably because of the greater abundancesolenopsae was discovered in "cyst-like" bodies in alcohol-

of small workers in fire ant colonieBseudacteon tricuspis
parasitizes the less prevalent medium sized workettsird
speciesP. litoralis BORGMEIER 1925, which attacks large
fire ants, was previously uncommon around its selesite
in Alabama (PRTER& al. 2011), but as of 2013 was found
to be abundant and has expanded outward dozeris-of k
meters (L.C. Graham, pers. comm.). A fourth speitiat
targets medium-large workers on mounds and at fiogag
trails, Pseudacteon obtusus BORGMEIER 1925, has been
established at multiple sites in Texas and Flofi@a-
BERT & al. 2008, ROWES & al. 2011, ®RTER & CALCA-
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preserved specimens 8blenopsis invicta collected in
Brazil and described as a new speciéglohania solen-
opsae KNELL, ALLEN & HAZARD, 1977 (ALEN & BUREN
1974, KNELL & al. 1977). It has since been placed in a
new genuskneallhazia (SOKOLOVA & FuxAa 2008). Over
20 years later (1996). solenopsae was observed i&.
invicta samples collected in Florida, USA (WiAMS &
al. 2003).Kneallhazia solenopsae and other microsporidia
were considered to be protozoa, but have beersesivtal
as a phylum within the kingdom FungiSER & al. 2012).
Similar to other entomopathogenic microsporitiiasolen-



|
i

Fig. 2: Distribution ofKneallhazia solenopsae in the USA (in red, as of 2010) based on countiils confirmed detec-
tions of infection from past surveys and arbitrsaynpling of study sites (map: D.H. Oi, USDA-ARS).

opsae causes a chronic, debilitative disease. Four sgpes
have been identified, but the functions of eaclvel$ as
the life cycle are not definitively known (€LL & al.
1977, $IAPIRO & al. 2003, BKOLOVA & al. 2004, ®KOL-

2010). Interestingly, MSER& al. (2000) reported thag.
solenopsae in S. invicta from Florida and Brazil, an8.
richteri from Argentina were all genetically distinct, but
closely related and indistinguishable morpholodycdlur-

OVA & FUxA 2008). All castes and developmental stagesther studies are needed to confirm if the diffetenso-

of the fire ant can harbd¢. solenopsae infections. Infec-
tions in queens as well as in eggs provide evideht@ans-
ovarial transmission (BANO & al. 1996, \ALLES & al.
2002, KOLOVA & FuxAa 2008). Furthermore, infected
colonies have been reared from naturally infe&edvicta
gueens collected after mating flights @WiLLiams 2003).

Intercolony transmission d€neallhazia solenopsae has
been accomplished in the laboratory and field laygr
ferring live, infected larvae and / or pupae itite hests of
uninfected colonies (WLIAMS & al. 1999, O & al. 2001,
O1 & al. 2008). However, the mechanism of infectian b
tween colonies and between individual workers arems
is not known. Inoculations with suspensions of asedl
spore types per os have been unsuccessilP{80 & al.
2003) and transmission by the ingestion of sporgain-
ing fecal fluid and meconium has been proposedbut
confirmed (GEN & al. 2004). One potential pathway of
intercolony transmission was demonstrated in ther:
tory through colony raiding, i.e., the abductionbofod
from small infected colonies by large, uninfectetbaies
(O1 & WiLLIAMS 2003).

Based on extensive field surveys in South Ametua,
host range oKneallhazia solenopsae was limited to six
species ofolenopsisfire ants, all in the&S saevissima spe-
cies group, which includes invicta andS. richteri (O1 &
VALLES 2009). Species-specificity tests in the USA with
laboratory colony inoculations and field samplinighin
K. solenopsae infected areas in Florida did not find in-
fections in 15 nor&. invicta ant species (0% VALLES
2012). However, infections have since been deteicted
S. geminata and theS. geminata X S. xyloni hybrid, both
fire ants in theS. geminata species group. Examination of
the genetic diversity of thik. solenopsae infecting these
species in North and South America supported the&t-ex
ence of two major clades, with most of thesolenopsae
isolates fromS. geminata in one clade (ACUNCE& al.

lenopsae host isolates differ biologically (e.g., pathogeni
city among host species).

Colony declines and population reductions have been
documented ifKneallhazia solenopsae infectedSolenopsis
invicta andS. richteri. Infections in inoculated laboratory
colonies ofS invicta resulted in lower queen weights, di-
minished oviposition rates, and faster queen dé&igni-
ficant reductions in brood and overall colony deelalso
were observed in infected coloniesi(WWaMs & al. 1999,

O1 & WiLLIaMS 2002). Additionally, colony founding by
infected queens is impaired, possibly because chfaed
lipid reserves (OOK & al. 2003, @ & WILLIAMS 2003,
OVERTON & al. 2006, RESTON& al. 2007). Field popu-
lation reductions associated with solenopsae were re-
ported forS. invicta in the USA (®ok 2002, @ & WILLI -
AMS 2002, FoxA & al. 2005b) ands richteri in Argentina
(BRIANO & al. 1995b). For both hosts, population reduc-
tions fluctuated over time, with maximum reductiafs
63% in the USA and 83% in Argentina. Reductionsewer
often attributed to smaller colony sizes as oppdseeie-
clines in the number of fire ant nests @V ALLES 2009).

Social form (i.e., monogyny or polygyny) appears to
play an important role in moderating the effecKaogall-
hazia solenopsae on fire ant populations. Brood reductions
of > 90% were recorded approximately six monthsraft
monogyne laboratory colonies were inoculated, wimnle
polygyne colonies similar reductions occurred inwthl 1
months (WLLIAMS & al. 1999, @ & WiLLIAMS 2002). In
the field,K. solenopsae is more prevalent in polygyréo-
lenopsis invicta populations, although monogyne colonies
are infected (O& al. 2004, \ALLES & BRIANO 2004, FIXA
& al. 2005b, MLKS & al. 2008, \ALLES & al. 2010b).
The non-territorial behavior of polygyne coloni€a AN -
CEY & al. 1975) permits movement of infected ants be-
tween colonies thus allowing for the intercolonyesil
of the pathogen. Conversely, the interchange affacied
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ants, including the adoption of queensASCEY & LOF
GREN 1988), may contribute to the prolonged declingin
fected polygyne colonies. In addition, asynchroriotesc-
tions among the many queens per colony allowslfer t
production of uninfected progeny (& WiLLIAMS 2002).
Hence, greater intercolony spread and persisténatciol-
ony infections result in easier detectionkofsolenopsae

in polygyne populations.

In contrast, infections in the territorial monogycwo-
nies can be isolated and demise of the singletedegueen
results in a rapid colony decline. Thus, opporiesifor
spread and detection kiheallhazia solenopsae are reduced
(Fuxa & al. 2005a, ®2006). However, epizoaotics in mono-
gyne populations have occurred, but the pathogennet
sustained (BxA & al. 2005b). In limited sampling from
Argentina, the prevalence &f solenopsae in monogyne

SINV-1, -2, and -3 are found currently in the USA
and Argentinean fire ant populations while SiDNViiis-
ited to Argentinean populations. SINV-1 and -2 appe
cause chronic infections under normal conditiorit wb
clearly defined etiology described to date. Howewdren
SINV-1- or SINV-2-infected ant colonies experieroes-
tain stressors, the viruses often lead to colonylgs mor-
tality (VALLES & al. 2007). Conversely, SINV-3 appears
to be consistently associated with significant fire col-
ony mortality (VALLES & HASHIMOTO 2009) reminiscent
of colony collapse disorder in honey bees — whichl$o
associated with a positive sense, single-strandéa Wrus
(D1 PriscO& al. 2011). Thus, research efforts have focused
on development of SINV-3 as a classical biologmah-
trol agent and as a biopesticide. Current efforésadso
underway to characterize, determine host spegjfiait-

Solenopsisinvicta was 55%, and it was speculated that aport, and release SiDNV into the USA as a classitdb-

genetic basis or an intermediate host were resplentir
the high prevalence ALLES & BRIANO 2004).

Kneallhazia solenopsae has been distributed as a bio-
logical control agent by harvesting live, infecteidod
collected in Florida and introducing it into teatsts in the
USA from 1998 - 2004. Establishment and spreaddeas
umented in five states, primarily in polygyne si(égL-
LIAMS & al. 1999, XA & al. 2005b; D.H. Oi, unpubl.).
Subsequent surveys and arbitrary examinationgeafits
from study sites indicatel. solenopsae is widespread
(Fig. 2) (SREETT & al. 2004, MTCHELL & al. 2006, A -
LEN & al. 2010, ACUNCE& al. 2010; D.H. Oi, unpubl.),
and was in Texas at least since 198XABDEN & V IN-
SON 2006), well before its initial USA detection in9®&
The slow demise of laboratory colonies and thettlat:
ing reductions in infected fire ant populations gesj that
field declines caused . solenopsae could be obscured
by the immigration of colonies or the founding aw
colonies.

RNA virus, Solenopsisinvicta virus-3: Viruses can be
important biological control agents against pes¢at pop-

gical control agent (S.M. Valles & S.D. Porter, ubp).

Molecular characterization of USA and Argentinean
SINV-3 revealed a positive-sense, single-strandé R
comprised of 10,386 nucleotides, and polyadenyiadip
the 3' terminus with minor intercontinental diffieces noted
(VALLES & HASHIMOTO 2009, \ALLES & al. 2010a). The
genome revealed two large open reading frames (ORFs
the sense orientation with an untranslated reditrR) at
each end and between the two ORFs. The 3'-proxdR&2
of the genome was shown to be expressed via ribalsom
frameshifting and the sequences encoding the siraict
proteins map to both ORF2 and the 3' end of ORRELA{V
LES & al. 2014a). This genome organization and strattu
protein expression strategy resemble thakayfthosiphon
pisum virus (APV), an aphid virus. SINV-3 was also shown
to produce subgenomic RNA to express its structuna
teins suggesting a distant relationship to membétke
family Caliciviridae (MALLES & al. 2014a).

SINV-3 was found to infect all life stages @dlenopsis
invicta, including the eggs. Quantitative PCR of different
stages showed that immature ants contained signtfic

ulations (lAcEY & al. 2001). However, extensive searches lower quantities of SINV-3 compared with adults (kers,

for viruses infectingsolenopsis invicta in the introduced
(USA) and native (South America) ranges using tradi
onal microbiological methods had failed to identfiyt-
specific viruses QUVENAZ & al. 1977, HUVENAZ & al.
1981, HUVENAZ 1983, WOJCIK & al. 1987). With the ex-
ception of "virus-like particles" observed in aridemtified
species ofolenopsis from Brazil (AvERY & al. 1977), no
viruses had been described by these methods. Gatyer
the metatranscriptomics approachh(Mes & al. 2008) has
resulted in the discovery of four unique fire aituses:
Solenopsis invicta virus 1 (SINV-1) &/LES & al. 2004),
Solenopsis invicta virus 2 (SINV-2) &/LES & al. 2007),
Solenopsis invicta virus 3 (SINV-3) &/LES & HASHI-

alates and queens) ALES & HASHIMOTO 2009). Time-
course experiments further revealed infection teteci-
fic to adult workers, while SINV-3 did not appearréepli-
cate in larvae (WLLES & al. 2014b).

SINV-3 has been confirmed as the etiological agent
causing significant mortality in fire ant laboragarolo-
nies (VALLES & al. 2014b). Fire ant colonies infected with
SINV-3 exhibit a characteristic etiology, includitite ces-
sation of feeding / retrieval of solid food, broaad work-
er mortality (with a corresponding increase in SH-
ter), decreased egg production / ovary wastingfizadly
colony collapse. We hypothesize that this etiolaggll
based on altered worker behavior which prevents fihem

MOTO 2009), and Solenopsis invicta densovirus (SIDNV) acquiring and / or distributing food to the lanaa® queen,
(VALLES & al. 2013b). These discoveries represent theresulting in malnourishment of colony memberaiMs

first described viruses known to infect insectthim family
Formicidae. SINV-1, -2, and -3 are positive-sesfggle-
stranded RNA viruses, each with a unique genonubi-ar
tecture. SINV-1 has been placed taxonomically the
order Picornavirales, family Dicistroviridae, germara-
virus. SINV-2 and SINV-3 are currently unclassifiedN&
& al. 2012). Unofficially, SIDNV (a DNA virus) belgs in
the family Parvoviridae, subfamily DensovirinaeA(NES
& al. 2013b).
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& al. 2014b).

In order to establish the host range of SINV-3s@8-
cies of ants in 14 genera and four subfamilies vesre
posed to this virus ((RTER & al. 2013b, PRTER & al.
2015). Despite extreme exposure to the virus, actepli-
cating infections occurred only in coloniesSmenopsis
invicta and theS. invicta x S. richteri hybrid. These re-
sults strongly support a conclusion that SINV-3 &a&n
safely used as either a biopesticide or a selasusg bio-



logical control agent in regions of the world whehés
virus does not occur. However, as a precautiorofoer
regional introductions, further host specificitgtiag may
be required with local native ants.

Bait formulations were prepared by homogenizing liv
and frozen infecte&olenopsisinvicta (all developmental
stages and castes) and mixing them with either 40§ar
solution, cricket paste, or soybean oil adsorbetkfatted
corn grit. All formulations effectively transmittégiNV-3
infections toS. invicta colonies (\MALLES & al. 2013a).
Fire ant colonies exposed to a single 24 hour pinéss-
ment of SINV-3 became infected with the virus regar
less of the bait formulation. However, sugar andkat
bait-treated colonies became infected more rapitiyn
oil-treated colonies. Sugar and cricket bait-trdatelo-
nies exhibited significant declines in their broadings
compared with the untreated control and oil batted
colonies. Significant declines in the quantity ig€lwork-
ers, live brood, total colony weight, proportionlafvae
and queen weight were reported in SINV-3-treatdd-co
nies. Thus, SINV-3 is amenable to bait formulatiothe
preferred method of toxin dissemination for anttcoin
In addition, transmission of SINV-3 to field colesi of

exterminated (O& WiLLIAMS 2002, FuxA & al. 2005b).
Moreover, with the current biocontrol agents it s
emphasized that a realistic goal is to weakengatsbf
eliminate, the majority of fire ant coloniesu¥a & al.

2005b). It remains to be seen if the continuedasdeand
establishment of a suite of biological control agecan
result in the sustained suppression of fire anth $hat
their populations are not perceived to be an ingmbpest
(i.e., complete control).

One measure of weakened fire ant populations iscred
ing the rate of recolonization within the contexktinte-
grated pest management. When an area is cleaff@e of
ants using insecticides, it is normally re-infeswathin
months by the immigration of colonies from the surrd-
ing area as well as from colonies founded afterimgat
flights (CoLLINS & al. 1992). Establishment of biological
control agents in untreated, or unmanaged, lanésdags
been used to slow the reinfestation of landscaleesed of
fire ants. Reinfestation was delayed by over a ydwmre
Kneallhazia solenopsae and Pseudacteon tricuspis were
released and established @al. 2008). This concept was
extended to large scale "area-wide" demonstratii@s s
(120 ha in five states) and resulted in greaterdint sup-

S. invicta in Florida has been reported, using infected antpression where biocontrols and fire ant baits veene-

homogenate in 5% sucrose solutiomi(M=s & O1 2014).

While methods for large area inoculations needetalé-

veloped, local inoculative releases have been safidéy

accomplished with the sucrose solution formulatio@al-

ifornia (S.M. Valles & D.H. Oi, unpubl.). Currentuslies

are underway to evaluate the impact of the virusragm
field colonies.

bined relative to bait applications aloneeQRIRA 2003,
VANDER MEER & al. 2007).

The introduction and establishment of differentetyp
and species of fire ant specific parasites andbpatis pro-
vides opportunities for interactions among thesednitrol
agents. The effects of these interactions can peedrct-
able, perhaps resulting in displacement (€ggydacteon

Development and use of RNA viruses as insect cbntrotricuspis by P. curvatus) or potentially be an enhancement

agents has been proposedd$Ti & al. 1981, GIRISTIAN

(P. obtusus and P. curvatus) (LEBRUN & al. 2009, PR-

& ScoTT11998) and demonstrated under controlled condi-TER & CALCATERRA 2013). Four species of tirseudac-

tions for a limited number of insect pestsyB & ScoTTI
1984, MANOUSIS & MOORE 1987). A major limitation of
the use of RNA viruses in insect control is largaks pro-
duction of virus. Virus production can be accontpid if
a host cell line is available. However, insect hosi
lines supporting viral production are available émly a
handful of viruses. Indeed, the absence of a firtecall
line has hampered development of SINV-3 as a biopes
cide or to improve the production of virus partsfer in-
oculative releases. Attempts to utilize a baculsAdriven
expression system to produce SINV-3 infectiousigag
in quantity have been conducted (H.R. Allen & S\kl-
les, unpubl.). A full-length copy of the SINV-3 gene was
assembled successfully and a heterologous baciNid-SI
vector was produced. The insect cell line Spodapfier
giperda 21 $21) supported production of baculovirus ex-
pressing full-length SINV-3 transcripts. Howevehile
successful transcription of the SINV-3 genome ol
evidence that translation was occurring could reopin-
duced. Thus, production of SINV-3 remains the majus-
tacle for use of this virus as a biopesticide.

Fire ant biological control and |PM

The classical biological control of fire ants offea self-
sustaining, long-term, non-pesticide alternativeatde of
negatively impacting fire ants across their entiteoduced
range. Fire ant populations in the presence obpiohl

control can be smaller based on estimated numbantsf
per nest, even though entire colonies within nagtsnot

teon flies can acquir&neallhazia solenopsae by parasit-
izing infectedSolenopsis invicta. Infection byK. solen-
opsae is apparently not detrimental Rseudacteon devel-
opment and infected flies have been field colleatétk-
ly in Louisiana and Florida (& al. 2009, \ALLES & al.
2009, MEszAROS& al. 2014). It has been speculated that
the flies may vectoK. solenopsae, but transmission has
not occurred in preliminary studies (D.H. Oi, SHarter
& S.M. Valles, unpubl.). Conversely, SINV-1 was aat
quired nor appeared to be mechanically vectorefdsbyd-
acteon flies (VALLES & PORTER 2007). All three types of
fire ant biocontrols (virus, mircrosporidum, phajcan
co-occur within the same field colony and theirgamece
does not seem to preclude or predispose infectiopa-
rasitism (MALLES & al. 2010b).

Fire ants dominate broad expanses of natural, @gric
tural, and urban habitats which makes it difficifitnot
impossible, to implement a single strategy foretife con-
trol. The classical biological control approachestab-
lishing natural enemies and relying on self-dissetion
and proliferation is likely the most sustainabletimoel of
suppressing widely distributed invasive species fike
ants (®MRTER & al. 1997b). Depending on the level of
tolerance to the presence of fire ants, an IPMagghr may
be required, where biological controls are integplatith
insecticide and / or alternative control measu¥éish the
spread of fire ants to other countries throughbetvtorld,
there are further opportunities to utilize claskhialogi-
cal control. IndeedKneallhazia solenopsae and SINV-3
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were not detected in surveys Sflenopsisinvicta in Aus-
tralia, New Zealand, China, and TaiwamQ6 & al. 2010),
and a project to release the two pathogensRsaddac-
teon flies in Taiwan is in progress. Similarlyseudacteon
flies, K. solenopsae, and SINV-3 have been successfully
released in 2014 in the Coachella Valley of Califar
Prior to the releases, there were no flies, anduipy of
pathogens its. invicta populations that were sustained by
irrigation. It was encouraging to recover flies dine patho-
gens, which apparently have survived the extremarsr
temperatures and established in this urbanizeéyideab-
itat (D.H. Oi, S.D. Porter & S.M. Valles, unpubl.).
Classical biological control implemented in the USA
for fire ants is the product of decades of past@rgbing
research. New knowledge and technologies have dhd w
continue to improve the implementation of biologican-
trol for invasive ants. The source population ofAUBe
ants has been redefinedA(®ERA & al. 2008) and the
worldwide invasion history of fire ants determingks-

CUNCE & al. 2011). These findings have guided current

explorations for additional biological control a¢eito the
source populations of the introduced USA fire alrtga-

sion history for more recent fire ant incursioms, dxample
Taiwan, also supports the utilization of the firg aatural
enemies established in the USA as a source of biodo
agents.

This review attempts to capture pertinent aspefts o

the research conducted to implement classical dicéd
control of Solenopsis invicta in the USA. Fire ant bio-
logical control is an ongoing process, with docutedn
successes in establishing natural enemies and dénaibn
ing population reductions of fire ants. Fire anéwvé in-
vaded two additional continents in the new millenrind
with fire ant incursions reported in EuropeE@NANDEZ-
MELENDEZ & al. 2007), further geographic range expan-
sion of this pest seems inevitable. Invaded looatiwith-
out the considerable resources needed for eraaticatuld
conceivably afford and benefit from the classidaldgical
control approach. Likewise, eradication programsnaksd
unsuccessful or unsustainable, could transitiocldesi-
cal biological control. The fire ant biocontrol tine USA
has served as an impetus to initiate the searchbidwg-
ical control agents for other invasive ant spechsta-
genomic surveys for pathogenic biocontrols havatified
viruses infecting the tawny crazy ahlylanderia fulva
(MAYR, 1862), another invasive ant currently plaguirg th
southern USA (¥LLES & al. 2012). Coupling new tech-
nologies with the logistical knowledge gained frestab-
lishing biological control agents of fire ants vallow for
faster progress in the utilization of biologicahtw| for
other invasive ants.
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that may be suitable.
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