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Abstract

Invasive species can lead to major economic andogcal issues. For this reason,
biological controls are being developed in ordehétp with invasive species population
management. Pathogenic bacteria and viruses affed biological control opportunities
as both micro-organisms have played a role in mhtpopulation declines. However,
beneficial bacteria and viruses associated withalgeted invasive species may interfere
with biological controls, by protecting their hostsm infections. Previous knowledge on
both pathogenic and beneficial bacteria and virggesent in invasive species may then

support the development of an active and effidolbgical control.

The Argentine ant,.inepithema humile, is a South American invasive ant species that has
successfully spread over five continents. The aet® introduced to New Zealand after a
complex invasion path, from Argentina their homegeto Europe, then to Australia and
finally to New Zealand. In their new environmeritsjasive Argentine ants affect species
diversity and can cause agricultural losses. Inatbeence of any biological controls, the
Argentine ant population is controlled by chemispitays and poison baits. Management
of these invasive ants in New Zealand is estimé&tedost NZ$ 60 million a year. The
Argentine ant population in New Zealand was regbttehave unexpectedly declined. It

was hypothesised that pathogens were the caukés gidpulation collapse.

In this study, bacteria and viruses present inrtiasive ants were investigated using 454
sequencing and lllumina sequencing for future dgwalents of possible biological

controls for the Argentine ants, and a better ustdading of the observed population
decline in New Zealand. Bacterial diversity pres@enfrgentine ants either declined or

diminished along the invasion pathway. At the sadime, the invasive ants maintained a
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core of nine bacteria genera, includibgctobacillus and Gluconobacter, two bacterial
genera with members known for their beneficial asgmns with honey bees. The
presence of these core bacteria may have pargcipatthe success of Argentine ants in
their new environments. In the laboratory, the afsempicillin and gentamicin antibiotics
on the ants increased bacterial diversity presenthé ants. Furthermore, ampicillin,
kanamycin and spectinomycin antibiotic treatmemtsdased ant survival but did not affect
the ant fitness or intra-species aggressivenedg.gpactinomycin treated ants presented a
higher level of inter-species aggressiveness. Batthiversity may play an important role

in the ant health and at length population dynamics

Finally, Argentine ants are the hosts of two vigisihe Deformed wing virus (DWYV)
involved in colony collapse disorder in honey beasd Linepithema humile virus 1
(LHUV-1), a new virus related to DWV. Both virusastively replicate within the ants,
indicating a possible reservoir role of the antewidver, the effects of the viruses on the
ants are not yet known. Further viral infectiontime laboratory under different stress
conditions and / or antibiotic treatment will gie@ insight in the role played by these
viruses in the observed population collapse of Atige ants in New Zealand. LHUV-1
may offer a possibility in the development of thretfbiological control for Argentine ants,

depending on its specificity and its effects.

This dissertation provides a first insight in therec bacteria as well as potential harmful
viruses present in Argentine ants. These bacteidavactuses may play a role in the ant
population dynamics. Invasive species may co-intcecharmful pathogens with them, and
participate to the spread of local ones. The pahsgnay affect both invasive ants and

native species population dynamics.
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Invasive species definition

Invasive species are a global issue. Invasive epee non-native species, “alien species
whose introduction does or is likely to cause eooicoor environmental harm or harm to
human health” (ISAC, 2006; Simberloff et al., 2018)wide range of species from all
kingdoms are already classified as invasive speeigse, plants, fishes, mammals and
insects among others. These invasive speciesimijdieir effects on extremely diverse
environments, from seas, lakes, forests and mas\(&eipel et al., 2012; Edelist et al.,
2013; Cassone et al., 2014; Lee et al., 2014; $tacket al., 2014; Harper and Bunbury,
2015).

Human activity is a major cause of species moveniidotme, 2015; Mihalca, 2015).
Species are involuntary and repetitively transgbitéo new environments via human
trade, such as shipping or freight industries. $artd airports are hot spots for invasive
species entrances. Only the introduced speciess#tde successfully into their new
environments at the detriment of native speciesamnsidered invasive species (Lockwood
et al., 2005). Multiple biotic and abiotic factoedfect invasive species during their
settlement process: (i) propagule pressure, medheangumber of introduced individuals
(Lockwood et al., 2005), (ii) climate (Gunawardagtaal., 2013), and (iii) species traits,
including reproduction characteristics (Rathé et2015). For example, invasive insects
such as the Asian tiger mosquife¢les albopictus) were transported across continents into
Europe both as mated insect females, ready telilefeggs, and as eggs laid on imported
goods (Medlock et al., 2012). Under these condsti@nhigh number of viable individuals
are insured to be successfully introduced into r@wironments, and subsequently

facilitated the invasive species settlement.

Negative impacts of invasive species in their newm@ronments

Once introduced into new environments, invasivecigsecan displace native species and
decrease species diversity via multiple mechanismasive species can dominate native
species via direct predation. For example, the wopsion of native tree wet&lémideina

thoracica) by the invasive rafRattusrattus) population in New Zealand lead to the decline
in the weta population (Ruscoe et al., 2013). liveaspecies can also compete with native

species by monopolising and denying access to fesources (Vonshak et al., 2011). If
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the food source comes from flowers, invasive sgeatiay disrupt food collection by native
species foragers and indirectly reduce pollinatidriength, plant reproduction success can
decrease. In Hawaii, invasive western wasyssgula pensylvanica) preyed on other
pollinators and dominated pollen sources on natrees Metrosideros polymorpha)
(Hanna et al., 2014). As a consequence, nativénptdlr species populations, including
native beesHylaeus spp.), were displaced and plant seedling successated (Hanna et
al., 2014).

Invasive species can also facilitate the spreactiodr invasive species, further affecting
native species diversity (Wood et al., 2015). ImNE=aland, the red deeZérvus el aphus)
and the brushtail possurr{chosurus vulpecula) are invasive species. The two mammal
species promote the dispersion of multiple invagaéhogenic fungi (from the genera
Rhizopogon andSuillus) via their faeces. The fungi in turn inhibit theogth of infected
native beech tree seedsophozonia menziesii) but not of invasive pines{nus contorta
andPseudotsuga menziesii) (Wood et al., 2015). Another example is the yeltrazy ant
(Anoplolepis gracilipes) invasion in Christmas Islands. The yellow craayjsahave
decimated the red craBécarcoidea natalis) population, which are a keystone predator on
the island. In addition, the invasive ants coopetatith diverse invasive scale insects for
their honeydew. The combined effects of the disapp®ce of a key predator and the
mutualistic association of two invasive speciesl laglength to the death of canopy trees
(O’Dowd et al., 2003).

A lesser known mechanism are disease-mediatediamgsvhen invasive species co-
introduce harmful micro-organisms with them (DunmdaHatcher, 2015; Vilcinskas,

2015). While infections caused by co-introducedrptizrganisms may have little to no
impact on the host invasive species, they may ta fa the naive native species. Co-
introduced micro-organisms may subsequently indtlee decline of these naive
populations (Arbetman et al., 2013). In Europe,itivasive ladybird flarmonia axyridis)

is the host to multiple parasitic microsporidian®&oof these parasitic microsporidia kill
native ladybirdsCoccinella septempunctata) but not invasive ladybirds, whilst facilitating

at length the invasion by the invader (Vilcinskasle 2013). In the case of the invasive
glassy-winged sharpshooteéddmal odisca vitripennis), the plant pathogen carried by the
insect Kylella fastidiosa) causes damages to crops and native plants (Ba#ié 2012).
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In addition to modifying novel environment speailgersity, invasive species can directly
impact on countries’ economy by affecting humanltheand agriculture. Some invasive
species such as the red imported fire aStdeiopsis invicta) can attack humans with
painful bites and stings, causing allergic reacioeeding medical care (Potiwat and
Sitcharungsi, 2015). Interactions with some invasbBpecies can even lead to life
threatening allergic reactions as it is the casénfaasive wasps species from tespidae
family (Beggs et al., 2011). Furthermore, invassecies can also transmit local or
introduced pathogens to humans (Medlock et al.228ontarsi et al., 2015; Ngoagouni
et al., 2015). Invasive mosquitos (includiAgdes albopictus) in Europe increased the
number of vectors transmitting local pathogens saglthe dengue fever as well as the
introduced chikungunya fever (Medlock et al., 2012)ddition, invasive species can also
cause major crop losses by feeding on crops (Walsih, 2011) and / or spreading plant
pathogens (Shi et al., 2014). The invasive whitéBsmisia tabaci) can infect plants with
the tomato leaf curl virus (Shi et al., 2014). Tires lowers the plant defence and promotes

the plant as a food source for other whiteflies.

Multiple management programs have been developkahitathe negative impacts caused
by invasive species on their novel environment gsediversity, on human health, and
agriculture. Damage caused by invasive speciestendost of management programs are
estimated to reach up to billions of dollars to gawnents (Pimentel et al., 2005; Duffy et
al., 2013; Lee et al., 2015). Over 50,000 specidbe United States are invasive and the
cost of their damage and losses has been estirntmtezhch US$ 120 billion per year
(Pimentel et al., 2005).

Invasive species success and the enemy release liypsis

Invasive species success in their novel environsnenthought to be in part due to the
enemy release hypothesis (Jeschke, 2014; Pribr 2045). The enemy release hypothesis
proposes that invasive species escape from theiral@nemies, predators and pathogens,
and that this escape promotes invasion successe¥owfew studies associate the enemy
release to invasive species success hy relatintpsiseof enemies to population increase
(Roy et al., 2011). Red imported fire arfisleénopsisinvicta) host fewer pathogens in their

invasive range in the United States than in theiné range in Argentina (Yang et al.,
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2010). Other factors were hypothesised by the asttm have also contributed to the

success of these invasive ants.

During invasion process, invasive species can hasenly predators but also favourable
associations such as beneficial facultative mieganisms. The loss of microbiota
especially the midgut microbiota can lower host mmity (Jupatanakul et al., 2014). Asian
tiger mosquitoes present a lower bacterial micrabiio their invasive range in France than
in their home range in Vietham (Minard et al., 20I3nly a fraction of the microbiota was
common to both countries. This microbiota differentay affect at length the transmission

of viruses from mosquitos to human.

Some specific bacteria, such as the facultativeogymdbiont generaWolbachia,
Soiroplasma and Hamitonella, are known for their beneficial proprieties toith@sect
hosts (Chrostek et al., 2013; Hamilton and Perln28i3; Su et al., 2013; Asplen et al.,
2014; Maistrenko et al., 2015). Drosophila flies andBemisia tabaci whiteflies, the
bacteria offer protection against multiple virahckerial and fungal infections, as well as
against nematodes and parasitoids. In additiory, ¢he increase their host life. Another
example of a bacteria genus that has frequentlyn dbeught to be beneficial is
Lactobacillus. Lactobacillus genus includes symbiont species present in thefgubney
bees QApis mellifera), introduced worldwide for honey production andgmpollination
(vanEngelsdorp and Meixner, 2010). This symbiomicss are active agents of their bee
host immune defence against pathogenic infectividsquez et al., 2012; Yoshiyama et
al., 2013). The loss of these beneficial associatag reduce invasive species immune

systems and leave them more susceptible to pattwigéections.

While the enemy release hypothesis states thasivevapecies will present fewer natural
enemies in their novel environments (Arundell ef 2014; Prior et al., 2015), invasive
species can still co-introduce micro-organisms \ilighm (Arbetman et al., 2013; Hedtke
et al., 2015; Lester et al.,, 2015b). The co-intratl micro-organisms can be either
beneficial or harmful for the hosts. The co-introtion of harmful micro-organisms can be
at the detriment of the invasive species. The mgubrted fire ants present less pathogens
in its invaded range than in its home range asipusly discussed. However, the invasive
red imported fire ants co-introduced from their omange harmful viruses such as
Solenopsisinvicta viruses-1 and -2 (Yang et al., 2010). Infection by thesases seem not

to have slowed down the red imported fire ant raegpansion in the United States.
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Infections by these two viruses are in fact commaslymptomatic for the ants. Virulence
seems to be triggered by various stress factorscandlead to the death of entire ant
colonies. Micro-organisms co-introduced by invasbmecies may influence invasive

species population dynamic and their spread.

Infections spillover and spillback between invasiveand native
species

Pathogens, co-introduced by invasive species aralit occurring, can be transmitted by
spillover and spillback between species. A spilfowerresponds to the transmission of
infections from one species to another speciedg@lal., 2006). In the case of invasive
and native species, infections can occur eithen frivasive to native species or from native
to invasive species. Mee native species may be more susceptible to tfextefof
pathogens co-introduced with invasive species thaninvasive original hosts. Infected
native species may die in high numbers, faciliaiblength the spread of invasive species
(Strauss et al., 2012; Lymbery et al., 2014; Dund Hatcher, 2015). For example, the
squirrel virus pox$quirrel parapoxvirus) was co-introduced by the grey squirr&di(irus
carolinensis) into the United Kingdom (Strauss et al., 2012hiM/the invasive host was
shown not to be affected by the virus, the infatti® fatal for the native squirrel$s.(
vulgaris), and therefore lead to a dramatic decrease ofn#itve squirrel population
(Strauss et al.,, 2012). Honey beéyi§ spp.) and bumble bee8dmbus spp.) are
introduced and reared for honey and field pollmatiPathogens co-introduced with these
insects can infect native species. Spillovers eint@duced pathogens have caused the
decline of native bee and bumble bee populationse(M et al., 2011; Arbetman et al.,
2013; Schmid-Hempel et al., 2014; Gamboa et alL52dn parallel, invasive species can
also suffer negative effects from locally acquiggthogen infections. In their invasive
range in North America, the invasive soybean ap{fighis glycines) has a lower fecundity

when feeding on plants infected by 8ean pod mottle virus (Cassone et al., 2014).

A spillback corresponds to the infection by spilofrom a first species to a second species
followed by the infection back from the second sgedo the first species (Kelly et al.,
2009). In the case of invasive species, invasiegeisg can become infected by local micro-

organisms by spillover and become pathogen ressry@athogens and parasites may not
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always affect invasive species. In this case, ineaspecies become asymptomatic
reservoirs facilitating the spread of pathogensrifialrto native populations by spillback
(Kelly et al., 2009). Furthermore, increased vingle of some pathogens may be selected
by the passage in their novel invasive speciegsnmddiates (Ryabov et al., 2014). For
example, most strains of thgeformed wing virus are generally asymptomatic in bees.
However, more virulent strains of the virus arerfduin bees when the virus is transmitted
through the mit&arroa destructor (Ryabov et al., 2014). Knowledge regarding theraiic
organisms carried by invasive species can infornpathogens that can affect both the

invasive and the native species populations.

Invasive population decline associated with pathogeéc

infections and low genetic diversity

Even successful invasive species populations miéggrsiramatic declines (Simberloff and
Gibbons, 2004). Invasive ant populations are stltgecnportant population fluctuations.
Yellow crazy ants are a successful invasive spetiashave caused major damage on
species diversity in their invasive rage (Hill & 2003; O’Dowd et al., 2003). Recently
there has been reports of declining populationBoikelau (Gruber et al., 2012), Australia
(Cooling and Hoffmann, 2015) and the Seychellesrétaand Haines, 1978).

Multiple factors affect invasive population dynasend cause population decline, such as
extreme weather conditions. The invasive AfricangfrXenopus laevis) population
dramatically declined in the United Kingdom aftentsuccessive extremely cold and dry
winters (Tinsley et al., 2015). Increased rain fatbhmoted the infection of the invasive
grass Bromustectorum) in North America by the native fungal pathog¥st{lago bullata)
(Prevéy and Seastedt, 2015). In turn, the fungdiddehe death of the infected invasive
grass. Indeed, pathogen infections may cause tlineeof invasive populations
(Simberloff and Gibbons, 2004). While invasive speccan be released from natural
enemies, they may still be infected by pathogenth@ir new environments. Pathogen
infection was hypothesised as the cause of thetegppopulation decline of yellow crazy

ants in Australia (Cooling and Hoffmann, 2015).

Pathogenic infections in invasive species may b#itisted by the low genetic diversity of

invasive species due to the founder effect. Thedeu effect corresponds to the loss of
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genetic diversity caused by the limited numbemalfividuals at the origin of the invasive
populations. Many invasive species have been shovanesent a lower genetic diversity
in their invasive range than in their home ranganilinvasive species are introduced in
low numbers during few events in their novel enwim@nts at the origin of a founder effect.
This situation leads to potential genetic bottldsecesulting in a dramatic loss of genetic
diversity (Auger-Rozenberg et al., 2012). A smalimber of paper waspPdlistes
chinensis antennalis) were successfully introduced in New Zealand fdapan during two
distinct events (Tsuchida et al., 2014). The fouradfect and genetic bottleneck lead to a
lower genetic diversity in the wasps in their iglwoed range than in their home range.
Genetic loss in invasive species may be prevenyedhiitiple introductions of a high
number of individuals. For example, the Japanese fosa rugosa) was introduced in
high number and multiple times in Europe promotimginvasion of the plant without any

genetic diversity loss.

A lower genetic diversity can affect invasive spsdmmunity and resistance to infections
(King and Lively, 2012). By presenting a lower hetsygoty of immune genes, invasive
species may be more vulnerable to harmful infestibm Europe, the invasive garden ant
(Lasius neglectus) presents a higher infection rate by the invageaghogenic fungus

Laboulbenia formicarum in super colonies than in discrete colonies (Tsagti al., 2015).

Other invasive ant species may form these supenis structures that may affect the
spread of viruses in the population. Super colosiesarge colonies composed of multiples
nests interconnected, exchanging queens, workersdand food while discrete colonies
correspond to small nests with fewer queens andkever(Suhr et al., 2011). Genetic
diversity among workers is lower in super coloniean among workers from discrete
colonies. The higher pathogenic fungal infectioiesafound in the invasive garden from

super colonies ants indicates the importance oétyediversity in infection rates.

Bio-control definition, applications and limitations

Management programs of invasive species can cbisinki of dollars. They principally
involve the use of poisons, chemicals and toxinar@\et al., 2010; Shackleton et al.,
2014). Chemicals like fipronil are successfullydise control invasive species, such as the
invasive western yellowjacket wasyespula pensylvanica) in Hawaii with limited impact

on other arthropods (Hanna et al., 2012). Knowleafghe biology of the invasive species
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target for management control can improve the sscoé the programs. For example,
knowledge on the location of the nests, the nunobeueens and the variation in brood
production throughout the year in the yellow cramys (Hoffmann, 2014; Hoffmann et al.,
2014) can improve the selection of the treatmecdtion and season for the management
of these invasive species. The use of poisons, ichésrand toxins are potentially harmful
for native and reared species (Barbieri et al. 32@i Prisco et al., 2013; Lu et al., 2014;
Wagner and Nelson, 2014). Control of feral catpdigon baits in Australia was estimated
to potentially affect over 12% of native speciestttould consume the baits (Buckmaster
et al., 2014). Fungicide use around beehives indigtate of poor nutrition in the bees and

a higher level of virus infections (Degrandi-Hoffmet al., 2015).

Biological controls, or bio-controls, are developedrdered to reduce the negative side
effects of pesticides and insecticides on natieeigs, and species of economic value such
as honey bees. Bio-controls are to natural enewofidhe invasive species of interest:
parasitoids, viruses, bacteria, fungi, parasites/en natural predators. Possible bio-control
agents for the invasive red imported fire ant cdirom the ant home range and involved
multiple pathogenic fungi, parasitoids and nemasd@eiano et al., 2012). Harmful viruses
were also discovered in the invasive ants noveirenment (Valles et al., 2004; Tufts et
al., 2010). Similarly, pathogenic micro-organisnte @nvestigated to control invasive

plants such aBhragmites australis (Kowalski et al., 2015).

The specificity, optimal infection concentratiorr fo pathogen, or density of release of a
predator, and the holistic effect of the biologicahtrol on the invasive species must be
tested prior to their applications as bio-contg#iats (Porter et al., 2013; Valles and Porter,
2015). Bio-control agents have the potential tmbee pests or invasive species themselves
if not carefully studied (Yamanaka et al., 2015)r Example, the ladybirdH@rmonia
axyridis) was introduced in Europe as a bio-control foridgdopulations, and have now
become an invasive species (Vilcinskas et al., R0d&ddition, the invasive ladybirds co-
introduced an obligate microsporidia (relatetNosema thompsoni). While not harmful to
their invasive hosts, the microsporidia are deattly native ladybirds Goccinella

septempunctata) (Vilcinskas et al., 2013).

Furthermore, the control or complete eradicatioors invasive species will not necessary
promote the return of native species. The intesactietween invasive species and their

novel environment is complex. Invasive species taduce some hative species
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populations and facilitate others like the invastaee toadsRhinella marina) in Australia

(Jolly et al., 2015). Some invasive species intenath other invasive species, promoting
each other spread, such as red imported fire adtev@alybugs (Helms and Vinson, 2002).
Finally, invasive species can compete among themselimiting each other populations.
For example, in New Zealand, the control of posslgad to an increase of rats while the
control of rats led to an increase of mice (Rustad., 2011). Only controlling one invasive
species released the other species from food cdinpetinvasive species control and

native environment recovery may therefore need ¢exnprograms.

Next-generation sequencing to discover infecting logeria and

viruses

The use of next generation sequencing may offiesteglobal insight in describing bacteria
and viruses present in the invasive species. ¥ird84 and Illumina sequencing are high
throughput sequencing techniques that allow theuk@meous sequencing of genetic
material fragments (Mardis, 2008a, 2008b). Bothmégues can sequence separately either
DNA or RNA, and allow the creation of libraries regping “reads”, meaning the
amplified sequences. The two techniques diffehalength and the number of reads. On
one hand, 454 sequencing create libraries of ~D00r@ads, each read is ~200-600
nucleotide long. On the other hand, lllumina segirencreate larger libraries containing
over a million short reads each, ~100 nucleotitg l&cach sequencing may offer different

benefits in the discovery of bacteria and viruses@nt in invasive species.

Both 454 sequencing and lllumina sequencing haea lised in order to investigate and
characterise bacteria and viruses present in int@d and invasive species (Ishak et al.,
2011b; Johansson et al., 2013; Billiet et al., 20F#st, 454 sequencing can be used to
specifically analyse bacterial diversity. BecauSé dequencing allows the sequencing of
long reads, this technique can be associated wéthuse of universal primers such as the
primers amplifying the 16S bacterial gene. The péiiers amplify DNA during PCRs.
The PCR products are then cleaned and sequencepdi®! sequencing. It is important to
note that when using 16S universal primers, thelymblength is in average of 500 bases.
This read length is enough to analyse reads tgehes level but not to the species level.

Confirmation of the bacterial species requires érrgads. Secondly, lllumina sequencing
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is especially used for new sequence discoverymitia sequencing allows the sequencing
of a high number of short reads. The short reads b associated in contigs, larger
sequences of overlapping reads. The contigs cant@nalysed, and may identify to the
species level depending on their length. The sexjugrtechnique choice between 454

sequencing and Illumina sequencing depends ortillg guestion.

The case of the invasive Argentine ant

The Argentine antl{nepithema humile) is native from South America and originally
occurred in Argentina, Brazil, Paraguay, and UrygWsetterer et al., 2009). The ants have
successfully spread worldwide in Mediterranean ékeironments (Wetterer et al., 2009)
(Figure 1.1).

Figure 1.1: Invasion pathway of Argentine antsArrows indicate ant population movements
from the ant home range in Argentina (HR) to invcadeuntries. Numbers in the circles representritiasion
type of the countries in question: 1 — primary siva for the United States and Europe, 2 — secgndar
invasion for Australia, and 3 — tertiary invasiar New Zealand. Arrows are of decreasing coloute T
decrease of colours indicates the decrease of igatieérsity of invasive Argentine ant populaticai®ng
their invasion pathway.

The spread of these invasive ants occurred duringpie introductory steps facilitated by

human activities (Suarez et al., 2001). Argentimepapulations have been introduced from
Argentina to the South-East of the United State$881 from where they later spread to
the rest of the country (Wetterer et al., 2009; &ag al., 2010), and different introductions
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from Argentina led to records of the ants in Eurapearly as 1858 (Wetterer et al., 2009).
The introduction from the home range to a firstaided country is considered a primary
invasion. The population in Europe was likely tloirse of the Australian population.

Since the Australian population did not originateni the ant home range but from a
primary invaded country, it is therefore considetedbe the result of a secondary
introduction in 1931 (Wetterer et al., 2009; Sukrag, 2011). Later, the established
population in the east coast of Australia was ohiiced in New Zealand, and was first
observed in 1990 (Corin et al., 2007a, 2007b).Née Zealand population was introduced
from a population present in a secondary invadeshitg, and consequently corresponds

to a tertiary introduction.

In their new environments, Argentine ants form éacglonies composed of multiple nests,
larger than in their home range, with low genefiesity between them (Suarez et al.,
1999). Nests contain multiple queens, and exchamgkers, brood and food (Heller et al.,
2008). High density in their introduced range akothe ants to promptly recruit from
nearby trails, compete and successfully dominatel icesources (Human and Gordon,
1996; Holway, 1999; Flanagan et al., 2013; Gordad ldeller, 2014). The invasive ants
interfere with the pollination of native plant (Hanet al., 2015), displace native species,
and eventually modify species communities (Humat &ordon, 1996; Sanders et al.,
2003). Argentine ants also tend to plant feedirsgdts, such as scale insects, mealybugs
and aphids for their honey dew production, whiam&glength indirectly inducing possible
crop loses (Lester et al., 2003).

In New Zealand, Argentine ants constitute of a vestablished single large colony, with
low genetic diversity (Corin et al., 2007a). Popigias have been present from the top
North of the North Island to Christchurch in theu8olsland (Ward et al., 2010). The
invasive ants were reported to displace native ispggopulations, such as arthropods
including ants (Holway, 1999), to interfere withtima plant pollination (Levan et al.,
2014), and to decrease at length biodiversity (Semelt al., 2003). Management programs
in New Zealand are estimated to cost up to NZ$ lliamia year (Ward et al., 2010).
Standard management programs involve the use ohichis and pesticides, either as
sprays or baits (Ward et al., 2010). To increasgeAtine ant specific control, a recent

study investigated the use of pheromones (Westerragal., 2015).
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A large scale Argentine ant population collapse weg®rted in New Zealand by Cooling
et al. (2012). Pathogens were hypothesised toéeribbable cause. The large spread of
pathogens in the Argentine ant population may Issipty due to potential lower immunity
of individuals. Invasive Argentine ants presenbw Ilgenetic diversity in New Zealand
(Corin et al., 2007a) resulting from the multiplecsessive bottlenecks the population
underwent during the invasion process (Suarez et 18199). Argentine ants may
consequently present a lower immune gene divensityew Zealand than in their home
range. Furthermore, while the multiple invasivetleoecks may have decreased the
number of harmful pathogens, the number of favderabndosymbionts associated with
the ants may also have decrease. Therefore thesaatiated defences against infections
may have also decreased. Finally, the Argentinecalany structure based on multiple
nests and the exchange of food and individuals faayitate the spread of infections

between nests.

No knowledge on favourable associations and patiiogafections that could affect
Argentine ant population is yet available as novimgs studies have yet reported the
presence of bacteria or viruses in Argentine akgsa consequence, no bio-control potions

for the Argentine ants have to date been developed.

Thesis chapters

Knowledge on bacteria and viruses present in Argerdants may offer a first step in the
development of a bio-control and a first insighttie ant population collapse in New
Zealand. This thesis aimed to: 1) characteriseebiattdiversity along the ant invasion
pathway; 2) test the effects of change of bactelilarsity on Argentine ant fithess and
aggressiveness; and 3) detect for the first timeseis present in Argentine ants. Below is
the list of the thesis chapters. For each chapteraims and the names of the people

involved are indicated.

» Chapter 2: Bacterial diversity decline in Argentineants
The aim of this chapter was to characterise théebat diversity decline of Argentine ant
along their invasion pathway using 454 sequenciing. loss of bacteria was investigated
using ant samples from the ant home range, Argenéind three invaded countries, the
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United States (primary invasion), Australia (seamydinvasion), and New Zealand
(tertiary invasion). Possible favourable endosymtiaconserved during the ant invasion
history are highlighted. This chapter and experitaletesign were developed with Philip

J. Lester and Monica A. M. Gruber.

* Chapter 3: Bacterial diversity decline in Argentine ants after antibiotic
treatments

The aim of this chapter was to characterise theghan bacterial diversity in Argentine
ants after antibiotic treatments using 454 sequenééchnology. Argentine ants were
treated with ampicillin and gentamicin before asalg the bacterial diversity present in
the ants. These preliminary results will be usetthénnext chapter investigating the effects
of the loss of bacterial diversity on Argentine &triess and aggressiveness. This chapter
and experimental design were developed with PHilipester, Monica A. M. Gruber, and

Rafael Barbieri.

» Chapter 4: Argentine ants inter-species aggressivess increase in the absence

of fitness changes after antibiotic treatments

The aim of this chapter was to test the effectshefdecrease of bacterial diversity on
Argentine ant fitness and aggressiveness. Argergitis were treated with ampicillin,
kanamycin and spectinomycin. Then the ant fithesistle modification of intra- and inter-
species aggressiveness level was observed. Thechaxperimental design and data

analyses were developed with Philip J. Lester aaicd&? Barbieri.

» Chapter 5: First virus detection in the Argentine at and infection range in
New Zealand
The aim of this chapter was to investigate thegres of viruses in Argentine ants using
lllumina sequencing and RT-PCR. This chapter wadised in association with The
Institute of Environmental Science and ResearciR(E®/ellington, New Zealand). This
chapter and experimental design were developedRiitlip J. Lester, Richard J. Hall, Jing
Wang, Nicole E. Moore from ESR, and Monica A. MuBer. Jing Wang was responsible
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for all the Illumina sequencing data analyses. Thiapter was published in September
2015 (Sébastien et al., 2015).
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Chapter 2. Bacterial diversity in Argentine ants

decline along the ant invasion pathway
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2.1. Abstract

Bacterial diversity may promote their host healthparticipating to their host defences
against pathogenic infections. For invasive spetiasterial diversity may decrease along
the invasion pathway. Founder effects and bottlehi@nay decrease the number of
favourable bacteria present in invasive speciesciwin turn may lower the invasive
species defence against pathogenic infections.oftsespopulation declines have been
associated with pathogenic infects, bacterial driyermay play a role in invasive
population dynamics. Originally from South AmericArgentine ants L(inepithema
humile) are an invasive species in New Zealand. The poijpunl in New Zealand was
accidentally introduced after a complex invasionthpay. Argentine ants were
accidentally introduced from Argentina to Europeert from Europe to Australia, and
finally from Australia to New Zealand. While themdation thrived enough to spread in
the country, the invasive ant population was regabrto have collapsed. Pathogenic
infections were suggested as the potential causea Airst step to understand this
population decline, bacterial diversity in Argemtimnts was investigated using 454
sequencing technology using samples from the ameh@nge (four sites in Argentina)
and three invaded countries (five sites in the éthBtates, one in Australia and five in New
Zealand). Bacterial diversity declined from the #&mme range to invaded countries
following the ant invasion pathway: bacterial dsigr was the highest in the ant home
range and in the United States (primary invasianyl the lowest in Australia (secondary
invasion) and in New Zealand (tertiary invasio)eTants lostWolbachia andRickettsia,
two bacterial genera including symbionts knownratect some of their hosts against viral
infections, promote their host growth and inducelsased toward females. However, the
ants conserved a core of nine bacterial generadimg Lactobacillus andGluconobacter,
two bacterial genera known include species involveldee health and protection against
some pathogenic infections. The low bacterial digrin New Zealand associated with
the reported low genetic diversity of the antshe tountry may have decrease the ant
resistance against pathogenic infections. Invaspexies may leave natural enemies in

their home range but may still be susceptible o imgections.
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2.2. Introduction

Beneficial and pathogenic bacteria

Population dynamics can be affected by bacteridrdity present in the host species.
Bacteria can promote their host fithess in muttialiselationships (Yoshiyama and

Kimura, 2009; Koehler and Kaltenpoth, 2013), ortla extreme opposite be fatal if
infections are pathogenic (Evans and Schwarz, 28firiinov and Kiseleva, 2015). The
presence of some bacteria and loss of others magitiher beneficial or detrimental to

infected populations. In the case of invasive smecbacterial diversity may decrease
during the invasion process (Roy et al., 2011). diberease of bacterial diversity may

affect the spread and population dynamics of thasive species.

Beneficial bacteria can be either obligate or ftide bacteria. Their presence is
favourable to the wellbeing of their hosts. Oblghtcteria associations are necessary for
the bacteria host survival, such as with the gatdréa symbionts of the southern green
stinkbugs Nezara viridula) in Japan (Tada et al., 2011). Beneficial bacteaia participate

to their host development, nutrition and defencairegj pathogenic infections. Carpenter
ants Camponotus fellah) carry the obligate endosymbiotic bacteriuBhochmannia.
Blochmannia improves the ant colony growth and the ant defesgainst pathogenic
infections (de Souza et al., 2009). The obligatdosgmbiontPortiera of whiteflies
(Bemisiatabaci) provides its hosts with carotenoids, which appeg@revent DNA damage

and provide genomic stability (Sloan and Moran,201

Facultative bacteria can also promote their hositheby participating in their defence
against pathogenic infections and by providingrthests with complementary nutriments.
Some bacteria such &srrkholderia sp. and the bacteria composing the bio-film on-leaf
cutting ants Atta sexdens rubropilosa and Acromyrmex subterraneus subterraneus)
produce antibiotic and antifungal compounds thatpsut their host immune defences
(Santos et al., 2004; Mattoso et al., 2012). SityilaSreptomyces bacteria produce
antibiotic compounds that provide some protectiontheir beewolf hostsPhilanthus
triangulum) against pathogenic infections during hibernat{goehler et al., 2013).
Lactobacillus and Bacillus bacterial genera are important genera that inchatserial

species associated with the health of their betsHapis spp.). The bacteria can inhibit
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infections via the productions of antibiotic compds (Forsgren et al., 2009; Yoshiyama
and Kimura, 2009; Vasquez et al., 2012).

Other facultative bacteria have multiple complefeets on their hostdNolbachia and
Rickettsia are two facultative endosymbionts that can prontbtsr host fitness and
survival. Wolbachia protects its fly hostsOrosophila spp.) against multiple RNA viral
infections and increases its host lifespan (Texeit al., 2008; Martinez et al., 2014).
Rickettsia for its part increases its whitefly hosBefnisia tabaci) fecundity, speeds its
hosts development, and protects its host againsé $iacterial infections (Asiimwe et al.,
2014; Hendry et al., 2014). However, both bactexdm also induce pathogenicity,
cytoplasmic incompatibility and can promote femaler male production (Hagimori et
al., 2006; Blagrove et al., 2012; Asiimwe et aQ12). The presence of beneficial bacteria
can consequently promote the population growthhefrthosts. In parallel, the loss of

beneficial bacteria may be detrimental enough doi@e a population decline.

In contrast to favourable bacterial species, pahumgbacteria may induce population
declines by killing their hosts. The pathogeniafya bacteria corresponds to the negative
effects of the bacteria on their hosts. For exantp&eAmerican foulbrood agent is a highly
infectious bacteriumRaenibacillus larvae) that infects and kills specifically bee larvae
(Apisspp.) (Genersch, 2010a). Infected bee coloniewea&ened and more susceptible to
predation (Genersch, 2010a). Multiple bacteriaalan damage and kill plants (Mansfield
etal., 2012). Among these pathogenic bact&najnia amylovora, Pseudomonas syringae
and Ralstonia solanacearum outbreaks can lead to a high number of plantshdeginic

bacteria may induce a negative pressure on thetlgrofwnfected population.

Diversity of bacteria associated with host health

Single bacteria species can have important diféstts on their hosts, either by promoting
their host fithess or by causing its host death.bAsteria can also interact with other
bacteria (Yoshiyama and Kimura, 2009), bacterieédiity and not only the presence of a
single species has been associated with the reradthvellbeing of their hosts (Koch and
Schmid-Hempel, 2011; Poulsen and Sapountzis, 20&2guez et al., 2012). In flies
(Drosophila spp.), gut bacteria are sufficient to prevent thethpgenic bacteria
Gluconobacter morbifer from multiplying in their hosts (Crotti et al., 20). Later, in aging

flies, the change of gut bacterial diversity letmlthe modification of the proprieties of the
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fly intestine and the modification of immune geméation, which eventually leads to the
death of the aging flies (Clark et al., 2015).

While the bacterial diversity present in an orgamigaries over time, some bacteria are
consistently present in these organisms. Thesetcorrespond to core bacteria and are
important for the host health (Anderson et al.,30Bumble beesBumbus spp.) are less
likely to be infected by gut parasit€rfthidia) when their core bacteri@illiamella are

abundant (Cariveau et al., 2014).

Bacteria transmission

Bacteria can be acquired following two differentnrexclusive paths: vertical and
horizontal transmissions. Vertical transmissiothestransmission of bacteria from parents
to offspring (Chen et al., 2006; Evans and Schwaé4,1). The bacteriunCardium is
maternally transmitted in parasitic wasgsdcarsia pergandiella) in which the bacterium
induces cytoplasmic incompatibility and a reductiorertility (Perlman et al., 2008). In
the pea aphidsAgyrthosiphon pisum), males and females can transmit beneficial
endosymbionts to their offspring that confer pratect against parasitoids, such as the
bacteriumHamiltonella defensa (Smith and Mueller, 2015).

Horizontal transmission is the transmission of eaat infection from one individual to
another individual, neither of the individuals bgiime parent or the offspring of the other
(Chen et al., 2006; Evans and Schwarz, 2011). fEmsinission can occur by direct contact
between individuals. For social insects, it mayuscduring the exchange of food by
trophallaxis between workers. Transmission betwiedividuals is also possible during
allo-grooming, when an individual cleans an infectadividual (Evans and Schwarz,
2011). Direct contact may also occur through piliedaand the ingestion of infected prey

transferring bacterial infection from one speceeanother.

Horizontal transmission may also occur indirectBtviieen individuals, with no direct
contact. In bumble bee8ymbus terrestris), young workers are in contact with adult
worker faeces just after eclosion. This contaatved the transmission of necessary gut
bacteria from adult workers to young callows (Kamfd Schmid-Hempel, 2011). Gut
bacteria in bumble bees protect their hosts agaifesttions by parasites such@sthidia

bombi (Koch and Schmid-Hempel, 2011). Another path & ¢bntamination of a food
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source such as pollen on a flower by infected iddi&ls. Later a different individual may
forage on the contaminated food source and maynbe aafected itself.

Some bacteria can be transmitted via multiple patldical and horizontal transmission,
direct and indirect contadtVolbachia for example can be transmitted from one individual
to another through both vertical and horizontahsraissions (Zug and Hammerstein,
2015). In the leaf-cutting antsA¢romyrmex octospinosus), the beneficial bacteria
Sreptomyces is transmitted horizontally directly from older wers to callows (Poulsen et
al., 2003). The transfer of the beneficial bactesiaew workers may also occur indirectly
via the ant fungus garden. Individuals may theeefwrbour a diversity of bacteria, some
of them inherited by their parents and some acqui@m their environment, by contact

with individuals from the same species or differenés.

Bacterial diversity decrease during the invasion process

In invasive species, genetic diversity is likelydecline with each consecutive invasion
event steps, because of successive bottleneck sev€onsequently, genetic diversity
should be lower in an invaded country after a sdaon/ tertiary invasion then after a
primary invasion. The invasive potato tuber mdféc{a solanivora) populations in South
America originated from one to few introductionsii{fRndre et al., 2008). In the case of
the population in the Canary Island, the moths Vieseintroduced from their hypothetical
home range Guatemala to Venezuela, and then froneAdela to the Canary Islands.
These invasion events caused genetic bottleneakisg to a reduced genetic diversity in
the moths. Moth genetic diversity decreases froeirthome range to the first invaded

country, Venezuela, and is the lowest in the sedovalded country, the Canary Islands.

Furthermore, genetic diversity of individuals is@asated with their health (Mattila et al.,
2012). A high genetic diversity is associated veithigh diversity of immune genes, and
consequently to a better immune defence (Schlia<aozier, 2009). In addition, genetic
diversity of individuals also influences bacterssaciated with them. In honey bedgpié
mellifera), genetically diverse colonies present more achigreficial bacteria and less
pathogenic bacteria than colonies with a lower gemversity (Mattila et al., 2012). The
loss of genetic diversity may affect both the imnahd associated immunity of invasive

species.
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In addition to genetic bottlenecks, the foundeeefimay also cause bottlenecks on of the
diversity of bacteria associated with invasive gge¢Minard et al., 2015). Similarly to the
genetic diversity decreasing with each invasive steeded to arrive into a new country,
bacterial diversity should decrease with each auit invasive step. As bacterial diversity
has been associated with their host health andsraieihg the development (Cariveau et
al., 2014; Coon et al., 2014), a decrease in battiversity in invasive species may affect

their health and consequently their population dyica as well.

Both detrimental and favourable associations cdongieluring the invasion process (Yang
et al., 2010; Roy et al., 2011; Rey et al., 20®&de et al., 2015). According to the enemy
release hypothesis, invasive species may losege laumber of their natural enemies,
including pathogens, during the invasion procesm(yet al., 2010; Roy et al., 2011). The
introduced individuals may not have carried theoaisged bacteria which may thus be
absent from the introduced population. It is alesgible that a few introduced individuals
were infected but these individuals did not surtheinvasion process. This loss of natural
enemies has been hypothesised to contribute tsiwevapecies success. Consequently, the
diversity of harmful pathogens should be lowehigit new environment than in their home
range. Invasive red imported fire antSolenopsis invicta) present less pathogenic
infections in their introduced range than in theome range (Yang et al.,, 2010).
Alternatively, the loss of favourable associatiomsy be detrimental to the spread of the

invasive species.

Invasive species may acquire new bacteria in tteirenvironments by horizontal transfer.
The alfalfa weevils Hlypera postica) lost their endosymbiontWolbachia during their
introduction in Japan (Iwase et al., 2015). Lates,invasive weevils were infected by the
local Wolbachia strain that differs from the weevil home rangeaisir Furthermore,
invasive species will accumulate new pathogensgstmmally to the time spent in their
new environment and to the diversity present in é#mvironment (Flory and Clay, 2013).
Invasive species may present different bacterisvdxn their home range and invaded

countries.

The case of the invasive Argentine ant
As described in Chapter 1 (section 1.8), the Argenaint Linepithema humile) is an

invasive species in New Zealand. The ants was dotred after multiple successive
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invasion steps from its home range Argentina to Mealand (see General Introduction,
section 1.8). Therefore, this invasive ant and#sociated pathogens and endosymbionts
underwent multiple bottlenecks through their in@ashistory. These invasion events may
have led to the decrease of a diversity of bactéagh pathogenic and favourable. The
decrease of bacterial diversity should reflectaheinvasion pathway, decreasing from the
home range to the first, secondary and finallyiagrtinvaded countries. The decrease in
bacterial diversity may affect the ants. By losfagourable bacteria associations, the ants
may have a lower defence against pathogenic iofiestiHowever, losing pathogenic
bacteria enemies may promote the spread of theaggmlation. It is also possible that the
ants acquired new bacterial infections by horizioingasfer in their new range. Argentine

ants may present some infections specific to eacddied country.

Chapter aims

Using 454 sequencing technology, the bacterialrdiyedecrease of Argentine ants was
characterised along their invasion path, from theime range Argentina to three invaded
countries namely the United States, Australia asd/Mealand. It was hypothesised that:
1) bacterial diversity present in Argentine antsigher in the ants home range than in
invaded countries; 2) bacterial diversity refletk® number of invasion steps, and
consequently decreases in order from Argentinthggrimary invaded The United States,
then the secondary invaded Australia and finaléytdrtiary invaded New Zealand; 3) the
bacterial diversity in Argentine ants is similarabghout New Zealand; and 4) a set of core

bacteria necessary to Argentine ants is presatsregardless of invasion history.

2.3. Materials and methods

Argentine ant workers were collected between 1988 2012 in their home range

Argentina (in four cities / area) and in three ided countries, the United States, Australia
and New Zealand (in respectively four, one and foées / area) (Figure 2.1; see

Appendix I). Ants were stored in 70-100% ethanckérC.
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Figure 2.1: Argentine ant sampling sitesArgentine ant samples from Argentina and from the

United States, but Davis site, were collected betw#999 and 2002. Samples from the United States si
Davis, Australia and New Zealand were collectedvben 2011 and 2012.

ARGENTINA
Missiones

Corrientes

Entre Rios
Buenos Aires

In order to separate samples in New Zealand betWiglrand low density sites, Argentine
ant densities were measured using honey baits. yHoaié measures were chose in order
to compare the results with a previous densityssssent of Argentine ant density in New
Zealand (Cooling et al., 2012). However, resultidated that the density measurements

were not reliable, and therefore were not furtlmrsidered (see Appendix Il).

2.3.1.Metagenomics sequencing

DNA extraction

To retrieve bacterial DNA from the samples, DNA veadgracted from a pool of 30 ants
from each sampling site (see Table 1.1). DNA wagaeted using a PureLink® Genomic
DNA Mini-Kit (Invitrogen) following the manufacturé protocol. The extractions were
further purified using the standard Phenol-Chlonafgrotocol. In detail, each sample was
placed in a 1.7 pL microcentrifuge tube. PhenoD(40) was added to each of the tubes
and centrifuged for 20 min at 8,000 rpm. The sugkemt were collected and transferred in
new 1.7 pL microcentrifuge tubes. Chloroform-Iso&(@y:1) (400 puL) was added to each
tube and the solutions were agitated manually waéll mixed. The tubes were then
centrifuged at 13,000 rpm for 5 min. Supernatarésevagain collected and transferred in
new 1.7 puL microcentrifuge tubes, and 900 pL of%h@3ihanol and 40 pL of 3 M sodium
acetate were added to each tube respectively.i@uuivere agitated manually until well
mixed and left overnight at -20°C. The followingydaolutions were centrifuged for 10 min
at 13,000 rpm. The ethanol solution was carefaken out without disturbing the DNA
pellet at the bottom of the tube. The DNA pelleswaashed using 900 uL of 70% ethanol

prior to further centrifugation for 10 min at 13@@m. Ethanol was carefully removed
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without disturbing the DNA pellet. The remainindnahol was evaporated by placing the
tubes containing the DNA pellets at 30°C for 30 niMNA pellets were re-suspended in
100 uL Tris Ethylenediaminetetraacetic acid (TB fAM Tris-HCI pH 8.0, 1 mM EDTA).

Samples were immediately used for PCRs and sto#cCaluring the preparation process.

PCR and library creation

To specifically amplify bacterial DNA, 16S univelsaprimers Gray28F
5 GAGTTTGATCNTGGCTCAG 3’ and Gray519r 5° GTNTTACNGGGCKGCTG 3
(Ishak et al., 2011a, 2011b; McFrederick et allZ2Xautz et al., 2013b) were used. The
primers amplify a 490 bp sequence of the hyperiéeiV1-V3 region of the bacterial 16S
ribosomal RNA gene. To pool the samples togethe4%d sequencing, we used Gray28F
primers tagged on their 5 end with a unique 6-eattle barcodes generated by
BARCLAW (Frank, 2009). Each barcode presentedatl8-nucleotide differences with
each of the other barcodes to diminish the proltluf later mis-assigning sequences to
their sample of origin (Bystrykh, 2012) (Table 2.1)

Table 2.1: Tagged forward Gray28F 16S universal baeria primer sequencesGray28F
primers were given 6-nucleotid long tags on théield. The 6-nucleotide long barcodes generated by
BARCLAW are in bold characters.

Primer name Primer sequence-5'3’

Gray28F-3 | TTCACA GAGTTTGATCNTGGCTCAG
Gray28F-17 | TGCTTAGAGTTTGATCNTGGCTCAG
Gray28F-20 | ATCCAA GAGTTTGATCNTGGCTCAG
Gray28F-24 | AACAGA GAGTTTGATCNTGGCTCAG
Gray28F-26 | ACAACA GAGTTTGATCNTGGCTCAG
Gray28F-30 | AGACTA GAGTTTGATCNTGGCTCAG
Gray28F-38 | CCGATAGAGTTTGATCNTGGCTCAG
Gray28F-45 | GGATAAGAGTTTGATCNTGGCTCAG

For each sample, PCR mix consisted of 15.0 pL masti solution containing

approximately 20 ng DNA suspension, 1X BIOTAQ Buffe.4 mg/ mL BSA, 0.2 mM

of each dNTP, 0.3 uM for each primer, 1.2 mM Mg@L02 U/uL Taq DNA polymerase
(Fisher Biotec) and 9.14 pL molecular grade gldH{Sigma Aldrich). The PCR thermal
cycling consisted of: an initial denaturation sté&®4°C for 3 min, followed by 30 cycles
of denaturation at 94°C for 40 sec, annealing &€56r 40 s and extension at 72°C for
30 s, and a final extension at 72°C for 5 min. Aifigations of the 16S gene were

confirmed using agarose gel (1.5%) electrophomasissubsequent staining with ethidium
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bromide. Successful amplification of the targetduat was confirmed by comparison of
the PCR bands with DNA ladder (Bioline HyperLadde®b). PCR products were
cleaned using Agencourt AMPure XP beads (Beckmaurit&€® following manufacturer’'s
protocol. Agencourt AMPure XP beads were addedQdR Broduct solutions (proportion
added: 1.8 x reaction volume) and mixed by pipgttifhe solutions were left 5 min at
room temperature. Then a magnet was attached &widbeof each tube and left for 2 min
until the solutions cleared. Clear solutions wezgieved and disregarded. Ethanol 70%
(200 pL) was added and tubes were left 30 secat temperature. Ethanol was retrieved
and disregarded. The magnet was removed and 45 piolecular grade water added.
Solutions were mixed by pipetting and magnets maoack on the side of each tube.
Solutions containing cleaned PCR products weréeketd and placed into new 2 uL PCR
tubes. The PCR product quality and quantity wesessed using a modified high range
curve of a Quant-iT™ PicoGreen ® dsDNA Kit (Invigen) to insure the cleaned PCR
product DNA quality and quantity met the 454 sequem requirements. Three libraries
for 454 sequencing were created. The librariesiged six samples from Chapter 3. Each
library consisted of a 100 pL solution containifi@%g cleaned tagged PCR products from
eight different samples preserved in TE Buffer. iebarcode was unique in a library to
facilitate sample assignment of the sequencesthrie libraries were sent to the Genomics
Facility at University of Auckland (New Zealand)rfd54 sequencing on GS Junior
(Roche).

2.3.2.Data Analysis
Sequence analysis was realised using QIIME 1.7dp¢€so et al., 2010b). Sequences

were assigned to their sample of origin based ein barcodes using map files. Sequences
were trimmed, and barcodes and primers removed@IiiE. Conserved sequences had
a length comprised between 200 bp and 1,000 bpnianoim average quality score of 25
and a maximum homopolymer of 6 repeats. Sequenees lustered into Operational
taxonomic units (OTUs) with 97% identity similaritysing Usearch v5.2.236 (Edgar,
2010). Sequences were denoised. Chimeras weregalidexl afterde novo chimera
detection (Edgar, 2010). Singletons, i.e. OTUs aimimg only one sequence, were
removed from analysis. The most abundant sequemcaniOTU was selected as a
representative of its cluster. Representative sempegewere aligned against the Greengenes
Core reference alignment (DeSantis et al., 2008)guByNAST (Caporaso et al., 2010a).
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Representative sequence taxonomy was determinexdl fwas the Greengenes reference
database v12.10 (McDonald et al., 2012) using R¥3<ier 2.2 (Wang et al., 2007).
OTUs were identify as far as the genus level whessible. Bar charts and pies representing
relative abundance of bacteria in each city / negind country were generated using R v.
i386 3.1.3. Samples were rarefied to 1,900 redmws|awest number of reads found in a
sample to allow comparison between countries, an2l@00 reads to allow comparison
between cities within New Zealand. Rarefaction esrand alpha diversity were generated
with the QIIME pipeline, and beta-diversity caldad using UniFrac (Lozupone and
Knight, 2005). Alpha diversity corresponds to tlreedsity of OTUs within samples, and
beta diversity to the diversity of OTUs between phas. Australia was removed from later
analysis as only one sample was available fordbantry. Differences between samples
was tested based on the distances between sanypiles bon-parametric method Adonis
in QIIME 1.7.0. G-tests were realized in QIIME D 7o analyse the difference in relative
abundance of bacteria between countries. Venn ahagjito compare bacterial diversity
between samples were generated using the packagdisgram in R v. i386 3.1.3. A test

was consider significant when p<0.05.

2.4. Results

2.4.1.454 read quality

To characterise and compare bacterial diversitgearein Argentine ants between the ant
home range and three invaded countries, 16S balcBA amplified from Argentine ant
samples from four different countries were sequénseng 454 sequencing technology. A
total of 273,798 sequence reads was obtained fierthtee resulting libraries. The libraries
contained respectively 138,672, 62,897 and 72,238 and included reads from 6 extra
samples from a different analyse (see Chapter 8ta of 565 reads were excluded based
on their length, either below 200 or above 1,000lentides. A further 261 reads were
excluded for their number of ambiguous bases excgédnucleotides, 10,118 reads for a
mean quality score below 25, and 5,316 reads sgmting a homopolymer run exceeding
6. After these quality controls, a total of 89,0@&ds were assigned to the 18 samples. Ten
samples corresponded to ten unique cities / ama &rgentina, the United States and
Australia, and 8 samples corresponded to four Nealahd cities sampled each twice
(once in 2011 and once in 2012). Between 2,0213d3reads (mean = 4,949 +518) were
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assigned. A final denoising, chimera and singleteclusion step with Usearch 7.0.1090
left a total of 85,915 reads. These reads werg@masgito the 18 samples, from 1,944 to
9,017 reads per sample (mean = 4,773 £509), and wlastered into 763 Operational

taxonomic units (OTUs) with 97% identity similaribetween reads.

2.4.2.Bacterial diversity among and between countries
Alpha diversity was analysed through rarefactiorves based on the number of observed
number of species for each country, considerindy eamnpled city / area as a pseudo-

repetition (Figure 2.2).
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Figure 2.2: Rarefaction curves using QIIME 1.7.0, bsed on the estimated number of
OTUs in Argentine ants in the ant home range and ttee invaded countries based on

the number of OTUs present in each countryFor each city in a country, each sample was
considered a pseudo-replicate sample of that cpuXtr error bars for the standard variation is enésd for
Australia as only one city was sampled. The lendtine rarefaction curve for each country is lirditey the
lowest number of reads in a sample from that cquntr

The observed number of OTUs is higher in the amhd@ange Argentina and primary

invaded country, the United States, and lower aosdary and tertiary invaded countries,
Australia and New Zealand, respectively. Furtheanttre number of observed OTUs

increased with the number of reads for each couifitmg plateaux of the curves were not
reached, indicating that more than the numberadsger sample obtained in this study is
needed to expose the full OTUs diversity presemigich country. However, the slopes of
the curves are slowing and are closed to reachiaglateaux (Figure 2.2). This suggests
that the sampling is sufficient to identify mosttbe OTUs present in the ants in each

country, even at the rarefaction of 1,900 reads lased for comparative analysis. Multiple
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t-tests indicated a significant difference in btk average Chaol richness and average
number of species observed between Argentina and Zéaland (Bonferroni corrected
p<0.05 and p<0.05 respectively), and between théetdnStates and New Zealand
(Bonferroni corrected p<0.05 for both country). Bwerage Chaol richness did not differ
between Argentina and Australia (Bonferroni coreelgb = 0.108).

To compare bacterial diversity between countriexta bdiversity was analysed using
principal coordinate analyses (PCoA) of unweightedl weighted UniFrac distances
between samples after rarefaction of each samded@D reads, under the lowest number

of reads in a sample (Figure 2.3).
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Figure 2.3: Principal coordinate analysis (PCoA) bsed on a) unweighted and b)
weighted phylogenetic UniFrac distances generatedni QIIME 1.7.0 between

Argentine ant samples from four countries.Reads were rarefied to 1,900 to allow comparison
between samples. Circles were manually added tah$ the dispersion of samples from a same cpuntr

Country of origin is a significant factor influemg the distance between samples (Adonis,
unweighted, R=0.29, p<0.05; and weighted? R 0.47, p<0.05).

Unclassified OTUs, meaning OTUs outside the baaltedomain, and OTUs with
undetermined bacteria phylum were marginal (<0.@5%ach sample reads). In total, 181
bacteria genera belonging to 16 different phylaendstected across all countries. Six phyla

and 19 genera were shared by all countries (Figure
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Figure 2.4: Venn diagrams of unique and shared baetia present in Argentine ants
in the ant home range and three invaded countriesa) at the phylum level, and b) at

the genus levelOnly the presence and absence of bacteria defméaetphylum level in a) or to the
genera level in b) were considered. Venn diagraere\generated with the package Venn diagram inHat(w
version).

Argentina and the United States present a higherbeu of unique phyla and genera than

Australia and New Zealand (Figure 2.4).

Looking more specifically at the identity and tkeative abundance of the 16 phyla, only
two phyla were present >1% in relative abundanoe, therefore considered non-rare

phyla, in all four countries: Proteobacteria anaritcutes (Table 2.2).
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Table 2.2: Bacterial phyla in the Argentine ant hone range, Argentina, and three

invaded countries, the United States, Australia antNew Zealand The mean of the relative
abundance of each phylum is presented in perceatadjéhe mean of the raw number of reads identified
each phylum is in brackets. For Australia, no meaase calculated as only one sample represented the
country; the relative abundance and the numbeeads corresponded to the data from that single Ilsamp
Phyla present >1% in at least one treatment arsidered non rare and are in bold. Phyla preseatlin

countries are indicated by ~. OTUs that could metclassified as bacteria (category “Unclassifieafif
OTUs with non-named phyla are marginal, represgrtih05% in total in each countries. In order tmpare
bacteria presence between countries, g-tests veefermed on the relative abundance of the diffepdryia
after rarefaction to 1,900 reads. Bonferroni cage@-values are presented for each phylum. Segmifip-
values are indicated by a *. Australia was notudeld in the g-tests as the country was only reptedeby

one sample.
Phylum Country Bonferroni corrected p-value
Argentina USA Australia New Zealand

Unclassified 0.00 (0.00) 0.02 (1.00) 0.00 (0.00) 010(0.22) NA
Other phylum 0.06 (3.50) 0.03 (1.25) 0.03 (2.00) 01Q(0.56) 1
Acidobacteria® 0.25 (13.75) 0.16 (7.25) 0.20 (15.00  0.01 (0.33) 1
Actinobacteria® 0.47 (25.75) 2.22(101.5) 0.54 (40.00) 0.18 (7.60) 5.2%%
Armatimonadetes 0.05 (3.00) 0.03 (1.50) 0.00 (0.00) 0.00 (0.11) NA
Bacteroidetes 0.21 (11.50) 0.63 (28.75) 0.11 (8.00) 0.07 (3.11] 0.03*
Chloroflexi 0.81 (44.50) 0.02 (0.75) 0.00 (0.00) 0®(0.00) NA
Cyanobacteria 0.34 (18.50) 0.09 (4.25) 0.03 (2.00) 0.10 (4.22 1
Firmicutes” 35.88(1971.25) 40.48(1847.50) 30.87(2268.00) 18.78(800.00) 8.44 ¢
Fusobacteria 0.02 (1.00) 0.01 (0.25) 0.00 (0.00) 00Q0.11) NA
Gemmatimonadetes 0.01 (0.50) 0.00 (0.00) 0.00)0.00 0.00 (0.00) NA
Planctomycetes 0.00 (0.25) 0.01 (0.25) 0.00 (0.00)  0.00 (0.00) NA
Proteobacteria® 59.58(3273.25) 56.29(2569.00) 68.20(5010.00) 80.81(3442.33) 5.95 ¢
™7 0.03 (1.75) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00 NA
Tenericutes 2.23(122.75) 0.00 (0.00) 0.01 (1) 0.01 (0.33) NA
Thermi 0.03 (1.50) 0.00 (0.00) 0.00 (0.00) 0.0B%). NA
WPS-2 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.012p.2 NA
WYO 0.02 (1) 0.02 (1) 0.00 (0.00) 0.00 (0.11) NA

These two phyla were also the two most abundariaphyevery countries, representing in
average 31.50% for Firmicutes, and 61.22% for Plmeteria of the bacterial phyla.
Actinobacteria and Tenericutes are the two othér phyla present >1% in at least one
country, respectively in the United States (2.22%g in Argentina (2.23%). Acidobacteria
(mean = 0.16%), Bacteroidetes (mean = 0.26%) amsh@acteria (mean = 0.14%) are the
only rare phyla present in all countries. Only Artiea and New Zealand presented unique
phyla. Argentine ants in their home range Argentiree the only ones infected with the
rare phyla TM7 (0.03%) and Gemmatimonadetes (0.0%#)Je New Zealand ants were
the only ones infected by the rare WPS-2 (0.01%]je<Es were used to examine the

difference in relative abundance of each bactendum between Argentina, the United
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States and New Zealand. Australia was not inclukednly one sample represented the
country. Samples were rarefied to 1,900 readsI{vest number of reads in a sample)
each to allow comparison between countries. Boofércorrected p-values indicate
significant differences between Argentina, the BaiStates and New Zealand (Table 2.2).
These differences between the countries were celatethree phyla: Actinobacteria,

Firmicutes and Proteobacteria (Bonferroni correqted.05 for the three phyla).

Of the 181 identified genera, 19 bacterial genesaevshared between all four countries
(Figure 2.5). However, 2 of these 19 bacterial genweere not named with conventional
names (not including genera with names not coneealily defined yet), and were
therefore not considered in the summary table ofdsal genera present in all countries
(Table 2.3).
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Table 2.3: Bacterial genera in Argentine ant homeange and three invaded countries.
Only bacteria with a conventional names are preskifihe relative abundance mean of genera is presented
in percentage and the mean of raw number of relagified for each genus is in brackets. For Alistrao
means were calculated as only one sample reprelsgrteountry, the relative abundance and the nuofbe
reads corresponded to the data from that singleplearenera present >1% at least in one country are
indicated by *, and genera present >1% in all a@emare in bold. Relative abundances >1% are liah. tho
order to compare bacteria presence between cosyngriiests was undertaken on the relative abundamte

on the number of reads of different genera afterfagtion to 1,900 reads. Bonferroni corrected lnes are
presented for each genus. Significant p-valuesnalieated by a *. Australia was not included in théests

as the country was only represented by one sample.

Country Bonferroni
phylum genus corrected
Argentina USA Australia New Zealand p-value
Actinobacteria| Tsukamurella 0.03 (1.50) 0.03 (1.50) 0.01 (1) 0.07 (2.89) NA
Chryseobacterium 0.08 (4.50) 0.08 (3.50) 0.03 (2.00) 0.01 (0.44) 1
Bacteroidetes | Flavisolibacter 0.01 (0.75) 0.03 (1.25) 0.01 (1) 0.01 (0.56) NA
Segetibacter 0.02 (1.25) 0.16 (7.50) 0.04 (3.00) 0.01 (0.44) NA
Firmicutes Lactobacillus® 33.79(1856.50) | 38.45(1754.75) | 30.57(2246.00) | 18.65(794.44) 7.31 &%
Caulobacter 0.19 (10.25) 0.21 (9.50) 0.01 (1.00) 0.04 (1.89) 1
Phenylobacterium 0.00 (0.25) 0.01 (0.25) 0.01 (1) 0.00 (0.11) NA
Bradyrhizobiumm 3.16(173.75) 2.32(106) 0.31(23) 0.30 (12.89) 2.96%
Methylobacterium 0.15 (8.00) 0.25 (11.50) 0.01 (1) 0.03 (1.44) 1
Gluconobacter” 22.04(1211.00) | 21.75(992.75) | 45.89(3371.00) | 60.72(2586.56) | 3.11 e'*
Achromobacter 0.26 (14.25) 0.35 (15.75) 0.04 (3.00) 0.12 (5.00) 1
Proteobacteria|
Delftia® 1.83(100.75) 1.70(77.75) 0.11 (8.00) 0.34 (14.33) 3.1%%
Ralstonia 0.05 (2.50) 0.14 (6.25) 0.01 (1.00) 0.02 (0.78) 1
Escherichia 0.13 (7.25) 0.19 (8.50) 0.01 (1.00) 0.02 (0.78) NA
Acinetobacter” 3.63(199.25) 4.21(192.00) 0.65 (48.00) 0.27 (11.56) 9.85%
Pseudomonas® 2.04(112.25) 2.02(92.00) 0.05 (4.00) 0.29 (12.56) 3.45%
Senotrophomonas™ 0.87 (48.00) 1.09(49.75) 0.10 (7.00) 0.19 (8.11) 10.64%
Total of relative abundance of OTUs
(number of reads) conventionally 68.30 (3751.75) 72.97 (3330.75) 77.89 (5721.00) 1@{3454.33)
named genera present in all countries
Total of relative abundance of OTUs
(number of reads) conventionally
named and not yet conventionally
named genera (including  the 83.45 (4584.50) 81.65 (3726.50) 78.80 (5789 813932)
conventionally named genera present
in all countries)
Total of relative abundance of OTUs
(number of reads) not defined to the 16.55 (909.25) 18.35 (837.75 21.20 (1557 18.@7 @7)
genera level

The lack of replication for samples from Austratiay have led to an underestimation of
the number of core bacteria genera present in Airgeants. On average, 18.53% of OTUs
were not defined to the bacteria genus. The mestabent genera present in all countries
wereGluconobacteria andLactobacillus. Together the two bacterial genera represented in
every country >50% in relative abundance of thadyareads. Only four other bacterial
genera were present >1% in at least in one coumrgrgentina and the United States,
Bradyrhizobium (3.16% and 2.32% respectivelyAcinetobacter (3.63% and 4.21%),
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Delftia (1.83% and 1.70%) anseudomonas (2.04 and 2.02%), and only in the United
StatesStenotrophomonas (1.09%). G-tests were undertaken between ArgerttiesUnited
States and New Zealand to test the differencelative abundance each bacteria genus.
Australia was not included as only one sample spried the country. Samples were
rarefied to 1,900 reads (the lowest number of neatie sample) each to allow comparison
between countries. Beferroni corrected p-valuecaidid significant differences between
the three countries for the relative abundance e¥es genera:Lactobacillus,
Bradyrhizobium, Gluconobacter, Delftia, Acinetobacter, Pseudomonas, and
Senotrophomonas (Table 2.3)Lactobacillus relative abundance was higher in Argentina
and the United States (respectively 33.79% andb88)4han in Australia and New Zealand
(respectively 30.57 and 18.65%). At the contr&lyconobacter relative abundance was
lower in Argentina and the United States (respetti\22.04% and 21.75%) than in
Australia and New Zealand (respectively 45.89% @d2%).

The number of bacteria genera was higher in Arganéind the United States than in
Australia and New Zealand when looking at the nundfébacteria named to the genus

level and present>1% (Figure 2.5).
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Figure 2.5: Relative abundance of non-rare bacteriagenera in Argentine ants in the
ant home range and three invaded countrienly non- rare bacteria, bacteria present >1% in a
country, are presented. Bacteria noted “nd” aratifieto the genus level however, these generanate
conventionally named yet. Genera present >10%l&eat one country are in bold. The countries alered
from left to right: from the home range Argentita,invaded countries which populations occurredradt
primary invasion, the United States (USA), afteeaondary invasion, Australia, and a tertiary imuasNew
Zealand.

Argentina presented 11 non-rare bacteria, and thieed) States eight. Onlyactobacillus

andGluconobacter were non-rare bacteria present in Australia ang Kealand.

Furthermore the diversity present in each courdiry loe observed by the variation in the
number of non-rare genera present in each sampietiarea (Figure 2.6). Core bacteria
were defined as bacteria present in all sites dmitias. Only nine genera were present in
all sites (Table 2.4). They represented >50% (rdir23% - max 92.06%) of the bacteria
present in the ants in each city. Core bacteriargentine ants present under the previous
description are thereforad:actobacillus, Caulobacter, Bradyrhizobium, Gluconobacter,
Achromobacter, Delftia, Acinetobacter, Pseudomonas, and Senotrophomonas.

Lactobacillus andGluconobacter corresponded to the main bacterial genera in eiagh
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Figure 2.6: Bacterial diversity at the genus levgbresent in each Argentine ant sampling site in thArgentine ant home range and three
invaded countries.Only non-rare bacteria (present at >1%) identifiethe genus level in a site are presented. £l ¢a1%) and non-identified bacteria were grouped
in the category “Others”. Bacteria present >10%titeast one site are in bold. Bacteria names roigdindicate that the genus has not yet been entignally named.
Bacterial diversity is higher in Argentina, the &sime range, and the United States, a primary evaduntry, than in Australia and New Zealand, éespely secondary
and tertiary invaded countries.
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Table 2.4: Relative abundance in percentage of baaial genera present in Argentine ants in all citis. Only bacterial genera present in all cities
are considered part of the core bacteria of Argerdints and are presented in the table. Generanprel% at least in one city are indicated by 4 ganera present >1%
in all countries are in bold. Relative abundanc&%=are in bold. As no replicates were performedfiereach sites but for four cities in New Zealammistatistical test
could be undertaken to compare the differencelafive abundance of the core bacteria betweerscitie

Argentina United States Australig New Zealand

Missiones  Corrientes Ig:(t)rs B:itragss Hawaii g?anr? California O’:g:’ns Melbourne | Auckland  Hastings  Wellington  Nelson  Clatisirch
Firmicutes
Lactobacillus® 21.35 27.56 69.65 48.41 41.03 15.84 68.47 17.54 5730. 22.70 34.10 16.48 7.16 13.24
Proteobacteria
Caulobacter 0.08 0.40 0.10 0.17 0.17 0.26 0.05 0.51 0.01 0.02 .020 0.06 0.04 0.07
Bradyrhizobiun* 5.31 2.46 0.77 1.14 4.01 2.08 1.41 3.68 0.31 0.12 0.15 0.28 0.36 0.55
Gluconobacter® 33.66 17.54 5.25 13.32 10.22 42.58 13.12 2.32 4589 37.49 44.10 75.76 65.10 75.80
Achromobacter® 0.43 0.12 0.21 0.13 1.68 0.14 0.08 0.37 0.04 0.03 0.05 0.23 0.08 0.18
Delftia® 2.08 2.08 1.75 1.18 4.40 1.05 0.75 3.31 0.11 0.16 0.21 0.19 0.38 0.67
Acinetobacter® 2.44 7.81 427 094 1.29 1.14 0.96 22.02 0.65 0.13 0.23 0.10 0.38 0.46
Pseudomonas® 271 1.95 1.34 1.28 5.57 145 0.84 3.24 0.05 0.15 0.10 0.12 0.36 0.69
Senotrophomonas® 1.01 0.83 0.62 0.79 3.45 0.91 0.38 1.25 0.10 0.13 0.12 0.08 0.19 0.40
total refative abundance gf - g4 7 60.76 8395 67.37] 7183 6544  86.06 5403  7477.| 60.93 79.08 93.32 74.05 92.06
genera present in all citie
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2.4.3.Bacterial diversity within New Zealand
Alpha diversity was analysed through rarefactiorves based on the number of observed

number of species for five cities in New Zealand(iFe 2.7).
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Figure 2.7: Rarefaction curves using QIIME 1.7.0, bsed on the estimated number of

observed OTUs in Argentine ants in New Zealand betaen 2011 and 201 Zities in the
legend are present in order from North to South.dazh city, each year sampling represented aceggli
sample of that city. No error bars for the standandation is presented for Hastings as the city sampled
only once. The length of the rarefaction curvedach city is limited by the lowest number of seqgereads
in a sample from that city.

Replicates in a city corresponded to two conseewampling, in 2011 and 2012, except
for Hasting where only one sample was availablee iamber of observed bacteria
increased with the number of reads for each citbe Pplateaux of the curves were not
reached indicating that more than the number afs@ar sample obtained in this study are
needed to expose the full OTU diversity preserganh city. However, the slopes of the
curves are slowing and are closed to reachingléiegux (Figure 2.8). This result suggests
that the sampling is sufficient to identify mosttbé bacteria present in the ants in each
city, even at the rarefaction of 2,000 reads lasexd for comparative analysis. The observed
number of OTUs seems higher in the Southern cietson and Christchurch, then in the
Northern cities, Auckland, Hastings and Wellingtblowever, the variation in the number
of observed OTUs in each city was high and did altww to visually conclude any
significant differences between the cities. Mukipt-tests indicated no significant

differences for the number of observed OTUs betvedés (Adonis, Bonferroni corrected
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p>0.05 for all pairs not including Hastings). Sianly, no significant differences were
observed for Chaol richness indicator betweersdiAgonis, Bonferroni corrected p>0.05

for all pairs not including Hastings.

To compare bacterial diversity between cities inwNaland, beta diversity was analysed
through principal coordinate analyses (PCoA) of eighted and weighted UniFrac
distances between samples after rarefaction of gaiple to 2,000 reads, under the lowest

number of reads in a sample (Figure 2.8).
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Figure 2.8: Principal coordinate analysis (PCoA) bsed on a) unweighted and b)
weighted phylogenetic UniFrac distances generatedni QIIME 1.7.0 between

Argentine ants from five cities in New ZealandCities in the legend are present in order from
North to South. Reads were rarefied to 2,000 (Ioveesnber of reads in a sample) to allow comparison
between samples. Circles were manually added tmh$e the dispersion of samples from a same Qityy
one sample was available for Hastings.

City of origin was not a significant factor influeing the distance between samples
(Adonis, unweighted, R= 0.37, p = 0.94; and weighted? R0.31, p = 0.80).

In New Zealand, 12 bacteria phyla were identified\rgentine ant samples from the five

sampling cities (Table 2.5).
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Table 2.5: Bacterial phyla present in Argentine ang in New Zealand.The mean of the relative abundance
of each phylum is presented in percentage and #zenrof raw number of reads for each phylum isackets.
For Hastings, no means were calculated as onlysangle represented the city; the relative abundande
the number of reads corresponded to the data fnatrsingle sample. Phyla present >1% at leasteéncdy
are indicated by », and phyla present >1% in diksiare in bold. Relative abundances >1% are lic. o
order to compare bacteria presence between dtiests were realized on the relative abundancearide
number of reads of different genera after rarefactio 2,000 reads. Bonferroni corrected p-values ar
presented for each phylum first for the relativarsdance and in brackets for the number of readsif@iant

p-values are indicated by a *. Hastings was ndtisled in the g-tests as the city was only represkhy one
sample.

City Bonferroni
Phylum correctedP-
Auckland Hastings Wellington Nelson Christchurch value
Unclassified 0.00 (0) 0.00 (0) 0.01 (1) 0.00 (0) 010(1) NA
Other phyla 0.02 (1) 0.01(1) 0.01(1) 0.00 (0) 20B) NA
Acidobacteria 0.00 (0) 0.00 (0) 0.00 (0) 0.04 (3) .000(0) NA
Actinobacteria® 0.07 (4) 0.02 (2) 0.05 (4) 0.46)(36 0.27 (23) 0.32
Armatimonadetes 0.00 (0) 0.00 (0) 0.00 (0) 0.01 (1) 0.00 (0) NA
Bacteroidetes” 0.03(2) 0.04 (3) 0.01(1) 0.18 (14) 0.09 (8) 1
Cyanobacteria 0.00 (0) 0.04 (3) 0.14 (11) 0.21 (16) 0.09 (8) NA
Firmicutes® 22.80(1382) 34.21(2829)  16.57(1279) 7.35(573) 13.39(1137) 7.54 &%
Fusobacteria 0.02 (1) 0.00 (0) 0.00 (0) 0.00 (0) 00@0) NA
Proteobacteria® 77.07(4671) 65.67(5430) 83.13(6418) 91.71(7151) 86.11(7311) 3.901*
Tenericutes 0.00 (0) 0.01 (1) 0.03 (2) 0.00 (0) o0qm NA
Thermi 0.00 (0) 0.00 (0) 0.04 (3) 0.00 (0) 0.00 (0) NA
WPS-2 0.00 (0) 0.00 (0) 0.00 (0) 0.03(2) 0.00 (0) NA
WYO 0.00 (0) 0.00 (0) 0.00 (0) 0.01 (1) 0.00 (0) NA

The higher number of phyla was in Nelson (nine ghygind the lower in Auckland and

Christchurch (five phyla). Four phyla were sharetiNneen the five cities (Table 2.5 and
Figure 2.9).
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Hastings

Christchurch Christchurch

Figure 2.9: Venn diagrams of unique and shared baetia present in Argentine ants

in five cities in New Zealand: a) at the phylum legl, and b) at the genus levebnly the
presence and absence of bacteria defined to tHamHhygenera level were considered.

Proteobacteria and Firmicutes were the phyla ptesiimthe higher relative abundance in

all cities and were the only non-rare phyla. Acbiacteria and Bacteroidetes were also
present in all cities, and were always present <A%g-test was undertaken between

Auckland, Wellington, Nelson and Christchurch tst the difference in relative abundance
of each bacteria phylum. Hastings was not incluagednly one sample represented the
city. Samples were rarefied to 2,000 reads (theesdwumber of read in one sample) each
to allow comparison between cities. Bonferroni eoted p-values indicated significant

differences between the four cities of interestay phyla: Firmicutes and Proteobacteria
(Table 2.5).

Of the 78 identified genera in New Zealand, 11 &aatgenera were shared between all
five cities (Figure 2.9 and Table 2.6).
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Table 2.6: Bacterial genera present in Argentine ais in New Zealand.Only genera present in all New
Zealand cities are presented. The relative abumdian@@an of genera is presented in percentage amoethe

of raw number of reads identified for each phylgnni brackets. For Hastings, no means were casulias
only one sample represented the city; the relatwendance and the number of reads correspondée to t
data from that single sample. Genera present >1&ast in one city are indicated by *, and geneesent
>1% in all cities are in bold. Relative abundane&$%o are in bold. In order to compare bacteria prese
between cities, g-tests were realized on the v@atbundance and on the number of reads of diffgesrera
after rarefaction to 2,000 reads. Bonferroni cage@-values are presented for each phylum finsttie
relative abundance and in brackets for the numhberaals. Significant p-values are indicated byldéstings
was not included in the g-tests as the city way ompresented by one sample. Non-classified OTUk an
reads (“Unclassified” and “Other phyla”) were mangi (<0.05%) in all cities.Lactobacillus and
Gluconobacter were the only two genera present >1% in all citiés other genera were present >1% even
in only one city. The number of reads differs sfigaintly between the cities fotactobacillus and
Gluconobacter.

City Bonferroni
Phylum Genus corrected
Auckland Hastings Wellington Nelson Christchur¢h  p-value
Firmicutes | Lactobacillus® (21%;‘2) 34.10(2820) 14.99(1272) 6.65(558)  14.01(1124) | 2.24€*
Proteobacteria| Caulobacter 0.01 (1) 0.02 (2) 0.10 (5) 0.04 (3) 0.07 (6) NA
Bradyrhizobium 0.10 (7) 0.15 (12) 0.40 (22) 0.36 (28) 0.52 (47 1
Ochrobactrum 0.01(1) 0.02 (2) 0.07 (3) 0.04 (3) 0.14 (13 NA
Gluconobacter” é‘;’% 44.10(3647) 76.43(5849) 64.13(5076) 75.13(6435) | 2.04 &%
Sphingomonas® 0.01 (1) 0.17 (14) 0.05 (3) 0.22 (17) 0.26 (23 NA
Achromobacter 0.03 (2) 0.05 (4) 0.39 (18) 0.08 (6) 0.17 (15 1
Delftia 0.14 (10) 0.21 (17) 0.30 (15) 0.38 (30) 0.64 (57 1
Acinetobacter 0.11 (8) 0.23 (19) 0.14 (8) 0.39 (30) 0.43 (39 1
Pseudomonas 0.12 (9) 0.10 (8) 0.20 (9) 0.20 (28) 0.67 (59 0.32
?eno”of’hom"”a 012(8)  0.12(10) 0.12 (6) 0.20 (15) 0.38 (34 1
Total number of 64.25
named OTUs @715) 7959 (6583) 93.72(7251) 74.23(5938) 93.41 (7989) NA
Total number of
OTUs in each| NA (6061) NA (8269) NA (7720) NA (7797) NA (8490) AN
cities
Total number only 64.01 L
present in all cities (3695 79.27 (6555) 93.20 (7210) 72.85(5794) 92.60 (7852) NA

Only one sample was used for Hastings leadingfgosaible biase on the low number of
genera and phyla identified in this specific ciBtuconobacter (mean = 58.93 +8.35%)
and Lactobacillus (mean = 19.67 +5.04%) were the only non-rare bectgesent in all
cities (Table 2.6). The relative abundance of Wehacteria differed significantly between
cities (Table 2.6).

2.5. Discussion

To our knowledge, this is the first study descripithe bacterial diversity present in

Argentine ants. We confirmed that bacterial diwgrg higher in the ant’ home range,
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Argentina, than in invaded countries, the Unitedt&t (primary invasion), Australia
(secondary invasion) and New Zealand (tertiary siwa). As predicted, bacterial diversity
decreased from the ant home range to invaded desir#ts the number of invasion steps
increase along the invasion pathway. Bacterialrdityecan be observed within countries
like in New Zealand. In addition, bacteria genemaluding bacteria known for their
beneficial effects on their insect hosts were dete Argentine ants. An Argentine ant

core bacterial composition is proposed.

Decrease of bacterial diversity along the invasion pathway

Under the enemy release hypothesis (ERH), invagpeeies leave most of their natural
enemies including pathogens in their home ranggs. [bks of enemies eventually promote
the invasive species spread in their novel enviemniRoy et al., 2011). Part of the ERH
seems fulfilled in Argentine ants. Indeed, bactetigersity present in Argentine ants is
higher in the ant home range, Argentina, than waded countries, the United States,
Australia and New Zealand. This loss of pathogansd invasion has also been reported
in other species such as invasive shrinipikerogammarus villosus), sparrows Rasser
domesticus) or fishes Glurus glanis, Lepomis gibbosus) (Marzal et al., 2011; Arundell et
al., 2014; Sheath et al., 2015). Loss of pathogkmig the invasion process has been
described in other ant species too. The red imgddite ant Solenopsisinvicta) presents a
lower number of infections in their invaded rangart in their home range in South
America (Yang et al., 2010).

The loss of bacterial infections in Argentine antsy have benefited the ants and promoted
their expansion in their new environments, as Afigenants are present in large
populations in their invasive range. The low infectdiversity and the loss of pathogenic
enemies in Argentine ants may lower the energycatkd to both individual and social
immunity. On an individual level, the invasive animune system may require less energy
to produce protective compounds, and the ants mawndsless time and energy self-
grooming. On the colony level, the ants may spesd time allo-grooming. As a trade-off,
invasive ants may in consequence possess moreatichenergy to collect new food for
the colony, increase the number of available fagend successfully defend food sources
against other competitors. This situation may iaseesuccessful foraging by the ants in

their invasive range. However, to fully accept émemy released hypothesis (Roy et al.,
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2011), further analyses need to highlight the dafian between the decrease of bacterial
diversity and a higher fithess and larger poputetiof Argentine ants in their invaded range

than in their home range .

Bacterial diversity decreased with the number @&gion steps as predicted. Argentine ants
from the ant home range Argentina and primary iedadountry the United States have
higher bacterial diversity than Argentine ants fra@acondary and tertiary invaded
countries, Australia and New Zealand respectivéijie Argentine ant population
underwent multiple bottlenecks along their invasmathway from Argentina to New
Zealand (Suarez et al., 1999; Suhr et al., 2011}hé& same time, the bacterial diversity
associated with the ant underwent multiple bott&seexplaining the observed bacterial
diversity decrease. Similarly, the red importec fants present less bacteria in their
invasive range than in their home range (Yang.e2atL0). More specifically the number
of pathogens present in the red imported fire @vdsive range seems to decrease with the
number of invasion steps. The red imported fires avétre introduced multiple times from
South America to the United States. Then the aete Wwansported from the United States
to other countries, including China, Taiwan, Aulsirand New Zealand (Ascunce et al.,
2011). Out of the six pathogens screened by Yaral. €2010), onlySolenopsis invicta
virus -1 and -2 (respectively SINV-1 and SINV-2)redound in the United States and
Taiwan, and only SINV-1 in China. No pathogens waetected in Australia and New
Zealand. For Argentine ants in New Zealand, thexsiwe ants were transported from
Argentina, to Europe, then to Australia and findlew Zealand (Corin et al.,, 2007a,
2007b; Suhr et al., 2011). Therefore additional®arg from invaded sites in Europe and
Australia may complete and reinforce the resulthsf study on the decrease of bacterial

diversity in Argentine ants following invasion patiy with the number of invasion steps.

In addition, Argentine ants from Argentina and thated States present a higher number
of unique bacterial genera compared to Australiaew Zealand. This reduced diversity
may be due to the difference of time the ants ealw their habitats, the geographical
range and the diversity of the habitats (Flory &taly, 2013). Argentine ants were first
detected in the United States in the early 1900itent was only later detected in Australia
and New Zealand, 1931 and 1990 respectively (Watttral., 2009). Argentine ants had
less time in Australia and New Zealand to accuneutsithogens compared the United
States. Following the pathogen accumulation thetrgentine ant should present a higher

bacterial diversity and higher number of rare b@ata Australia than in New Zealand.
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While the number of non-rare bacteria, bacteriagmeat least at 1% in relative abundance,
was similar between the two countries, ants frorwMealand presented a higher number
of rare bacterial genera, genera present >1% amglke. This result may be caused by the
disparity in the number of samples collected aradiated between the two countries. Only
one sample from one city from Australia was avaddbr analysis, while | was able to

collect samples from five cities in New ZealandrtRar sampling from sites in Australia

would offer better support on the bacterial divigrpresent in the country and especially

on the number of rare genera.

Argentine ant core bacteria maintained during the invasion process

The successful spread of Argentine ants in thew eavironments suggests that the
decrease of bacterial diversity in the ants didnegfatively affect the ants. Negative effects
from the loss of favourable symbionts in the aniyrhave been lower than the benefits
conferred by the loss of pathogenic bacteria. Hanethe preservation of core bacteria in
Argentine ants may have been fundamental for thesanvival, immunity, reproduction,
development and spread. The core bacteria of Argeants was defined in this study as
the bacteria present in all Argentine ant samptesach city of the country investigated.
Under this definition, nine bacterial genera framo fphyla constitute the core of bacterial
genera present in Argentine aritactobacillus and Gluconobacter, and at a lesser extend
Caulobacter, Bradyrhizobium, Achromobacter, Delfia, Acinetobacter, Pseudomonas and
Senotrophomonas. All bacterial genera are bacteria from the Prioéeteria phylum but

for Lactobacillus which is from the Firmicutes phylum.

Lactobacillus and Gluconobacter dominate the core of the bacteria present in Aigen
ants. The two bacteria genera are the most regegs@enera in Argentine ants in all
countries. These results indicate a potential ingmdrbeneficial relationship between
Argentine ants and these two generactobacillus is a known genus of favourable
facultative symbionts, especially studied in beégsqspp.) and bumblebeeBymbus spp.)
(Corby-Harris et al., 2014; Praet et al., 2015)m8dacteria from the genus ares part of
the core bacteria of bees and bumble bees. Thesmurfidble associates produce
antimicrobial compounds promoting their bee and bienbee host health (Forsgren et al.,
2009; Yoshiyama and Kimura, 2009). The core baxtare acquired horizontally by

workers from other nestmates or through ingestibrthe colony honey. They are
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maintained in the colony where they enhance coiamyunity (Vasquez et al., 2012).
Lactobacillus bacteria are also found at high abundance in timgus growing ants
Mycocepurus smithii (Kellner et al.,, 2015). Thd.actobacillus sp. bacterium offers
protection from pathogenic fungal and bacteriabations to both the ant fungus garden
and the ant themselves (Kellner et al., 2015). @deterium is hypothetically acquired by
the ants in their environment (Kellner et al., 201Similarly, bacteria from the
Gluconobacter genus can be largely found in the guts of bégss(spp.) as facultative
symbionts (Anderson et al., 2011; Martinson et2011). SomeGluconobacter species
have however been identified as pathogenic in {®sophila spp.), inducing chronicle
gut inflammation in their hosts (Matos and Leuli@Q14). The large proportion of
Gluconobacter in all Argentine ants may indicate a beneficidtienship between the ants
and the bacterial genus as with bees instead efremé@ntal one as with flies. Bacteria from
the generd.actobacillus andGluconobacter may participate to the Argentine ant immune

system, preventing pathogenic infections in indraild and in the colonies.

The other bacterial genera part of Argentine ante cdacteria, Caulobacter,
Bradyrhizobium,  Achromobacter, Delfia, Acinetobacter, Pseudomonas and
Senotrophomonas, present a variety of proprieties such lignocelbel degradation in
termite guts Anoplophora glabripennis) (Scully et al., 2013), possible denitrification
proprieties in beetles Thorectes lusitanicus) (Herndndez et al., 2013), phosphate
solubisation in plants (Jha and Saraf, 2015). Wihiése bacteria can be found in ants (Li
et al., 2005; Stoll et al., 2007; Suen et al., 204Bak et al., 2011b; Kellner et al., 2015;
Liberti et al., 2015), their relationship with théiosts is not yet known. Their presence in
all Argentine ants may indicate either a benefim&raction or a non-harmful one. It is
also possible that these genera are common bdctgeneera in the ant environment.
Argentine ants may then easily acquire bacterimftioese genera by contact with soil or

food sources.

Core bacteria may have been essential to the sfatepread of Argentine ants in their
novel environments. Their presence in all samplegkeAtine ants may be explained by two
non-exclusive hypothesises. Firstly, Argentine goeens may harbouractobacillus,
Gluconaobacter, Caulobacter, Bradyrhizobium, Achromobacter, Delfia, Acinetobacter,

Pseudomonas and Senotrophomonas in their home range in Argentina. Infected queens
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may have been transported to new invasive range géhera may after be maintained in
the ant colony by horizontal transfer via trophdBaexchanges between the queens and
their workers as well as exchanges among workerby wertical transmission from the
gueens to their offspring. Secondly,tife nine genera are largely present in the ant
environment, workers may have acquired bacterian floese genera when foraging and
maintained them in their colonies by trophallakisrther analysis of bacteria presence in
Argentine ant queens and bacteria strains willroifisights in possible differences in
bacteria community between queens and workerseasopisly observed in bees. This may
also inform on the acquisition path of these caretéria and a better understanding in the

transmission of favourable bacteria in Argentinessan

Loss of Wolbachia and Rickettsia during the invasion process

Two remarkable bacterial genera (Molbachia andRickettsia) are among the bacterial
genera that appear to have been lost during thasion process. Only samples from
Argentina presentedVolbachia infections. This result concurs with previous stsd
recordingWolbachia infections in Argentine ants throughout the anhkaange and one
invaded area Hawaii (Tsutsui et al., 2003; Reutaf.£2005). No infections byvolbachia

in Argentine ants has been reported outside Argargixcept in Hawaii (Tsutsui et al.,
2003; Reuter et al., 2005). My samples from Hawlali not present any infection. This
absence may be due to the marginal presence drtiesymbiont in the ants and my
limited sampling.Rickettsia was found in both Argentina and the United Statesking
these results the first report of the presendeiciettsia in Argentine antsWolbachia and
Rickettsia are a facultative endosymbionts, rarely obligatargnsmitted both vertically
and horizontally (Viljakainen et al., 2008; Weinat al., 2009), that can benefit its
arthropod host greatly (Braquart-Varnier et al120Wolbachia is found in many species
including up to 66% of arthropod species (Hilgerdk@z et al., 2008). Ants (such as
Formica rufa, Formica cinerea and Anoplolepis gracilipes), wasps and fliesDrosophila
spp.) are just a few of the many arthropods infébtie the genus of bacteria (Viljakainen
et al., 2008; Sirvid and Pamilo, 2010; Sebastiesl.eP011; Ahmed et al., 2013; Vale and
Jardine, 2015)Wolbachia sp. can offer some of its fly and mosquito hoststgrtion
against viral infection (Rainey et al., 2014), iayrdecrease virus transmission rates from
mosquitos to mosquitos’ preys (Touret et al., 2044} increases its host basal immunity

and life span (Bian et al., 2010; Rainey et al1£20Becerra et al., 2015; Raquin et al.,
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2015). For its partRickettsia sp. can be found among other ant specle®golepis
gracilipes), wasps egastigmus amicorum and M. bipunctatus), bees Kalictus sp,
Lasioglossum sp. And Osmia bicornis) (Sebastien et al., 2011; Paulson et al., 2014thGe
et al., 2015). Bacteria from this genus can in@dhe fecundity and survival of their fly
hosts (Jiggins and Hurst, 2011; Asiimwe et al., 401

While Wolbachia can be found in 22% of ant species (Kautz ef8ll 3a) in all ant casts,
including in Argentine ants (Tsutsui et al., 2008), information about the prevalence of
Rickettsia in ant species are available. Furthermore few @kasnof the known bacteria
effects on other species have been tested and ilEbcin ants. No cytoplasmic
incompatibility, male killing, sex-ratio modificatn or fitness effects were observed in ant
colonies presenting infections Wolbachia sp. (Wenseleers et al., 2002; Bouwma and
Shoemaker, 2011). Though iRormica truncorm, Wolbachia sp. infected colonies
produced more sexual individuals than non-infectaddnies (Wenseleers et al., 200R)e

full effects of Wolbachia andRickettsia in Argentine ants are therefore unknown. It has
been postulated that the bacteria from these genayaprotect the ants from pathogenic
infections and influence reproduction. The los§Vofbachia andRickettsia during the ant
invasion process does not seem to have stoppesptbad and settlement of the Argentine
ants in new environments. Nevertheless, the logsaoferia from these two genera may

have affected the long term survival of the antSéw Zealand.

Acquired bacteriain the Argentine ant invasive range

Among the non-rare bacterial genera meaning bacpeesent <1% in relative abundance
in the samples, onl\Veissella and Senotrophonas genera were gained by the ants, and
gained only in the United StatedVeissella bacteria are generally associated with
fermentation (Tajabadi et al., 2012). In bees, baeteria from these genus prevent
pathogenic infections by activating their host irmawsystem (Yoshiyama et al., 2013).
Senotrophomonas bacteria are found in multiple ant species (Bairdl., 2007; He et al.,
2014; Kellner et al., 2015); however their role hasyet been characterised. It is possible
that these two bacterial genera were acquired lggtine ants in the United States, and
their effects are not understood currently. Whitdydwo non-rare bacterial genera were
acquired in the invasion process, a higher numbeare bacterial genera were detected in

Argentine ants in Argentina and the United Staié® low number of acquired bacterial
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genera in New Zealand compared to the United Statgsbe due to the invasive history
of the ants in the two countries. Argentine antsen@esent in the United States since the
early 1900’s and was only first detected in Newlded in 1990 (Wetterer et al., 2009). As
previously discussed, the accumulation of new bicta invasive species is correlated
with the time spent in new environments as wethagyeographical range and the diversity
of the habitats (Flory and Clay, 2013). Argentimésain New Zealand had less time to
accumulate new bacteria than Argentine ants itJthieed States. In addition, the effect of
primary versus secondary invasion process betweenwo countries cannot be fully

disregarded.

Argentine ants did conserve their core bacterialevlusing some bacterial infections
during the invasion process. The conservation ofesbacteria genera and simultaneous
loss of others during invasion has been observedher invasive species. For example,
invasive citrus thripsRezothrips kellyanus) loss theirWolbachia endosymbionts while
conserving their association witBardinium when invading New Zealand and the

Mediterranean region from their home range in Aal&tr(Nguyen et al., 2015).

Bacterial diversity within New Zealand

Bacterial diversity in New Zealand was not sigrafitly different between cities. Argentine
ants from the South Island seem to present a ligctiversity non-significantly higher
than ants from the North Island. Surprisingly baataliversity in Argentine ants seems to
have marginally increased from their entry in Nesaland in the North Island in Auckland
to their spread to the South Island. Argentine ardtg be in contact with a higher diversity
of bacteria in the South Island than in the Nosthrid. The two islands present differences
in biodiversity and climate (Saunders and Nort@912 Cooling et al., 2012). It is therefore
possible that the islands also present differeimcleacterial diversity. This overall bacterial
diversity difference in the islands may explain tifferences in bacteria present in
Argentine ants in New Zealand. In addition, thisule concords with the observed
variability of bacterial diversity present in Argere ants in Argentina and the United
States (Figure 2.6). Argentine ants may presepeaific core of bacteria while still being
susceptible to horizontal transfer of bacteria fromir environment. For example, the
alfalfa weevil Hypera postica) gainedWolbachia in their invasive range (lwase et al.,
2015).
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Argentine ants present overall a low bacterial diig in New Zealand. This low bacterial
diversity associated with a low genetic diversiBo(in et al., 2007a) may lead to a low
resistance of Argentine ants against new infectibmsbees Apis spp.), high bacterial
diversity has been associated with high genetierdity and healthier individuals (Mattila
et al., 2012). The ants may consequently have besteptible to pathogenic infections.
The population decline of Argentine ants in Newlded (Cooling et al., 2012) may have
been caused by pathogenic micro-organisms presethiei country or facilitated by the
reduced presence of beneficial bacteria.

Critical evaluation of experimental procedures

The difference in sampling time between countriey tmave affected the results. Samples
from Argentina were from older collections (the edtl samples dated from 1999) while
samples from the United States, Australia and Nealahd were collected more recently
(between 2011 and 2013). While the samples wersetwvead in 70-100% ethanol at -20°C,
DNA quality may have degraded over time. The genetaterial degradation may have
been enough for the bacterial DNA to be of a quatib poor to be correctly amplified by
the 16S primers. However, despite the samples mwhdacterial diversity was found to
be higher in Argentina than in the other countfidg older samples, may raise the question
of diversity over-estimation due to bacterial DNégdadation. Reduced DNA degradation
could have allowed the successful amplificatiomacéterial DNA by the 16S primers but
could have led to the mis-amplification of sometbeaal DNA, and eventually to the mis-
identification of the amplified sequences. Thisdtyyesis is unlikely. If the 16S gene DNA
degraded in the samples, two possibilities may ndeustly, the degraded sequences may
still hold a strong identity match to known backegenera, above the 97% identity
threshold. The sequences would then be assigrtbd twrresponding OTUs, and then the
correct bacterial identity. Secondly, the sequemsag have degraded so much that they
could not be identified. This would lead to a highmber of non-assigned bacteria.
However, the relative abundance of non-assigned $OWhk similar between countries,
and therefore between old and new samples. Thesétgendicate that degradation of

bacteria DNA in old samples was negligible.
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Argentine ants present a lower bacterial divelisityeir invasive range than in their home
range. Bacteria loss occurred along the invasighwsy and reflect the ant invasion
history. The ants did conserve a core of bactey@lera including-actobacillus and
Gluconobacter, two genera with known beneficial species. Thedsibacterial diversity
was found in New Zealand. This low bacterial diitgrassociated with a low genetic
diversity of Argentine ants may have reduced thé rasistance against pathogenic
infections and may explain the ant large scale [adjon decline observed in New Zealand.
Invasive species may be released from their natumainies but still be susceptible to new
infections. Bacterial diversity decline may afféatgentine ant survival and population
dynamics. Antibiotic treatments may be used in otdeartificially decrease bacterial
diversity in Argentine ants and to understand tbhasequences of bacterial diversity

decrease on Argentine ant survival and fithess G3emter 3).
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Chapter 3. Bacterial diversity decline in Argentine

ants after antibiotic treatments
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3.1. Abstract

Invasive populations may fluctuate over time. Sdmesive population declines have
specifically been associated with pathogenic indest Investigating the effects of
bacterial diversity changes via the use of antitsoand the consequences of bacterial
diversity changes on invasive species fitness nigr @ better understanding in these
population declines. Argentine ants are a successfiespread invasive species in New
Zealand. Part of the invasive ant population inegtly declined in New Zealand, and
pathogenic infections were hypothesised as theecals induce an artificial change in
bacterial diversity, Argentine ant colonies wekated in the laboratory with antibiotics,
ampicillin and gentamicin. The change in bactatiaérsity and relative abundance of each
genus after antibiotic treatments was characterizeidg 454 sequencing. Ampicillin
specifically increased the abundancelattobacillus and Sphingomonas, and decreased
the abundance ofchromobacter. Gentamicin increased the abundanceDeffia and
decreased the abundance Gliuconobacter. Only ampicillin decreased Argentine ant
survival, and neither antibiotic affected brood darction. The increase in bacterial
diversity and change in relative abundance mayt eesorigin of the decrease of the ant
survival after antibiotic treatments. Further asalyare needed to determine which specific
bacteria may have been influenced by antibiotiatinents. The absence of effects of
antibiotic treatments on ant fitness may be due tow exposition of the queens to
antibiotics. New experiments directly treating thuzens with antibiotics may decrease the
egg production by the queens, and consequentlydserthe colony fitness. Bacteria are
still possible candidates to explain the observegeAtine ant population decline, and may

be involved in other invasive species populationadyics.
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3.2. Introduction

Pathogenic infectionsin population dynamics

Populations fluctuate throughout time. Declines rfaiow population booms during a
dynamic cycle or may occur as exceptional evertsekample, the invasive yellow crazy
ant (Anoplolepis gracilipes) populations seem to follow a boom and bust patiar
Australia and Tokelau (Gruber et al., 2012; Coolargl Hoffmann, 2015). Population
declines may be attributed to some factors suclrmated food sources, limited space
availability, and pathogenic infections. Pathogenfections correspond to infections by
micro-organisms such as bacteria and viruses thaecdiseases in their hosts. In honey
bees QApis mellifera), the pathogenic bacterial American foulbrood adeaenibacillus
larvae) can cause the death of infected larvae (Gene2€dla). The infected colonies are
weakened, and at length may die. The highly pathicg8quirrel pox virus quirrel
parapoxvirus) caused the dramatic population decline of grewirsg] (Scurius
carolinensus), after the virus introduction in the grey squiimative range (Strauss et al.,
2012).

Favourable bacterial associations

Social insects are the hosts to numerous pathedections including bacteria (Forsgren,
2010; Genersch, 2010), viruses (Highfield et ab02 Valles et al., 2009), and fungi
(Genersch, 2010; Evans et al., 2011). Howeverasatsects present multiple defences
against harmful infections. On the individual les#If-grooming behaviour and individual
immune system response help workers maintain ¢thwairhealth, while on the colony level
allo-grooming (Okuno et al., 2011; Qiu et al., 2p®hd hygienic behaviour (i.e. the
disposal of nest-mate corpses) (Spivak and RERG£Y]; Diez et al., 2014) can provide
protection against the spread of infections insidataddition to their individual and social
immunity, social insects can limit the proliferati@of pathogens via antimicrobial and
antifungal activity compounds present in specifiod (Gherman et al., 2014), in the resin
foraged and placed in their nesting environmentaftisat et al., 2007; Britsch and
Chapuisat, 2014; Drescher et al., 2014) or in tbein excrements (Koch and Schmid-
Hempel, 2011; Chouvenc et al., 2013). Furthermeoeijal insects can be intimately

associated with symbiotic favourable bacteria pootly antibiotic and antifungal
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compounds, such dsactobacillus (Valmir Santos et al., 2004; Forsgren et al., 2009
Yoshiyama and Kimura, 2009; Mattoso et al., 2012eler et al., 2013). Hence, the
bacterial diversity associated with social insdwets been associated with their health and
wellbeing (Koch and Schmid-Hempel, 2011; Poulseth 8apountzis, 2012; Vasquez et
al., 2012). The loss of these favourable associatsaffect host populations and lead to

population declines.

Antibiotic treatments

Antibiotic treatments are used in order to undewsthe specific role of bacteria association
with their hosts. For examplé&seudomonas spp. are part of the coffee berry borers
(Hypothenemus hampei) gut bacteria, and can be killed by tetracycliniampicin and
streptomycin treatments. After antibiotic treatnserdoffee berry borers were unable to
degrade the caffeine present in their food sounth¢ating the major role dPseudomas
spp. in their host digestion (Ceja-Navarro et2015). Following rifampin treatments, the
role of the bacterial genu&ochmannia in carpenter antsCamponotus fellah) host was
highlighted (de Souza et al., 2009). The bacteeara/olved in their host colony growth
and immunity system. Antibiotic treatments may éfere highlight major bacterial

associations with their hosts, and in their hogiypation dynamics.

The case of the invasive Argentine ant

Argentine ants L(inepithema humile) were introduced in New Zealand after a complex
invasion path (see Chapter 1, section 1.8). Intexidio a low genetic diversity, the ants
seem to present a lower diversity of bacterial geme New Zealand than in their home
range (see Chapter 2). Argentines ants may havedduable associations with protective
bacteria along their invasion pathway, loweringrtiremune system. Bacterial infections
in Argentine ants in New Zealand may thereforedsponsible for the observed population
decline. The loss of these infections through aotitbtreatments may improve Argentine
ant fitness.
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Chapter aims

In this chapter, 454 sequencing was used to clarsetchanges to the bacterial diversity
after antibiotic treatments, as a preliminary stepunderstand the role of bacteria in
Argentine ant population dynamics. It was hypotbedithat: 1) antibiotic treatments will

decrease bacterial diversity in Argentine ants; 2nthe loss of pathogenic bacteria will

increase Argentine ant fitness.

3.3. Materials and methods

3.3.1. Colony collection and laboratory rearing coditions

To test the effect of the loss of specific path@gen long term Argentine ant survival and
colony fitness, multiple nests were collected prigate garden in Hastings (North Island,
New Zealand - latitude -39.628287, longitude 178F®), at the end of February 2012.
Argentine ants form a super colony in New Zeald@akin et al., 2007a). This characteristic
allowed me to place the nests together into onengolThe resulting colony contained
46 queens, over 3,000 workers and some brood. fitseveere placed in a large plastic
container (20.5 x 14.0 x 7.0 cm) during three meritit acclimation. The container walls
were coated with fluo¥ (Polytetrafluoroethylene PTFE-30; BioQuip Produdts.) to
prevent any escape. The lid had an opening (4.0 gr8) in the middle covered by a tight
mesh net allowing air to pass through. Artificialsts consisted of three 10 mL nest tubes,
filled up with water to one third and plugged wihcotton wool to provide a humid
environment. Red cellophane was used to shelteartheests from light and mimic light
conditions in natural nests. The ants were kephénlaboratory at ~20°C, ~60% relative
humidity, under a 16-hour day / 8-hour night reginiéis environment was similar
throughout the different stages of the experim&he ants were fed twice a week with
fresh water, 20% (v/v) honey water mix and threg @n long pieces of freshly killed

mealworms Tenebrio molitor larvae).

3.3.2. Antibiotic treatments
Antibiotics
To study the bacterial diversity decrease in Arigenaints, four antibiotics (i.e. ampicillin,

gentamicin, kanamycin, and spectinomycin) werecsete The antibiotics were selected
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for their effectiveness on the various bacterigicsfa and different targets within bacteria,
and therefore their potential different effects lmacterial diversity present in Argentine
ants. Ampicillin is a semi synthetfzlactam with bactericide proprieties. The antilmoti
inhibits the transpeptidase enzyme needed in cell synthesis, affecting both Gram
positive and Gram negative bacteria. Gentamicimakacin and spectinomycin are
natural aminoglycosides with bactericide propreti@hese antibiotics interfere with
protein synthesis by binding with 30S ribosome sutbof Gram negative bacteria and of

a few Gram positive bacteria.

Optimal antibiotic concentration

Antibiotic concentrations for the treatments wepdimised prior to the experiments. An
optimal antibiotic concentration was defined ashregmough to modify bacterial diversity
without inducing immediate death of the ants. Thdd@&rent antibiotic concentrations
(2.00 mg/mL, 2.50 mg/mL, and 5.00 mg/mL) were tédia each of the four selected
antibiotics, ampicillin (Sigma Aldrich), gentamic{iSigma Aldrich), kanamycin (Sigma
Aldrich) and spectinomycin (Sigma Aldrich). A tresnt corresponded to one
concentration of one antibiotic, 1.00 mg/mL of aailpn for example. The control
treatment corresponded to the absence of antibiotithe sugar mix feeding solution (as
described later). Each treatment including the robteatment was tested on two groups
of 10 workers. Workers were retrieved from the éaoplony fragment one day prior to
treatment. Test groups were conserved in smalliplesntainers (9.0 x 13.0 x8.5 cm). The
container walls were coated with Flu#n(Polytetrafluoroethylene PTFE-30; BioQuip
Products, Inc.) to prevent any escape. The liddmadpening (4.0 x 3.0 cm) in the middle
covered by a tight mesh net allowing air to passugh. One artificial nest tube was placed
in each container. Artificial nests consisted oh2 nest tubes (4.0 cm long x 1.0 cm) with
a small cotton ball soaked in water for humiditgdRcellophane was used to shelter the
ant nests from light and mimic light conditionsnatural nests. The optimal antibiotic
concentration experiment was tested over ten cotisecdays. Each group of workers
were treated with antibiotics once a day and féldviong one treatment for five treatment
days. For antibiotic treatments, the groups of wslkwvere fed one 0.50 mL drop mix of
20% sucrose (wl/v, final concentration) and the appate concentration of antibiotic (i.e.
1.00 mg/mL, 2.50 mg/mL, or 5.00 mg/mL, final contration), placed on a tin foil square
(~1.5 cm). Controls were fed 0.50 mL of 20% sucrose wamgv), After feeding, ants
were observed for one hour to ensure that at @stant fed on the solution mix. After
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five days of antibiotic treatments, all groups wgieen one 0.5 cm long piece of freshly
killed mealworms and one 0.50 mL drop of 20% suenater mix (w/v). During the next
four consecutive days, the ants were all fed 066 L drop of 20% sucrose water mix
(w/v). The number of ants in each of the differgrdups were recorded over the 10 days

of the trial.

Ampicillin and gentamicin treatments

Based on the results of the optimal concentratiiafstlater described (see section 3.4.),
ampicillin and gentamicin at 5.0 mg/mL were selddi test the effects of antibiotic on
bacterial diversity, and on long-term colony sualiand fithess. Each treatment, antibiotics
and control, were given to three colonies. Antseanretrieved from the original colony to
create nine fragments. Each fragment is considéreckafter as a colony. Each newly
created colony was composed of three queens, 3fKergoand 15 larvae, and was placed
in new containers (7.0 x 14.0 x 20.5 cm) with thaeiicial nest tubes each as previously
described. Colonies were fed twice a week withifreater, 20% (v/v) honey water mix
and three 0.3 cm long pieces of freshly killed meains during one month for acclimation.
Colonies were not fed for three days prior to stgrthe antibiotic treatments in order to
encourage feeding during treatments. Treatmentsmtover 10 days. Colonies were fed
1.00 mL of a mix composed of 20% (w/v) sucrose &) mg/mL (final concentration)
antibiotics once a day for five consecutive daysnt@l colonies were feed 1.00 mL of a
mix composed of 20% (w/v) sucrose. On the sixth, @dygroups were given one 0.5 cm
long piece of freshly killed mealworms and one Infl0drop of 20% (w/v) sucrose water
mix. For the next four days, the ants were alldad 1.00 mL drop of 20% (w/v) sucrose
water mix. All dead ants in each of the differeritments were counted every day during
the treatments. Following the treatments, all cielerwere fed twice a week with fresh
water, 20% (v/v) honey water mix and three 0.3 @ngl pieces of freshly killed
mealworms. After three months, queens, workersatmand eggs were counted in each

colony.

3.3.3. Metagenomics sequencing

Sample collection

One sample composed of ants freshly collected fitwerfield, before any feeding in the
laboratory, and constituted the “before test” groigditional ants were collected before

and after treatments in order to assess the effeentibiotic treatments on bacterial
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diversity present in ants. Five samples from théaniic treatments were collected on the
10" day after the beginning of the treatments. Ontyssimples from the antibiotic treated
ants were analysed with 454 sequencing due to éhbaesicing plate limitations. Two
colonies were randomly selected among the thregaawolonies, two colonies among the
three colonies treated with ampicillin, and oneoogl among the three colonies threated

with gentamicin. All samples were preserved in 16&#anol at -20°C.

DNA extraction and library creation

To retrieve bacterial DNA from the samples, DNA weagracted from a pool of 30 ants for
each sample. DNA was extracted using a PureLink@o@ec DNA Mini-Kit (Invitrogen)
with an additional Phenol-Chloroform purificatioteg (see Chapter 2, section 2.3.1).
Bacterial DNA was then amplified using tagged 1G8versal primer Gray28F and
gray519r and prepared for 454 sequencing (see @h2psection 2.3.1).

3.3.4.Data Analysis

Argentine ants survival probability analyses weraised in R version i386 3.1.3 using the
package survival. Comparison between survival goiitias of ants in different treatments
was analysed using Cox proportional hazard regresabdels (Barbieri et al., 2013). The
fithess of the colonies (eggs and larva productwe)je compared by anova based on

treatments and number of queens. Significancelftests was assumed at p<0.05.

Sequences from 454 sequencing were analysed usivtEQ.7.0 (see Chapter 2, section
2.3.2). Changes were made for the rarefaction mpses. Samples were rarefied to 4,000
reads, the lowest number of reads found in a sataplbow comparison between samples.
Only one sample represented bacterial diversitprieeaboratory rearing conditions, and
only one sample represented bacterial diversitgrajentamicin treatment. Therefore

statistical analysis were only undertaken betwiercontrol and ampicillin treatments.

3.4. Results

3.4.1.0ptimal antibiotic concentration
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Trials to determine the optimal concentration dftaatics were conducted on small groups
of workers using four antibiotics; ampicillin, gamticin, kanamycin and spectinomycin,

at three different concentrations during a 10 day (Figure 3.1).
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Figure 3.1: Survival probability of Argentine ants during antibiotic treatments with

ampicillin, gentamicin, kanamycin and spectinomycinEach antibiotic treatment survival line
corresponds to the mean survival during a 10 daldf six groups of workers (n = 10 ants), two gps of
workers for each of the three different antibiatimcentration treatments. The control treatmentreatsed
on two groups of workers (n = 10 ants). Ants weyerted every day.

When pooling the survival results of the three @miations together for each antibiotic,
there was no significant difference in the death od ants for any antibiotics compared to
the control treatment (Likelihood ratio test = @8z 4, p>0.05, n = 2860; coxph).

In order to determine the optimal antibiotic cortcation for later experimentations, the

different concentrations of antibiotics were congghto each other (Figure 3.2).
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Figure 3.2: Survival probability of Argentine ants during antibiotic treatments at
different concentrations for: a) ampicillin; b) gentamicin; c) kanamycin; and d)
spectinomycin.Each antibiotic concentration weested on two groups of workers (n = 10 ants) duan
10 day trial. Ants were counted every day.

There were significant differences between the giodlly of ant survival at different
antibiotic concentrations for ampicillin (Likelihdoratio test = 39.3, df = 2, p<0.001,
n = 660; coxph), kanamycin (Likelihood ratio test£2, df = 2, p<0.05, n = 660; coxph)
and spectonmycin (Likelihood ratio test = 8.737d, p<0.05, n = 660; coxph) treatments.
No significant differences were observed for gemntam(Likelihood ratio test = 0.32,

df = 2, p>0.05, n = 660; coxph). In all treatmerasts survived at least four days post
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treatment (Figure 3.2). These results indicated #@na antibiotic concentration of
5.00 mg/mL, the highest tested antibiotic conceiumacould be used to test the effects of
antibiotics on ant fitness without inducing immedideath of the treated ants. Therefore,

5.00 mg/mL was the concentration used for all feifay experiments involving antibiotics.

3.4.2.454 read quality
Bacterial DNA amplified by 16S primers from Argergiant samples were collected before
laboratory rearing conditions (just after fieldleation) and after two antibiotic treatments

to assess the modification in bacterial diversitgraantibiotic treatments.

A total of 273,798 sequence reads was obtained ffmrmthree resulting libraries. The
libraries contained from 62,897 to 138,672 readkiacluded reads from 18 extra samples
from a different analysis (see Chapter 2). A tofdd65 reads were excluded based on their
length being either below 200 or above 1,000 nuies. A further 261 reads were
excluded for their number of ambiguous bases exogedik nucleotides, 10,118 reads for
a mean quality score below 25, and 5,316 readspfesenting a homopolymer run
exceeding 6. After these quality controls, a tofab6,845 reads were assigned to the six
samples; one sample after field collection and teeémy feeding in the laboratory, two
samples from two control treatment colonies, twmgias from two ampicillin treated
colonies, and one sample from one gentamicin tileeddony. Between 4,258 to 24,386
reads (mean = 9474.14 +3121.96) were assigneaahdenoising, chimera and singleton
exclusion step with Usearch 7.0.1090 left a tot&4o773 reads. These reads were assigned
to the six samples, from 4142 to 23,604 reads aempte (mean = 9,128.83 +£3,026.20),
and were clustered into 483 Operational taxonommitsu(OTUs) with 97% identity

similarity between reads.

3.4.3.Bacterial diversity between antibiotic treatments

Alpha diversity was analysed using rarefaction earbbased on the number of observed
number of operational taxonomic units (OTUs) focledreatment: before laboratory
rearing conditions (“before test”), and after treants for the control, ampicillin and

gentamicin treatments (Figure 3.3).
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Figure 3.3:Rarefaction curves using QIIME 1.7.0, based on thestimated number of

OTUs in Argentine ants before and after antibiotictreatments.No error bars for the standard
variation are presented for “Before test” and “Gemcin” treatments as only one sample was availédsle
each. The length of the rarefaction curve for éeeditment is limited by the lowest number of segeeeads
in a sample from that treatment.

The number of OTUs observed for each treatmenéased with the number of reads. The
slopes of the curves slowed to reach plateaux.eTresaults indicate that most of the OTUs
diversity could be detected with only 4,000 reads pample, 4,000 being the lowest
number of reads in a sample in this study. The remab OTUs is the lowest before
laboratory rearing conditions, before any acclioratnd treatments. The highest number
of observed OTUs was found after antibiotic treatteeThe number of observed OTUs is
significantly higher after ampicillin treatment thafter the control treatment. Because of
the space limits of the 454 sequencing, only ormg$afor the “before test” and gentamicin
treatment could be analysed. Therefore significafmethe observed differences involving
these two groups cannot be tested. A significaffiérdince can be observed between the
control and ampicillin treatment (Figure 3.3°).Tdrapicillin treatment presented a higher

number of observed OTUs than the control.

Beta diversity was analysed through principal cowmte analyses (PCoA) to compare
bacterial diversity between treatments. PCoA wezalised based on weighted and
unweighted UniFrac distances between samplesraitefaction to 4,000 reads, under the

lowest number of reads in a sample (Figure 3.4).
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Figure 3.4: Principal coordinate analysis (PCoA) bsed on a) unweighted and b)
weighted phylogenetic UniFrac distances generated QIIME 1.7.0 of Argentine ant

samples before and after antibiotic treatmentsReads were rarefied to 4,000 to allow comparison
between samples. Circles were manually added tmh$e the dispersion of samples from a same tesatm

Few OTUs were unclassified, meaning outside thdebacdomain or undetermined

bacterial phylum (<0.3%). In total, 128 bacteri@ngra belonging to 13 phyla were
detected across all treatments. Four phyla ande22rg were shared by all treatments
(Figure 3.5).

(@) Ampicillin (b) Ampicillin

Gentamicin 12 Gentamicin

Figure 3.5: Venn diagrams of unique and shared baetia present in Argentine before

and after antibiotic treatments: a) at the phylum kvel, and b) at the genus levebnly
the presence and absence of bacteria defined tphylem level in a) or to the genus level in b) wer
considered. Venn diagrams were generated withdbkgge Venn diagram in R (what version). Most ef th
phyla were present before and after treatment.

The ants presented the lowest number of uniquesbakphyla and genera “before test”,
meaning before laboratory rearing conditions ang tesatments. The highest number of

unique phyla and genera was found after ampidiléatment.
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Looking more specifically at the identity and tke¢ative abundance of the 13 phyla, only

two phyla were present >1% in all treatments: Rio&eteria and Firmicutes (Table 3.1).

Table 3.1: Bacterial phyla in the Argentine ant bedre and after antibiotic treatments.
The mean of the relative abundance of each physymndsented in percentage, and the mean of rawerumb
of reads identified for each phylum is in brackdter phyla before the test and phyla after gentamic
treatment, no means were calculated as only onpleaepresented each treatment; the relative almeeda
and number of reads corresponded to the data fratsingle sample. Phyla present >1% are considened
rare. Phyla non-rare in all treatment are in bBlayla present in all treatments are indicated Ky TUs that
could not be classified as bacteria (category “dssified”) and OTUs with non-named phyla are maxigin
representing <0.05% in total for before test aredbntrol treatment. In order to compare bactagsgnce
between treatments, g-tests were realized on thtveeabundance of the different phyla after racébn to
4,000 reads. Bonferroni corrected p-values areeptted for each phylum. Significant p-values areciaiegd
by a *. Only the control and ampicillin treatmenene® compared as they were the only treatmentstwith
analysed samples.

treatment

Before.test Control Ampicillin Gentamicirl  Bonferiarorrected p-value
Acidobacteria 0.00 (0) 0.00 (0) 0.03 (6) 0.08 (5 AN
Actinobacteria® 0.22 (9) 053 (37) 3.47(247.5)  2.07(130) 9.81 &%
Armatimonadeteq 0.00 (0) 0.005 (0.5) 0.00 (0) @102 NA
Bacteroidetes® 0.07 (3) 0.20 (16) 0.34 (55.5) @Q28) 2.158%
Chloroflexi 0.00 (0) 0.02 (1) 0.004 (1) 0.00 (0) NA
Cyanobacteria 0.00 (0) 0.06 (5) 0.17 (20.5) 0.Z7) (1 NA
Firmicutes” 32.25(1336) 14.66(1061) 35.46(5779)  10.29(646) o*
Fusobacteria 0.00 (0) 0.00 (0) 0.004 (1) 0.00 (0 AN
Planctomycetes 0.00 (0) 0.00 (0) 0.02 (2) 0.00 (0) NA
Proteobacteria® | 67.19(2783) 84.46(6735.5) 60.05(8167.5) 86.78(5448) o*
Tenericutes 0.24 (10) 0.00 (0) 0.01(3) 0.02 (1 NA
WPS-2 0.00 (0) 0.00 (0) 0.00 (0) 0.03(2) NA
WYO 0.02 (1) 0.00 (0) 0.00 (0) 0.02 (1) NA

Actinobacteria was the only other non-rare phyléctinobacteria were non-rare after the
ampicillin and gentamicin treatments. The relatigercentages of Proteobacteria,
Firmicutes, Actinobacteria and Bacteroides werenigantly different between
treatments. The control treatment bacterial ditgrglative abundance differed from the
“before test”, indicating a change of bacterial edsity cause by laboratory rearing
conditions. Furthermore, ampicillin and gentami¢ieatments may have allowed an
increase of Actinobacteria, Bacteroidetes and Clyacieria, and a decrease of Tenericutes

compared to the before test and control treatment.

The difference in bacterial diversity between tneants may also be observed at the genera
level (Figure 3.6 and Table 3.2).
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Figure 3.6: Relative abundance of non-rare bacterigenera before and after antibiotic

treatments. Only non- rare bacteria genera, genera presentin¥ach treatment, are presented. Genera
present >10% in at least one treatment are in Adld.relative abundance of OTUs not defined togereus
level increases after laboratory rearing conditionsaning the control treatment.
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Table 3.2: Bacteria genera present in Argentine ast before and after antibiotic

treatments. The relative abundance mean of each genus isntezsan percentage and the mean of raw
number of reads for each genus is in brackets'Before test” and “Gentamicin”, no means were ckdtad

as only one sample represented each treatmengltiarze abundance and number of reads correspdnded
the data from these single samples. Genera predéfitare considered non rare and are in bold when no
rare in all treatments. Genera present in all tneats are indicated by *. OTUs that could not lassified

as bacteria (category “Unclassified”) and OTUs witin-named phyla were representing <0.3% in total i
all treatments. In order to compare bacteria preséetween countries, g-tests were realized oretaéve
abundance of the different genera after rarefatti@h000 reads. Bonferroni corrected p-valuepersented
for each genus. Significant p-values are indicdtgda *. Only comparisons between the control and
ampicillin treatments were realised as the twottneats were the only one composed of more than one
sample.

Treatment
Phylum Genus Bonferroni
Before test Control Ampicillin Gentamicin corrected
p-value
Acidobacteria Terriglobus 0.00 (0) ©) 0) 0.05 (3) NA
Brevibacterium 0.00 (0) 0) 0.05 (11) 0) NA
Corynebacterium 0) 0.04 (2) 0) 0) NA
Dermacoccus 0) 0) 0.004 (1) 0) NA
Modestobacter (0) 0.01 (1) 0.01(2) (0) NA
Cryocola 0) 0.005 (0.5) 0.004 (1) 0.05 (3) NA
Leucobacter 0) 0) 0.01 (3.5) ) NA
Microbacterium 0) 0.14 (10) 0.11 (10) 1.43(90) NA
Actinobacteria Mycobacterium 0) 0.14 (7.5) 2.74(140) 0.02 (1) NA
Nocardia 0) 0) 0.004 (1) 0) NA
Rhodococcus 0) 0) 0.012 (7) 0) NA
Aeromicrobium 0) 0.01 (1) 0) (0) NA
Friedmanniella 0) 0) 0) 0.03 (2) NA
Propionibacteriunm* 0.05 (2) 0.08 (5) 0.09 (13) 0.11 (7) 0.02*
Streptomyces 0) 0) 0.01 (1.5) 0) NA
Tsukamurella (0) 0.01 (0.5) 0.09 (8) 0.30 (19) NA
Rubrobacter (0) 0.04 (4) (0) 0.03 (2) NA
Armatimonadeteq Fimbriimonas 0) 0.005 (0.5) 0) 0.02 (1) NA
Chryseobacteriun* 0.02 (1) 0.02 (1.5) 0.16 (27) 0.18 (8) 1.85%
Flavobacterium 0) 0) 0.01(2) 0.02 (1) NA
Chitinophaga 0) 0) 0.02 (1) (0) NA
Flavisolibacter 0) 0) 0) 0.03 (2) NA
Bacteroidetes Segetibacter 0) 0.005 (0.5) 0.09 (16.5) 0.02 (1) NA
Hymenobacter 0.05 (2) 0) 0) 0) NA
Pontibacter (0) 0.01 (1.5) (0) () NA
Spirosoma 0) 0) 0) 0.03 (2) NA
Pedobacter 0) 0.04 (2) 0.01(1.5) 0.05 (3) NA
Sphingobacterium 0) 0.08 (8) 0.002 (0.5) 0.02 (1) NA
Bacillus (0) 0.02 (1.5) 0.01 (1.5) (0) NA
Paenibacillus 0) 0.02 (1) 0) 0) NA
Firmicutes Saphylococcus 0) 0.04 (2.5) 0.07 (11.5) 0.02 (1) NA
Exiguobacterium 0) 0) 0.01 (1.5) 0) NA
Enterococcus 0) 0) 0.01 (2) 0) NA
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Lactobacillus® 32.23(1335) | 14.34(1039.5)| 35.13(5718.5)| 10.02(629) o*
Fusobacterium 0.00 (0) 0.00 (0) 0.004 (1) () NA
Planctomycetes | Planctomyces 0.00 (0) 0.00 (0) 0.02 (2) 0) NA
Proteobacteria Brevundimonas 0.00 (0) 0.00 (0) 0.004 (1) 0) NA
Caulobacter® 0.05 (2) 0.12 (8.5) 0.38(38.5) 0.25 (16| 5.85¢e
Phenylobacterium 0.00 (0) 0.01(1.5) 0.02 (1) 0.00 (0) NA
Balneimonas 0.00 (0) 0.005 (0.5) 0.01 (2.5) 0.03 (2 NA
Bosea® 0.07 (3) 0.42 (29.5) 0.49 (89) 0.67 (42 1.P¥e
Bradyrhizobium® 0.31(13) 0.71 (42) 0.03 (7) 0.13(8) 1.0%Pe
Ochrobactrun® 0.17 (7) 0.36 (22.5) 0.35 (29) 0.86 (54) 3.3%e
Devosia 0.05 (2) 0.00 (0) 0.00 (0) 0.00 (1) NA
Methylobacteriumm 0.19 (8) 0.06 (4.5) 0.09 (12) 0.22 (14 0.12
Mesor hizobium 0.00 (0) 0.00 (0) 0.00 (0) 0.03 (2) NA
Phyllobacterium 0.00 (0) 0.00 (0) 0.70 (35.5) 0.00 (0) NA
Agrobacterium 0.00 (0) 0.16 (9.5) 0.002 (0.5) 0.00 (0 NA
Kaistia 0.00 (0) 0.03 (3) 0.004 (1) 0.00 (0) NA
Rhizobium 0.02 (1) 0.00 (0) 0.02 (1.5) 0.00 (0) NA
Labrys 0.14 (6) 0.00 (0) 0.00 (0) 0.00 (0) NA
Paracoccus 0) 0.005 (0.5) 0.01 (1.5) 0.00 (0) NA
Rhodobacter 0.00 (0) 0.02 (1) 0.00 (0) 0.00 (0) NA
Rubellimicrobium 0.00 (0) 0.02 (2) 0.01(2) 0.13(8) NA
Gluconobacter® 3.48(144) | 22.62(1318.5) | 21.63(3507.5)| 4.22(265) o*
Roseomonas 0.14 (6) 0.01 (1.5) 0.00 (0) 0.02 (1) NA
Azospirillum 0.00 (0) 0.00 (0) 0.03 (6.5) 0.00 (0) NA
Skermanella 0.00 (0) 0.00 (0) 0.01 (2.5) 0.00 (0) NA
Rickettsia 0.87 (36) 0.01(0.5) 0.04 (9.5) 0.00 (O NA
Wolbachia 0.00 (0) 0.00 (0) 0.03 (5) 0.00 (0) NA
Sphingobium 0.00 (0) 0.00 (0) 0.02 (5.5) 0.05 (3) NA
Sphingomonas™ 0.92 (38) 1.56(69.5) 3.19(424) 0.79 (49) 3.13%8%
Sphingopyxis 0.00 (0) 0.01 (1) 0.03(2) 0.00 (0) NA
Achromobacter” 0.10 (4) 8.75(881.5) 0.62 (56.)5 | 1.43(90) o*
Burkholderia 0.00 (0) 0.83 (44.5) 0.62 (4) 0.16 (1) NA
Acidovorax 0.00 (0) 0.02 (1) 0.05 (3.5) 0.02 (1) NA
Delftia® 0.77 (32) 1.58(100) 3.74(377) 4.33(272) 4.17 &*
Diaphorobacter 0.00 (0) 0.01 (1) 0.00 (0) 0.00 (0) NA
Methylibium 0.00 (0) 0.00 (0) 0.01 (1.5) 0.00 (0) NA
Pelomonas 0.00 (0) 0.09 (6) 0.28 (30) 0.25 (16 NA
Variovorax® 0.02 (1) 0.06 (4) 0.02 (2) 0.03 (2) 0.61
Cupriavidus 0.00 (0) 0.00 (0) 0.02 (1.5) 0.00 (0) NA
Janthinobacterium 0.00 (0) 0.06 (3) 0.00 (0) 0.00 (0) NA
Ral stonia® 0.02 (1) 0.047 (3) 0.26 (20) 0.06 (4) 4.1%%
Methylotenera 0.00 (0) 0.00 (0) 0.004 (1) 0.00 (0) NA
Azospira 0.00 (0) 0.00 (0) 0.00 (0) 0.05 (3) NA
Shewanella 0.00 (0) 0.00 (0) 0.03 (6.5) 0.00 (0) NA
Citrobacter 0.00 (0) 0.00 (0) 0.03(7) 0.00 (0) NA
Enter obacter 0.02 (1) 0.00 (0) 0.02 (4) 0.00 (0) NA
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Erwinia 0.07 (3) 0.01(1.5) 0.12 (6) 0.00 (0) NA
Escherichia® 0.05 (2) 0.13 (8) 0.27 (34) 0.49 (31 1.6%%
Gluconacetobacter 0.00 (0) 0.00 (0) 0.55 (27.5) 0.05 (3) NA
Serratia 0.00 (0) 0.02 (1.5) 0.36 (58.5) 0.00 (0 NA
Trabulsiella 0.00 (0) 0.00 (0) 0.01(2) 0.00 (0) NA

Rickettsiella® 52.98(2182) 0.03 (1.5) 0.06 (12.5) 0.06 (4) o*

Legionella 0.00 (0) 0.04 (2.5) 0.00 (0) 0.00 (0) NA
Acinetobacter® 2.00(83) 0.78 (52.5) | 4.59(334.5) 1.18(74) 3.90 =

Enhydrobacter 0.00 (0) 0.005 (0.5) 0.00 (0) 0.03 (2) NA
Psychrobacter 0.00 (0) 0.00 (0) 0.01 (3.5) 0.00 (0) NA
Pseudomonas® 0.63 (26) 2.01(126) 350(457) | 5.32(334) 457 @2
Vibrio 0.00 (0) 0.00 (0) 0.01(1.5) 0.00 (0) NA
Nevskia 0.00 (0) 0.005 (0.5) 0.02 (2.5) 0.00 (0 NA
Luteibacter 0.00 (0) 0.00 (0) 0.01 (3.5) 0.00 (0) NA
Pseudoxanthomonas 0.00 (0) 0.04 (2) 0.09 (5.5) 0.05 (3) NA
Senotrophomonas® 0.29 (12) 1.52(103.5) 2.67(257) 3.55(223) 4.48 &%

While the reads from the same treatment samples p@oled together to create the bar
charts, the table (Table 3.2) corresponds to thanmelative abundance and number of
reads per treatment. Consequently, the two repias@ms of the results may present a few
differences. Based on the bar chart (Figure 3h@)sum of the relative abundance of rare
genera before and after the treatment was simi@af = 6.44 +0.47%). The relative
abundance of OTUs not defined to the genus leghilnincreased after laboratory rearing
conditions and antibiotic treatments (Figure 3.6 &able 3.3). “Before test”, meaning after
field collection and before laboratory rearing cibiods, presented only 3.26% of OTUs
non-defined to the genus level. After the contrad antibiotic treatments, the proportion
of OTUs non-defined to the genus level increase®t®1% for the ampicillin treatment,
49.43% for the control, and 61.82% for gentami@inese non-defined OTUs may induce
a bias in the relative abundance of the bactefiaet®to the genus level. Even with a high
abundance of non-defined OTUs, the number of battgenera present after the
treatments was higher than before laboratory rgarimditions. Four bacteria genera were
non- rare in the before test sampRickettsiella, Lactobacillus, Gluconobacter and
Acinetobacter, in decreasing order of relative abundance. Afeatinents, six genera were
non-rare in the control (from most to less abund#&iuconobacter, Lactobacillus,
Achromobacter, Pseudomonas, Stenotrophomonas and Ddlfia,), seven in the ampicillin
(Lactobacillus, Gluconobacter, Pseudomonas, Sphingomonas, Delfia, Acinetobacter, and
Senotrophomonas) and eight in the gentamicin treatmebadtobacillus, Pseudomonas,

Gluconobacter, Delfia, Senotrophomonas, Achromobacter, Microbacterium and
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Acinetobacter). In the Table 3.3Mycobacterium was also non-rare after ampicillin
treatment. Ampicillin and gentamicin treatmentsréased the relative abundance of
Acinetobacter. In addition, ampicillin treatment increased theative abundance of
Lactobacillus and Sohingomonas, and decreased Achromobacter. For its part, gecitam
treatment increasddelfia and decrease@luconobacter. In total, 22 bacteria were present

before and after treatment in all samples (Talitg 3.

3.4.4.Ant survival and colony fitness after antibiotic treatments

The long term survival of colonies treated with ibiotic varies between antibiotic

treatments (Figure 3.7).
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Figure 3.7: Survival probability of Argentine ants during and after antibiotic

treatments. Each treatment (control, ampicillin and gentan)igarvival results correspond to the mean
survival of workers from three colonies (day 0, BG9 workers + 3 queens + 15 larvae).

There were significant differences between the aitfipitreatment and the control (coxph,
coef = 0.2980, se(coef) = 0.0290, exp(coef) = 1,.24710.263, p<0.001), and between the
ampicillin and gentamicin treatments (coxph, coef-6:319, se(coef) = 0.0292,
exp(coef) = 0.727, z = -10.9, p<0.001). Ampicilireated colonies presented significantly

lower survival probability than the control and tientamicin treated colonies. There were
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no significant differences between the gentamigatment and the control (coxph, coef = -
0.0208, se(coef) = 0.0311, exp(coef) = 0.979, @.667, p>0.05).

The brood, meaning the eggs and the larvae, wersidered to be an indicator of the
fitness of the colony in a generalised linear m@@lM). The treatments, the number of
bacteria, and the number of workers and of que&ghaat significantly affect the colony
fitness (Table 3.3).

Table 3.3: Results of the Generalised linear mod¢GLM) on colony fitness (number
of brood) and the significance of the antibiotic teatments, the number of bacteria,
workers and queens as factors\o differences were statistically significant.

Estimate Std. Error tvalue Pr(>|t])
Ampicillin treatment -3.96619 2.54394 -1.559 0.1449
Gentamicin treatment -5.18199 2.71382 -1.909 0.0804
Number of bacteria -0.15711 0.09521 -1.65 0.1248
Number of workers -0.09625 0.065 -1.481 0.1644
Number of queens 3.16222 2.09136 1.512 0.1564

From the multiple factors, gentamicin (p close t05) seemed to be the only factor

affecting the colony fitness.

3.5. Discussion

Among the 22 bacteria present before and afteinieats in Argentine antksactobacillus
and Gluconobacter were the only bacteria non-rare in all sampleactobacillus and
Gluconobacter can be found in insects, among others (Crottl.e@10; Martinson et al.,
2011; Coon et al., 2014; Corby-Harris et al., 20{4jstrenko et al., 2015).actobacillus

is a favourable bacterial genus that includes bactaown for their multiple beneficial
proprieties: growth promotion in flie®¢osophila sp) (Storelli et al., 2011), and protection
against bacterial and fungal infections in belggq spp.) (Vasquez et al., 2012) and ants
(Mycocepurus smithii) (Kellner et al., 2015). The bacteria from thisige can be acquired
horizontally in the host environment (Kellner et, &015) or by trophallaxis between
nestmates (Vasquez et al., 2012), and verticatiynfparents to offspring (Storelli et al.,
2011). For its partGluconobacter has been reported to include bacteria specieshaittn

beneficial and harmful proprieties. In honey bedgig spp.), bacteria from the
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Gluconobacter genus are part of their host core bacteria anthaodved in their host health
(Anderson et al., 2011; Martinson et al., 2011jeAdatively, som&luconobacter bacteria
are pathogenic in fliedDfosophila spp.), and have been reported to induce chronidle g
inflammation in their hosts (Matos and Leulier, 2DITo our knowledgeGluconobacter
have not been previously reported in any ant sgecihe presence @luconobacter
bacteria in all Argentine ants may indicate a bemdfrelationship between the ants and
bacteria from this genus as with bees unlike theirdental relationship with flies.
Lactobacillus and Gluconobacter bacteria may participate to the Argentine ant imenu
system, preventing pathogenic infections in indml$ and in the colonies. Finding
antibiotics active against bacteria from these germmay offer knowledge on their

relationship with Argentine ants.

Antibiotic treatments increase bacterial diversity

Bacterial diversity increased not only after treattnwith ampicillin and gentamicin but
also increased in the control compared to the battwiversity of Argentine ants in the
field. Firstly, laboratory rearing conditions sugangly increased bacterial diversity
present in Argentine ants. In the field, Argentiaets feed on other arthropods and
honeydew from mealybugs. In the laboratory, Argemtants are presented to different
environmental conditions. Bacteria sources for dnhés are limited mostly to the food
source, honey and mealworm larvakengbrio molitor) and somewhat be considered
simple (Wang and Zhang, 2015). The only non-raretdve@l genus present in both
mealworms and Argentine antsliactobacillus (Wang and Zhang, 2015; Stoops et al.,
2016). The increase of bacterial diversity in rdadrgentine ants cannot be solely
attributed to the exclusive feeding on mealwormseding on honey may improve the
Argentine ant health through antimicrobial and famnijal proprieties (AL-Waili et al.,
2013; Gherman et al., 2014). Honey proprieties alag affect the ant bacteria and their
relative abundance. Some opportunistic bacteria graw their population, modifying
further the change in the observed bacterial dityerBhese opportunistic bacteria may not
have been detected in ants in the field becausedfced abundance. The association
between honey and the mealworms as food sourtled@nts in the laboratory may explain
the change in bacteria relative abundance, asabreadse oRickettsiella in high relative
abundance only in ants collected in the field, gredincrease of bacterial diversity in the

control ants.
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Ampicillin and gentamicin further increased the etved change in bacterial diversity
observed in the ants. The two antibiotics affectéaal genera differently. Ampicillin kills

both Gram positive and Gram negative bacteria whdatamicin kills Gram negative
bacteria and selected Gram positive bacteria. Asomsequence, the two antibiotic
treatments modified the bacteria equilibrium difetty in the ants. Opportunistic bacteria
may increase their populations while the populaiohbacteria affected by the antibiotics
decrease. Ampicillin and gentamicin treatmentsrextly promoted the growth of the
populations of some bacteria such Asinetobacter, as well asLactobacillus and

Sphingomonas for ampicillin and Delfia for gentamicin. Ampicillin decreased
Achromobacter population, and gentamicin decreased the populafiGluconobacter, the

two observed decreases of non-rare bacteria geypiggtions after antibiotic treatments.

It is noteworthy to highlight the high abundancdakettsiella genus in the field collected
ants, and the absence of the genus after the calariynation.Rickettsiella is a genus of
pathogenic bacteria infecting arthropods (lasurkFKetial., 2013). The rearing of the ants
in the laboratory and the change in environmentaiddions may have allowed the

disappearance of the infections in the ants.

Antibiotic treatments decrease ant survival but not fitness

Ampicillin treated ants presented a lower survipadbability than non-treated ants while
gentamicin treated ants did not seem to have theawival probability affected. These
results may be due to the differences in bactatiaérsity between ampicillin and
gentamicin treated antSphingomonas was present >1% in ampicillin treated ants but not
in the gentamicin treatmentSphingomonas is a genus of bacteria found in plants and
insects among others (Gayatri Priya et al., 20B2igTet al., 2012; Carrasco et al., 2014)
such as ants (Ishak et al., 2011b). Bacteria ftasdenus have been reported to protect
plants and beesApis spp.) against pathogenic infections (Innerebneralet 2011,
Kaltenpoth and Engl, 2014). Whil§hingomonas seems to be a genus of beneficial
associates, the effects of the bacteria of thisigém ants are unknown. It is possible that
the increase in the genus relative abundance iartipcillin treated Argentine ants may
have been the cause of the decrease of the antaluAchromobacter is the only bacterial
genus present >1% in both the control and the gdota treatments but not in the

ampicillin treatment.Achromobacter includes bacteria reported in multiple organisms
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including plants and insects like ants (Ishak et20111b; Hernandez et al., 2013; Jha and
Saraf, 2015). Some bacteria from the genus ardvegidn their host plant nutrition and

growth (Jha and Saraf, 2015).The effects of batfrihis genus on their insects host are
unknown. The increase of bacterial diversity coratito the change in relative abundance
of the different bacteria genera caused by amjpidittatments may therefore be at the

origin of the decrease in the ant survival.

Neither ampicillin nor gentamicin treatments sigrahtly modified Argentine ant fitness
or brood production. Brood production may not hdeen affected by the antibiotic
treatments if the queens did not receive the treatsn Argentine ant foragers ingested
large quantities of the antibiotic-honey mix in erdo feed the entire colony. Once in the
colony, foragers shared the food with nurses bghatlaxis, and in turn, nurses feed the
gueens and larvae by trophallaxis. There was aadtgpin the quantity of antibiotics
foragers, nurses, larvae and queens were expos&oragers were exposed to a higher
concentration of antibiotics compare to queenslanghe. As a consequence, the queen
bacterial diversity may not have been affect byathigbiotic treatments as much as foragers
had, and the treatments may not have at lengthtatfehe brood production. This disparity
in antibiotic exposure may explain the observedease of ant survival while the colony
fitness was not affected by the treatments. Adadgtidacterial diversity data based on the
bacteria present in the queens in the field, dftboratory rearing conditions and after

antibiotic treatments may offer additional informoat

Critical evaluation of experimental procedures

Next generation sequencing allows the sequencinigrgeé amounts of data. However,
costs are high and limit the amount of possibldysesdata. If 454 sequencing did not limit
the number of analysed samples, it would have beeresting to test the four antibiotics
(ampicillin, gentamicin, kanamycin and spectinomyaffects on bacterial diversity and
Argentine ant fitness. Idealy, each treatment wiealdested on three colonies, 15 colonies
in total including the control treatment ones. ¢fspible, the bacterial diversity may be
analysed to follow the change during laboratoryrirggand antibiotic treatments by
collecting samples: 1) in the field; 2) acclimatamd before treatment; 3) after the 10 day
antibiotic treatments; 4) at the end of the experimand 5) after 15 days without

treatments. The selected antibiotics are bactescicheaning that they kill bacteria. Dead
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bacteria may still have been present in the anenwDNA is extracted from the ants for
454 sequencing. Allowing a few days (or 15 daysjHe ants to eliminate the dead bacteria
from their organelles may allow a better charasgdion of the change in bacterial diversity
following the antibiotic treatments. This degradatiof dead bacteria and their genetic
material may explain the increase of non-assignéd<after antibiotic treatments. The
bacterial DNA amplified may be fragmented becaume lacteria were dead and being
eliminated by the ant organisms. Analysing at leastsamples from each treatment would
statistically better support the findings. Usingeth samples from the field as well as three
from each treatment (one sample per colony repljcditiring time would make the data
analyses more robust. Furthermore, adding sampdilogg) the experiment time line would
allow a better characterisation of the bacteriaédiity present in the ants.

Antibiotic treatments on Argentine ant coloniesoasasted with 454 sequencing offered the
opportunity to test the effects of antibiotics acterial diversity present in the ants, and
observed the consequence of the change in badesasity on Argentine ant survival and
fitness. Ampicillin and gentamicin treatments irased bacterial diversity present in the
ants. Only ampicillin treatments decreased Argentant survival probability. This
decrease in survival probability may be due toctienge in bacterial diversity and relative
abundance. Neither antibiotic affected colony B®@s the queens may not have been
exposed to enough antibiotic to affect their baateliversity. Further antibiotic treatments
targeting directly queens may offer a better undeding of the change in bacterial
diversity on colony fitness. This study offers asffiinsight regarding the effects of
environmental modifications on bacterial diversityd their consequences on Argentine
ant population. The change in bacterial diversigyralso alter Argentine ant recognition
behaviour and increase the ant aggression behavibarant population may thrive with
low intra-specific aggression levels to promote étine ant cooperation and high intra-
specific aggression levels to increase the ant etitnfely. Antibiotic treatments may
artificially modify the ant bacterial diversity adlow me to test the effects of a change in
bacterial diversity on ant inter- and intra-specéggression levels and encounter survival

(see Chapter 4).
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Chapter 4. Argentine ant inter-species aggressiveness
increases in the absence of fithess changes after

antibiotic treatments
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4.1. Abstract

Populations fluctuate, going through possible rpidtidecline events. Bacteria may be
involved in decreasing or promoting their host dapans. A change in bacterial diversity
may decrease their host health, their aggressigesas their chance of surviving inter-
species encounters. These changes may lead dt tengpssible population declines. The
invasive Argentine ant is a successful pest thatspaead worldwide from South America,
at the expense of native species. In New Zealdnadsticcess of these invasive ants is in
part due to their high density population and tlgjgressive dominance behaviour. The
lack of aggression between workers from differezgts allows cooperation between nests
and high number of workers defending food sourgasnat other species. Antibiotics may
be used to modify bacterial diversity present igeXitine ant, and assess the effects of the
change of bacterial diversity on the ant colonyvisai, fithess and aggressiveness.
Ampicillin, kanamycin and spectinomycin did increa8rgentine ant colony survival.
However, the antibiotics did not affect the anhdiss nor intra-species aggression.
Spectinomycin did increase the Argentine ant agivesess during intra-species
encounters with New Zealand natieolasius advenus ants. These results indicate that a
change in bacterial diversity may increase thenaatth and survival. An increase of inter-
species aggressiveness may also increase Argeatineompetitiveness against native
species. The change in bacterial diversity pregemivasive ants may be involved in

invasive species population dynamics and aggressbaviour.
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4.2. Introduction

Pathogenic and favourable bacteria associated with population dynamics

Population of invasive species show considerablgatian, with possible population
declines following booms. The invasive yellow craamt (Anoplolepis gracilipes)
populations in Tokelau, Christmas Islands and Alistrdisplayed extreme population
reduction after extensive population increase (AhR906; Gruber et al., 2012; Cooling
and Hoffmann, 2015). However, the cause of thepelption expansions and declines are
not yet known for these ants. In the case of thddwide introduced honey beéis
mellifera), extreme population declines were reported intiplel countries from different
continents. This phenomena, named colony collapsader (CCD), was associated to
multiple factors including pathogenic bacterial amal infections (Evans and Schwarz,
2011). Pathogenic infections correspond to infestioy micro-organisms, such as bacteria
and viruses, causing illness in their hosts. TheeAran foulbrood agenPéenibacillus
larvae) Kills infected bee larvaédpisspp.) and can lead at length to the death of eln¢iee
colonies (Genersch, 2010a). Pathogenic infectioasevalso hypothesized as possible
cause for invasive ant population decline (Cookaal., 2012; Cooling and Hoffmann,
2015). Already three viruses causing colony dediné possible death of entire nests have
been described in the invasive red imported fitg @olenopsisinvicta): Solenopsisinvicta
virus-1, -2 and 3 (Oi and Valles, 2009; Valles et20]3a; Manfredini et al., 2016).

Favourable bacteria may at the contrary promoie tlost health and indirectly their fithess
and population growth (Boursaux-Eude and GrossQ2Bi@ntz et al., 2005; Russell et al.,
2009). Favourable bacteria can help their hostsmagpathogenic infections (Koch and
Schmid-Hempel, 2011; Mattoso et al., 2012). Fomepla, somelLactobacillus bacteria
found in the gut of beeg\fis spp.) are involved in their host health and immaystem,
protecting their host against some bacterial aral infections (Yoshiyama and Kimura,
2009). Other bacteria are necessary to their Hostsutrition and host development.
Buchnera bacteria are associated with aphids (Douglas, 129thids without the bacteria
do not develop as well as infected aphids, andymedewer or no offspring at all. The loss
of favourable bacteria may consequently decrease tiost's fitness. If the loss is
widespread, the absence of favourable bacteria mdyce a decline of their host

population.
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Bacteria involvement in aggressive behaviour in social insects

In the case of social insects, bacteria presenndividuals may influence individual
aggressiveness against nestmates but also ag#iestspecies. Nestmate recognition is
influences by multiple factors in addition to thelany cuticular hydrocarbon (CH)
signature (Jones et al., 2012; Turgis and Ordo&2R0CH are molecules found on the
insects, and are frequently specific to colonieslo@y CH signature may be modified
temporarily by contact with the environment, aniduenced by the individual diet (Liang
et al., 2001; Corin et al., 2007a). Furthermorepgaition between nestmates may also be
influenced by the bacterial diversity present ia thdividuals as it is the case for some
termites Reticulitermes speratus) (Matsuura, 2001). A major change in bacteriakdsity

of some termites in a nest can lead to an increlbaggression within that nest. Nestmates
with different bacterial diversity would not be ocgmise as nestmates anymore. In the case
of supercolonies, the changes in CH signatures lesy to the non-recognition of nests
between each other, and at length to the fragmentat the supercolony. Supercolonies
are colonies compose of a high number of nestadma a large space, and presenting a
lack of aggression between workers from differeasta (Heller et al., 2008b). The
appearance of intra-species aggression in a supayconay potentially weaken the

supercolony and lead to its decline.

Population dynamic is also associated with indigldaggressiveness level against other
species to defend food sources, territory and niestasive social insects present high level
of inter-species aggressions (Fadmiro et al., 260%jina et al., 2014). A decrease in
aggressiveness of social insects may lead to redoaceaccess and at length limit colony
growth. A change in bacterial diversity may deceeaslividual health and lower hots
aggressiveness and resistance during inter-spetiiounters. As bacterial diversity has
been associated with individual health, it may bgsible that bacterial diversity may affect
individual aggressiveness behaviour and survivala©olony level, the change of bacterial
diversity present in the queens, workers and broag affect their intra- and inter-species

aggressiveness.

Antibiotic treatments
As discussed in Chapter 3 (section 3.2), antitsatiay be used in order to modify bacterial

diversity present in individuals. Antibiotics offan insight on the effects of the loss of
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bacteria and change in bacterial diversity on éeandividual fitness and survival. For
example, antibiotic treatments affecting the fanoilypacteria Rickettsiaceae that includes
Wolbachia decrease development and fitnes®ifgia malayi wormsin vitro (Rao and
Weil, 2002). Antibiotic treated leaf-cutter an#sc{omyrmex subterraneus subterraneus)
were more susceptible to fungal infections andetfuge experienced reduced survival
(Mattoso et al., 2012).

For social insects, the antibiotic treatments magffiered to all colony members by mixing
the antibiotics with food. Foragers retrieve foad their colony. Via trophallaxis, or to
mouth exchange, foragers pass along food to nessnratluding nurses. Nurses will then
feed the queens and brood. The effects of antdsiotiay therefore observed on the entire

colony fitness and survival.

The case of the invasive Argentine ant

Native from South America, Argentine antsingpithema humile) are an invasive ant
species in New Zealand. While Argentine ants aecaessful invasive species, spreading
at the expense of native ants species and othepetdnors, the invasive ant population
inexplicably declined in New Zealand (Cooling et @012). Pathogenic infections have
been proposed as the cause of this populationngediathogenic infections may have
weakened infected individuals and their coloniegwdring their aggressive
competitiveness and food resources. Pathogenictiofes may also have modified the
interactive behaviour between nests. Uninfectedsnesy have displayed aggressive
reactions toward infected ants. Intra-species @&ggre may have resulted in a
fragmentation of the supercolony and lower Argemt@mt numbers. At length, Argentine
ant fitness may have declined and resulted in tpalation decrease. Antibiotics may be
used on laboratory Argentine ant colonies to chahge bacterial diversity (see Chapter
3) and to induce a stress in order to affect thesarvival, fithess and aggressiveness. The

results may inform on the role of bacterial divisrsin Argentine ant population dynamics.

Chapter aims
This chapter aims to characterise the effects tbiatic treatments, firstly on Argentine
ant intra- and inter-species aggressiveness, arahgly on Argentine ant colony fitness

and survival. Antibiotic treatments were hypothedito change the bacterial diversity
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present in ants which in turn could: 1) increageakspecies aggressiveness; 2) increase

inter-species aggressiveness; and 3) increase #ngeant colony fitness and survival.

4.3. Materials and methods

4.3.1.Ant colony collection and laboratory conditions

Multiple nests of Argentine ants were collectedaimprivate vineyard in Hastings, New
Zealand (lat. -39.60; long. 176.74), in April 2014nt nests were pooled together as
Argentine ants are unicolonial in New Zealand, ants from different nests do not act
aggressively towards each other (Corin et al., a8Ddn the laboratory, 20 sub-nests (now
on considered as colonies) were created. Each geas composed of five queens, 700
workers, and brood. The colonies were placed istjgldoxes (20.5 x 14.0 x 7.0 cm) that
had walls coated with Flu®h(Polytetrafluoroethylene PTFE-30; BioQuip Produats.).
Each box contained three glass tubes (1.5I¢h5.0 cm long) filed to one third with water
(the water was blocked by a cotton ball) and caVerein foil to create a favourable nesting
environment. For intra-specific interactions ddsed below, one additional large colony
of Argentine ants was created with one queen, ©5y@frkers and brood. This colony was
placed in a large plastic box (25.5 x 25.5 x 13r) with walls coated with Fluén and
containing 10 glass tubes prepared as previouslgribed for nesting. The colonies were
maintained at 2@ + 1, under a 16/8 h light-dark cycle. They wezé fwice a week with

a cotton ball soaked in ~5 mL of a 20 % honey smtufv/v) and ~1.5 g of fresh cut
mealworms Tenebio molitor larvae). After two months of colony acclimatiordggrior to
the experiments described below, the number of @rsrland queens were counted again,

and all the brood was removed.

For inter-specific interactions, New Zealand natwesProlasius advenus were selected.
Six colonies ofP. advenus were collected in Kaitoke Regional Park in New |Zad
(Rivendell — lat. -41.06; long. 175.18) in May 20T4ey were placed in nests and kept in

conditions similar to the Argentine ants, as déscipreviously.

100



4.3.2. Antibiotic treatments

Argentine ant colonies were treated with antib®tin order to modify the bacterial
diversity present in the ants (see Chapter 3). Ailtipi kanamycin and spectinomycin
were selected for their bactericidal proprietiemr&specifically, ampicillin is @-lactam
antibiotic interfering with the construction ancetfunctionality of the bacteria cell wall
and is a broad spectrum of Gram positive and Gragative bacteria. Kanamycin and
spectinomycin are two aminoglycoside antibiotidsiliiting protein synthesis in bacteria
Gram negative and some Gram positive. Rifampicis aigo considered as a potential
treatment, as rifampicin is a bactericidal antiisiotith a different interference compared
to the other selected antibiotics. Rifampicin intsithe synthesis of RNA in bacteria.
However, ants would not feed on solutions contarthris antibiotic (see Appendix III).
Rifampicin was consequently disregarded as a patettibiotic treatment.

Argentine ant colonies underwent four treatments @Gicolonies for each treatment): no
antibiotics (control), ampicillin, kanamycin, angestinomycin. The first part of the
experiment corresponded to a short-term antibtotigtment. Colonies were fed every day
for five days a 200 pL mix composed of 20 % (wigr®se and 5.00 mg/mL antibiotics
(final concentrations). The control colonies wexed with a 20 % (w/v) sucrose solution.
The mix was offered to the ants on a 2¢im foil cut. Starting 10 min after the placement
of food in the foraging area of the boxes, the nemif ants feeding on the mix were
recorded every 10 min for 100 min to ensure feeditighe end of the five day antibiotic
treatments, the colonies were fed ~1.5 g of frekhlgd mealworms. The second part of
the experiment or long-term antibiotic treatmerdrttollowed. Colonies were fed three
times a week for three weeks an antibiotic mix @ame as the one during the first period).
After each antibiotic feeding, the number of aetsding was counted as described above.
In addition, after the treatment feedings, the o@s were given ~1.5 g of freshly killed

mealworms twice a week.

4.3.3.Changes in inter- and intra-specific aggressive igtractions

The modification of intra and inter-species aggresgess and survival rate of Argentine
ants after the antibiotic treatments was investigaf\rgentine ant (n = 10) aggressiveness
and survival were recorded during encounters witlheated Argentine (n = 10) ants and
P. advenus (n=10). Untreated Argentine ants were marked with blue dot on the gaster

to differentiate them from treated Argentine antkeos. Ants were randomly selected from
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the colonies for each replicate and discarded Hfeeexperiment to avoid selecting the ants
again in the subsequent study and maintain theepcesof only naive ants in the
encounters. The interaction arenas consisted stiplaoxes (13.5 x 9.0 x 8.0 cm) with
walls coated in Fluoi. In each box, a plastic ring (5.0 ¢ 5.0 cm high) with both sides
coated in Fluol" was placed in the middle. Each ant group was rahdassigned to a
side (outside or inside) of the ring. After placeipehe ants were left to acclimatise for
20 min. The ring was then removed. During eachtfigggressive behaviour was scored
following Barbieri (Thesis, 2014): score 0 — “iged(body contact with no reaction); score
1 — “touch” (one ant taps the other with its ant&)nscore 2 — “avoid” (after contact, one
of the individual runs away from the other ant e topposite direction); score 3 —
“aggression” (one ant bite a body part of the othetr or raised its gaster); score 4 —
“fighting” (prolonged aggression of at least 5Bghaviour interactions were scored during
25 sec every 2 min 30 sec for a total period ofi2®. To assess survival, the number of
dead ants was recorded at t = 25 min, 30 min, 40 0 min, 1 hr, 2 hr, 4 hr, 8 hr and
16 hr. Interaction encounters were conducted bdfieg 0), after five days (day 5) and
after a month (day 30) of antibiotic treatmentschzeolony participated to two encounters
with untreated marked Argentine ants and two entwanwith P. advenus. For each
treatments, 10 pseudo-encounter replicates welisgéan total for intra-encounters and

10 pseudo-encounter replicates for inter-encounters

Prior to conducting interaction tests, the abseoceffects of marking and painting

Argentine ants on aggressiveness and survival wsessaed. Following the experimental
protocol previously described, the aggressivenesseesand survival rates were recorded
for encounters (n = 10 replicates) between markdceated Argentine ants (n = 10) and
unmarked Argentine ant (n = 10), and encounters (0 replicates) between marked

untreated Argentine ants (n = 10) and untreate@/trge ants marked differently (n = 10).

In addition, control of survival probability in tredosence of opponents were realised for
pre-treated Argentine ants, marked untreated Angerints andP. advenus, following the
protocol previously described, on day 0 before taegtments. For each treatment group of
Argentine ants, 10 survival replicates were redlige/o pseudo-replicate encounters per
colony. For marked Argentine ants, 10 pseudo-rafgiE encounters were realised using
workers from the large Argentine ant colony setl@siSix replicates were done fBr

advenus encounters, one per colony. Control of the suhpvabability of treated Argentine
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ant workers in absence of aggressive encounters igalised also after five days (day 5)

and after a month (day 30) of the beginning ofahgbiotic treatments.

4.3.4.Survey of survival and fitness of colonies

To assess the effects of antibiotic treatmentsmrsarvival in the colony, the number of
ants were counted before the start of the antibib®atments and at the end of the
experiment. The number of eggs and larvae weretedun assess the fitness of the colony

(based on brood production) after the antibiosatment at the end of the experiment.

4.3.5.Data analysis

All analyses and figures were realised in R versiB86 3.1.3. Differences in
aggressiveness scores of treated Argentine ants averlysed using a generalised linear
model (GLM) with treatment, time and opponent ssoftbie scores of either untreated
Argentine ants oP. advenus encountering the treated ants) as variables. Thaval
probability of ants in different treatments afteceunters was analysed using the package
survival as described in Chapter 4 (section 3.3@ymparison between survival
probabilities of ants in different treatments waslgsed using Cox proportional hazard
regression models (Barbieri et al., 2013). The igahof ants in the treated colonies and
the fitness of the colonies (brood production, @ggs and larva) were compared using
generalised mixed models (GLM) based on treatmeimnésnumber of queens and time.

Significance for all tests was assumed at p<0.05.

4.4. Results

4.4.1.Tests prior to antibiotic treatments

Argentine ant survival in the absence of aggressive encounters
The survival of ants prior to any treatments (dayafAd in absence of any aggressive

encounters was analysed (Figure 4.1).
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Figure 4.1: Survival probability of ants in the absence of aggessive encounter and

prior to any antibiotic treatments. Each survival probability line is the mean surVigaall the
replicates of groups of workers (n = 10) for eachpeatment, for blue marking and férolasius advenus
colonies. Each group of workers came from one golommarked Argentine ants, from each of the five
colonies for each future treatment (control, antfricikanamycin and gentamycin), five pseudo-regiés of
Argentine ants with blue marking from the largeoryl set aside, arférolasius advenus from each of the six

colonies.

Survival probability of Argentine ants in the abserof aggressive encounter prior to any
antibiotic treatments was close to 100% for 16 saur day 0. Similarly, the survival of
Argentine ants marked in blue and the survivaP.oddvenus in the absence of aggressive
encounters was close to 100% for 16 hours. Theseswaificant differences in the survival
between groups of ants in the absence of aggressoaunter (Likelihood ratio test = 14.6,
df = 5, p<0.05, n = 2790; coxph). However, no digant differences were found between

any pair of ant groups (Table 4.1).

Table 4.1: P-values results of the Cox survival amgsis in the absence of aggressive

encounters between each of the ant groupSurvival was analysed for Argentine ant survivap
to treatments, Argentine ants marked with blue Rirafiasi us advenus.

Groups | Pre-control Pre-ampicillin Pre-kanamycin  -§vectinomycin Blue marking
Pre-ampicillin 1

Pre-kanamycin 0.095 1

Pre-spectinomycin 0.180 1 0.570

Blue marking 0.180 1 0.570 1

P. advenus 1 1 1 1 1
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In absence of aggressive encounters, the antsnpeelsa probability to survive close to
100% in groups of 10 ants, aside from the resheir tcolony. Marking in blue Argentine

ants did not have any significant influence on Autgee ant survival.

Argentine ant aggressive score and survival after marking
Interactions between unmarked and marked in receitnge ants as well as between

marked in blue and marked in red Argentine antewen-aggressive (Figure 4.
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Figure 4.2: a) Mean aggression scores of Argentirant encounters between marked
and unmarked workers; b) Survival probability of unmarked and marked Argentine

ants after encounter with marked Argentine ants fran the same colonya) Encounters
were realised between ants from the same colonydaet unmarked Argentine ants (n = 10 workers) and
Argentine ants marked in red (n = 10 workers), Angentine ants marked in blue (n = 10 workers) and
Argentine ants marked in red (n = 10 workeb$)Argentine ant encounters consisted in unmarkeg:Aline
ants (n = 10 workers) versus Argentine ants withmarking (n = 10 workers), and in Argentine antsked

in blue (n = 10 workers) versus Argentine ants wét marking (n = 10 workers). For each unmarked /
marked pairing, 10 encounters were realised.

The mean aggression scores were all below 2 (2gbtiia first level of aggressive
interaction). There were no significance differenae the level of aggression between
unmarked, marked in red and marked in blue antev@ndf = 3, mean sq = 0.007,
F = 0.462, p>0.05). Marking ants did significantlgcrease the ant survival probability
during encounters with Argentine ants from the sawmleny with a different marking
(Likelihood ratio test = 37.9, df = 3, p<0.001, 18600; coxph) (Figure 4.8).. Unmarked
Argentine ant survival during encounters with Artje@ ants marked in red was near 100%
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when left for 16 h. This result was similar to thevival of Argentine ants in absence of
opponents. The survival probability of the encoubtween unmarked and marked in red
ants was significantly lower for the ants marked rad (coxph, coef = -3.009,
se(coef) = 1.025, exp(coef) = 0.0493, z = -2.930).05). The survival probability was
lower for Argentine ants marked in blue compareditgentine ants marked in red when
encountering them (coxph, coef = -0.689, se(codf)366, exp(coef) = 0.5021, z = -2.25,
p<0.05). Argentine ant survival probability wherceantering marked in blue was lower
than previously observed in absence of any oppen@igures 4.1 and 4.3). This results
may be caused by a negative effect of marking @eAline ant survival. Perhaps ants may

be ingesting paint while grooming themselves aheéoants, causing premature death.

4.4.2.Argentine ant survival in absence of encounters dumg antibiotic

treatments

Survival of treated Argentine ants in the absenfcenzounters was close to 100% for
16 hours during 30 days of the entire antibio#atment period (Figure 4.3).
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Figure 4.3: Survival probability of treated Argentine ants in absence of encounters at
different times (days) in the antibiotic treatment, for a) control, b) ampicillin, c)
kanamycin, and d) spectinomycinSurvival probability was observed on groups ofsamt = 10
workers), two pseudo-replicate per treated coldi,pseudo-replicates in total per treatment. Saiviv

probability of the treated ants was close to 106#@afl treatments and at each three times (daggdealuring
the antibiotic treatments.

No significant differences were found between dagdy 5 and day 30 of the ampicillin

and kanamycin treatments (Table 4.2).

Table 4.2: Likelihood ratio test (coxph) comparisonanalysis results of survival

probability in absence of encounters during antibitic treatments of Argentine ants.
For each treatment, the survival of Argentine amthe absence of encounters on day 0, day 5 an8@af
antibiotic treatment were compared. For each deystirvival analysis was realised on two pseudbesps
per colony (n = 10 workers per pseudo-replicat®) pteudo-replicates in total per treatment. Sigaift
differences were found for the control and spectipcin treatments.

Treatment | Likelihood ratio test df p-value Numbéobservations
Control 13.3 2 p<0.0t 1,350
Ampicillin 1.63 2 0.443 1,350
Kanamycin 1.63 2 0.443 1,350
Spectinomycin 13.8 2 p<0.0t 1,350
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However, significant differences were found betw#en control and the spectinomycin
treatments. The lower survival probability of trentrol treatment was observed on day O,
especially after 16 h. These deaths may be caysddhydration. For spectinomycin, the

lower survival probability of the ants could be eb&d after day 5 of the treatment.

4.4.3.Argentine ant intra-species aggressiveness and sival during

and after antibiotic treatments

Mean aggression scores of treated Argentine amtsrarked non-treated Argentine ants

indicated non-aggressive interactions betweenthke (&igure 4.4).
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Figure 4.4: Mean aggression scores of ants duringter-species encounters between
treated Argentine ants (a) control, b) ampicillin,c) kanamycin, and d) spectinomycin)
and marked Argentine ants (@), b’), ¢’), and d’)).Encounters were realised at three different
times during treatment: before treatment (day @@y &ive days of continuous treatment feeding (Bayafter

30 days of antibiotic treatment (day 30). Encountanresponded in aggressive interactions betweatet
Argentine ants (n = 10 workers) and marked Argendéints (n = 10 workers). Two encounters per Argenti
ant colony were realised, for a total of 10 encetsper treatment.

The means of aggression score were<all meaning that all interactions were non-
aggressive. There were significant differences betwscores during time for the three

antibiotic treatments (Table 4.3).
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Table 4.3: Anova results testing the difference ointra-species aggressiveness of
Argentine ants through time for each antibiotic treatment.

Treatment | df Sumsg Meansq Fvalue Pr(>F)
Control 2 0021 0.010 1.689 0.204
Ampicillin 2 0125 0.062 4121 p<0.05
Kanamycin 2 0.284 0.142 6.306 p<0.0%

Spectinomycin| 2 0.035 0.018 4.130 p<0.05

On day 5 and day 30 of the treatments, interactiomslved non-aggressive physical
contact between the ants (inspection with the araterscore 1) while before treatment (day
0) ants would have less physical interactions (ignscore 0). In the control treatment, ants
would mainly have non-aggressive physical conté€igure 4.3a). Antibiotic treatments

did not induce aggressive interactions betweenedeand non-treated ants.

Survival probability during intra-species encoustevas not affected by antibiotic

treatments, and was close to 100% until the enldeontibiotic treatments (Figure 4.5).
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Figure 4.5: Survival probability of intra-species ecounters between treated
Argentine ants (a) control, b) ampicilling, c) kananycin, and d) spectinomycin) and
non-treated marked Argentine ants (respectively a;) b’), ¢’), and d’)), at three

different times during antibiotic treatment. Survival observations were done on two pseudo-
replicates encounters per treated colonies, 10daseeplicates in total per treatments. Each en@umts
realised with treated Argentine ants (n = 10 waskand non-treated marked Argentine ants (n = IGavs).
Survival observations were realised before treatr(eay 0), after 5 days of treatment (day 5) aridre80
days of treatment (day 30).
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However, the difference in survival probability waignificantly different for the control,

ampicillin and spectinomycin treated ants (Tab# 4.

Table 4.4: Likelihood ratio test (coxph) comparisonanalysis results of survival
probability during intra-species encounters, during antibiotic treatments of
Argentine ants. For each treatment, the survival of treated Arigenants encountering non-treated
marked Argentine ants on day 0, day 5 and day 3htibiotic treatment were compared. For each they,
survival analysis was realised on two pseudo-rafgi per colony (n = 10 workers per pseudo-reg)can
pseudo-replicates in total per treatment. Signifiadifferences were found for the control, ampiciknd
spectinomycin treatments.

Treatment | Likelihood ratiotest df P-value Numbgkobservations
Control 11 2 p<0.0t 2,700
Ampicillin 11 2 p<0.0t 2,700
Kanamycin 4.08 2 0.13 2,700
Spectinomycin 8.8 2 p<0.05 2,700

These differences may be caused by dehydratiomgedtion of paint by grooming as the
ant deaths appeared in majority at the end ofesie The survival probability curves were

close to 100% in all cases.

4.4.4.Argentine ant inter-species aggressiveness and swal during

and after antibiotic treatments
Mean aggression scores between treated ArgentitseaalP. advenus were all above

score of 2 (Figure 4.6).
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Figure 4.6: Mean aggression scores of ants duringter-species encounters between
treated Argentine ants (a) control, b) ampicillin,c) kanamycin, and d) spectinomycin)
and Prolasius advenus (a’), b"), ¢’), and d’)). Encounters were realised at three different times
during treatment: before treatment (day 0), aftex €lays of continuous treatment feeding (day figra0
days of antibiotic treatment (day30). Encountergegponded in aggressive interactions betweenetieat
Argentine ants (n = 10 workers) aRdadvenus (n = 10 workers). Two encounters per Argentinecahbny
were realised, for a total of 10 encounters peatinent.

Encounters between treated Argentine ants Rnddvenus were all aggressive. The
aggression level by treated Argentine ants towartivenus did not significatively change

during the antibiotic treatments except for spextigcin (Table 4.5).

Table 4.5: Anova results testing the difference ointer-species aggressiveness of
Argentine ants through time, for each antibiotic treatment.

Treatment | df Sumsg Meansq Fvalue Pr(>F)
Control 2 0301 0.150 0.868 0.431
Ampicillin 2 0.038 0.019 0.134 0.875

Kanamycin 2 0.024 0.012 0.081 0.923
Spectinomycin| 2 1.261 0.6304 6.621 p <0.0¢

Spectinomycin treated ants significantly increatbeir aggression level over time during
the antibiotic treatment (Figure 4.6). In respofs@gdvenus ants increased their aggression
levels (Figure 4.5). High level of aggression diisiived the survival probability during a
17 hour inter-species encounter for both Argensines and®. advenus, for all treatments
(Figure 4.7).
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Figure 4.7: Survival probability of inter-species @&counters between treated
Argentine ants ((a) control, b) ampicillin, ¢) kananycin, and d) spectinomycin) and
Prolasius advenus (respectively a’), b’), ¢’), and d’)), at three diferent times during

antibiotic treatment. Survival observations were done on two pseuddeaigls encounters per treated
colonies, 10 pseudo-replicates in total per treatmeEach encounter was realised with treated Angen
ants (n = 10 workers) arfel advenus (n = 10 workers). Survival observations were szglibefore treatment
(day 0), after 5 days of treatment (day 5) andr&@edays of treatment (day 30).
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Survival probability decreased from nearly 100%alvsence of aggressive encounters
(Figure 4.1) to below 30% during a 16 hour inteeaps encounters for all treatments. The
survival probability of treated Argentine ants v&gnificantly different over time during

the antibiotic treatments for the control, ampicithnd kanamycin treatments, but not for

spectinomycin (Table 4.6).

Table 4.6: Likelihood ratio test (coxph) comparisonanalysis results of survival
probability during inter-species encounters, duringantibiotic treatments of Argentine
ants. For each treatment, the survival of treated Argenants encounteringrolasius advenus on day 0,
day 5 and day 30 of antibiotic treatment were camghaFor each day, the survival analysis was reghlis
two pseudo-replicates per colony (n = 10 workensgseudo-replicate), 10 pseudo-replicates in tosal
treatment. Significant differences were found fa tontrol, ampicillin and kanamycin treatments.

Treatment | Likelihood ratiotest df p-value Numbéobservations
Control 258 2 p<0.0t 2,700
Ampicillin 105 2 p<0.05 2,700
Kanamycin 53.6 2 p<0.0t 2,700
Spectinomycin 3.45 2 0.178 2,700

Overall, the control, ampicillin and kanamycin treants presented a high level of
aggressive interactions during inter-species eneosinSurvival probability increased over
time for the control and kanamycin treatments (Fégd.6). For ampicillin, the survival
probability increased after 5 days and was sintdaday 5 on day 30 of the treatment
(Figure 4.6).

4.4.5.Argentine ant survival and fitness after antibiotictreatments

There were no differences in the brood productiaseld on treatments and the number of

gueens (Table 4.7).
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Table 4.7: Anova analysis results for the differene in fitness (brood production)
between antibiotic treatments.Each treatment (control, ampicillin, kanamycin apeéctinomycin)
was given to five colonies during 30 days. For eamlbny, the brood and number of queens was coiaited
the end of the antibiotic treatment. Brood produttivas considered representative of the fitnesthef
colonies. No significant differences of fitness vebserved considering the treatment and numlugresns.

Factors | df Sumsquare Meansquare Fvalue Pr(>F)
treatment 3 15,498 5,166 0.223 0.880
number of queen 1 1,411 1,411 0.061 0.806

Argentine ant survival probability of colonies deels during the treatments (Figure 4.8).
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Figure 4.8: Argentine ant colony survival probabilty during antibiotic treatments.
Treatments were given every day during five conseeways (from day 2 to day 9), and then threeetim
week during three weeks. The number of ants wastedwaily from day 1 to day 26 of the experimerd a
one final time on day 29. The same number of aet®wlso taken from every colony on day 2, 7, 8&nd
for aggressive encounter interactions and survests.

The decline seemed likely to be caused by worlaksrt from the colony for aggressive
encounters and survival analysis. A total of 146 amere retrieved from each colony
during antibiotic treatments. Differences betweemvisal probability of the treated
colonies were significantikelihood ratio test = 84.3, df = 3, n= 342,6380p05; coxph).
Every treatment differed significantly from eachet (coxph, multiple reorder of factors,

in every case p<0.05). Survival probability wasltheest for the control, and increased in

115



order from ampicillin, kanamycin and was the highs spectinomycin. Antibiotic

treatments seem to improve colony survival.

4.5. Discussion

As predicted, the antibiotic treatments did inceeasrgentine ant colony survival.
However, they did not affect the ant’s fitness. Whintibiotics treatments did not lead to
any changes in Argentine ant intra-aggression $evspectinomycin treatments did

increase the ant inter-species aggressiveness.

Argentine ant intra-species aggression level and survival did not change during
antibiotic treatments

Argentine ants did not present any aggressive hetatowards other Argentine ants, even
if the ants were from two colonies separated fracheother for multiple months. In New
Zealand, Argentine ants constitute one single @dn (Corin et al., 2007a). Workers
from nests geographically separated do not aggeeds other (Corin et al., 2007a). Under
laboratory conditions, Argentine ants fed differdigts present some aggressive behaviour
toward other Argentine ants (Liang and Silvermd@® Corin et al., 2007a). The absence
of aggressive interactions between treated andnmeaited Argentine ants indicates that the
change of bacterial diversity cause by antibiotdas not affect Argentine ant nestmate
recognition. Argentine ant nestmate recognitiooaised on the ant cuticular hydrocabones
(Liang and Silverman, 2000). Cuticular hydrocartsignature depends upon the ant
genetics but also diet (Liang and Silverman, 2Q@éng et al., 2001). Similarily, bacterial
diversity does not seems to be involved in Argentamt nestmate recognition at the

difference ofReticulitermes speratus termites (Matsuura, 2001).

Argentine ant inter-species aggression level and survival mixed results during antibiotic
treatments
Treated Argentine ants presented a high level gfesgion towardProlasius advenus, an

new ant opponent, and a low survival probabilityiiy the inter-species encounters. The
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high level of aggression and low survival probaypitiuring inter-species interaction was
expected. Among the seven ants included in thefligte worst global invaders, Argentine
ants are one of the most aggressive invasive aittsa low survival probability and high
killing rate (Bertelsmeier et al., 2015). Argentargs react aggressively to other ant species
in order to defend their nests and their food sesircand may die in the process
(Bertelsmeier et al., 2015).

Aggression levels toward an unknown ant speciesndidchange over time except for
spectinomycin treated ants. The change in bactdinarsity caused by ampicillin and
kanamycin did not seem to affect Argentine ant aggjon levels towards another ant
species. However, spectinomycin did affect badtelizersity so that the ants were more
aggressive toward unknown ants. Increase in imtecies aggression may be caused by the
change of bacterial diversity and the stress indumg spectinomycin treatments. The
increase in aggressiveness may explain the lowivalrprobability of spectinomycin

treated ants through the antibiotic treatment.

Survival during inter-species interactions improesdr time but for spectinomycin treated
ants. The improved survival between day 0O and dayay be due to a lower stress in
Argentine ants. Argentine ant workers were couteel day prior to day O encounters. In
addition, ants were not feed prior to the antilsitttatments. The stress associated with the
lack of food may have lowered Argentine ant endoceaand lowered their survival
probability in stressful inter-species encountBetween day 0 and day 5, the ants were all
feed and were not disturbed. Therefore, the surprabability increase between day 0 and
day 5 for the control, ampicillin and kanamycinattraents may be due to a lower stress
and the well fed state of the ants. Furthermoreathsence of survival probability increase
for spectinomycin treated ants may be caused Ly ith@ease aggressiveness. Physical

aggression levels increased and may lead to ahitgaeh rate.

Argentine ant colony fithness during and after antibiotic treatments

Antibiotic treatments, ampicillin, kanamycin andespnomycin, seem to improve
Argentine ant colony survival but not affect théotty fitness. Antibiotics modify bacterial
diversity present in ants (see Chapter 3). This\gbadn bacterial diversity may promote
the ant health and increase the ant survival. Batwiversity has indeed been associated

with host health. For honey bee&pis spp.), Lactobacillus and other gut bacteria are
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involved in their host health and immune systene Bhacteria prevent bacterial, viral and
fungal infections. In the case of Argentine antgjkaotic treatments may have decreased
pathogenic bacteria present in the ants. Favourapfeortunistic bacteria may have

increased their population and indirectly promaigirt host survival.

The absence of effects of the antibiotics on fsnasy be due to the low exposition of the
queens to the antibiotics. Forager ants retriegeftlod for the colony, ingesting high
amounts of antibiotics while doing so. Foragersitbieare the food by trophallaxis, mouth
to mouth, with nestmates, including nurse antssBisiare the ones feeding the queens and
the larvae. This chain of food transmission mayseaa difference in antibiotic exposure,
high for foragers and low for queens and broodsTow quantity of antibiotic exposure

may not have affect the queens.

Critical evaluation of experimental procedures

Ideally, Chapter 3 and Chapter 4 would have beafisezl on the same Argentine ant
colonies. Using 454 technology to analyse the c@amgacterial diversity during antibiotic

treatments at day 0, day 5, day 30 and at the &tle dwo months experiment would have
offered an insight on how bacterial diversity wés&ed by the antibiotic treatments. This
change of bacterial diversity may then have beesoaated with the observed

modifications in inter-species encounter aggressss level and survival. However, time

constrains associated with limitations of 454 segureg did not allow it.

Another possibility would have been the use of gpgarimers and gPCR in order to detect
the change in presence and activity of specifitdyac Bacteria would have been selected
from 454 sequencing after antibiotic treatment fi@hapter 3 results. Bacteria presence at
day 0, day 5, day 30 and at the end of the two hsekperiment would have offered an
insight in the change of bacterial diversity duramgd after antibiotic treatment. However,
kanamycin and spectinomycin treated ants wereawtenced in Chapter 3 because of 454

sequencing constrains.

The use of a different type of marking to diffefate treated ants from non-treated ants
may not have affected marked Argentine ant sunaval Argentine ants interacting with

them. However, marking was needed to differentia¢eants. Already the colour blue was
selected as the red marking seemed to cause albah rate during marking (personal

observation).
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Finally, as for Chapter 3, the direct contact aéejpus with the antibiotics may have offered
a different colony survival and fitness resultswéwoer, access to the queen was difficult
during the experiment, and may have caused adédltistness. A different experiment
focussing on queens may be possible: separatimg fitan the nest, placing them with a
few workers for support and feeding them antibetaring a few days before placing them
back in the colony. In addition, 454 sequencinthefbacteria present in the queens before
and after treatment may inform on the effects dibastic feeding and the change in
bacterial diversity. The change or absence of changbacterial diversity may then be

associated to the observed colony fitness.

Antibiotic treatments modify the bacterial diveysipresent in Argentine ants. As a
consequence, Argentine ant colony survival incréab®wever, the ant fithess did not
seem to be affected. Furthermore, the change itefialcdiversity did not modify intra-
species interactions. This result indicates th@ahiapecies recognition may not have been
modified by the change of bacterial diversity calisg antibiotic treatments. Inter-species
aggression level increased for one treatment, isecycin. Bacterial diversity may
therefore influence Argentine ant aggression lew&h other species and at length
influence the behaviour dominance status of the.artte change in bacterial diversity
present in invasive ants may be involved in invasspecies population dynamics and
aggression behaviour. However, population dynamiescomplex and may also involve
pathogenic viral infections. A first detection dfuses in Argentine ants may allow the
discovery of additional potential factors involviedthe reported Argentine ant population

decline in New Zealand (see Chapter 5).
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Chapter 5.  Virus discovery in the invasive Argentine

ants
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5.1. Abstract

Viruses have been extensively studied in sociagdtsssuch as in honey bees to better
understand colony collapse disorder (CCD). Virukase also been discovered in red
imported fire ants Jolenopsis invicta) and are potential bio-controls. Viruses appear to
offer potential understanding in the populationlites of invasive social insects. There is
no knowledge on viruses infecting the invasive Atges ant Linepithema humile). This
study aimed to identify for the first time virusedecting Argentine ants as a first step
towards a better understanding of Argentine anufaion declined in New Zealand and
to highlight the potential viruses introduced byansive species. To examine viruses, | used
lllumina sequencing from one sample of Argentinessam New Zealand and RT-PCRs in
samples from the ant home range (Argentina) anditwaded countries (Australia and
New Zealand). From the next generation sequenditey tlidentified by BLASTx searches
on GenBank a new dicistrovirus, tentatively narhedumile virus -1 (LHUV-1). LHUV-

1 actively replicates within the ants, and was tbumall countries and sites but one site in
New Zealand. Using published primebsformed wing virus (DWV) was found to infect
Argentine ants in two of the three sites in Argeatand a different replicating DWV strain
in 21 of the 27 sites in New Zealand. No infectiyrthe bee virusdsraeli acute paralysis
virus, Kashmir bee virus or Acute bee paralysis virus nor by the ant viruseSolenopsis
invictavirus -1 and -2 were detected in any of the three castihe infection by DWV,

a bee virus associated with CCD, and LHUV-1, astliovirus, may be a potential cause of
the population decline of Argentine ants in NewlZad. Furthermore, Argentine ants may
form potential reservoirs for the spread of DWV dadUV-1 to native species and
domesticated honey bees in New Zealand. Additishalies on the effects of these two
viruses on Argentine ant fitness will give a bettederstanding on the ant population
fluctuations in invaded countries. If specific togantine ants, LHUV-1 may be a first step

in the development of a bio-control for the ants.
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5.2. Introduction

I nvasive species and co-introduction of viruses

Invasive species represent a global threat thaleciiges economies (Pimentel et al., 2005;
Cook et al., 2007), due their negative impact oricatjure (Perrault et al., 2003) and
human health (Mazza et al., 2013). Furthermoresive species can have disastrous long-
term effects on native ecosystems. Invasive speaiesalso known to displace native
animal populations and decrease native plant Btnésough mechanisms such as
predation, food competition and invasional meltdog{iooney and Cleland, 2001;
O’Dowd et al., 2003; Blancafort and Gémez, 2005gBDolz, 2005; Yang et al., 2012).

In addition, invasive species can co-introduce liarpathogens including viruses that can
potentially infect native species by spillover (Barro et al., 2008; Kojima et al., 2011,
Strauss et al., 2012; Arbetman et al., 2013; Leti#l., 2013). In the worldwide introduced
honey beesApis mellifera), viruses infecting multiple apiaries, such asheformed wing
virus (DWV), Israeli acute paralysisvirus, Kashmir bee virus, and theAcute bee paralysis
virus, are associated with honey bee colony collapse di#sdiStankus, 2008; Genersch,
2010b; Evans and Schwarz, 2011). Some of theseiheses can also be found in other
arthropod species, including ants, foraging invicity of infected beehives (Celle et al.,
2008; Singh et al., 2010; Levitt et al., 2013). £&&gpecies transmission of viruses from
invasive species to native ones can occur by diméetaction between species (Eyer et al.,
2009), and by indirect interaction, such as fromading on contaminated pollen (Singh et
al., 2010; Mazzei et al., 2014) or because of miections (Shen, 2005). The effects of
the introduced viruses on native species are mays known or in some cases hasvebeen

only tested in laboratories (Meeus et al., 2014).

I nvasive species as new reservoir for local viruses

Invasive species can themselves become new resefopdiseases already present in their
new environments. If viruses actively replicatehivitthe new hosts, native species can
later be infected by spillback (Marsot et al., 202013). The invasive house sparrows
(Passer domesticus) became a new host for tBeiggy Creek virus in its new environment

in Nebraska. In turn, the high proportion of inBgthouse sparrow increases the infection

123



probability of native cliff swallows Retrochelidon pyrrhonota) (O’'Brien et al., 2011).
Furthermore, the infection of invasive speciesdditimnal hosts for the native viruses can
lead to the selection of more virulent strains. D\ig\& bee Apis spp.) virus that can be
transmitted by invasive parasitic mitégafroa destructor) (de Miranda and Genersch,
2010). More virulent strains are infecting bees wbB&VV is transmitted from one infected

bee to another bee via mites (Ryabov et al., 2014).

In the specific case of invasive social insects,hHigh number of workers and large colony
size can facilitate the spread of introduced and&tive pathogens through spillover and
spillback mechanisms, increasing the pressure otivenaspecies. Therefore, the

identification of viruses present in invasive sbamsects will help understand better the
potential pathogenic threats native species aiadad@hese pathogenic viruses may also

affect invasive species populations and inducepailation decline of the invasive species.

Viruses nomenclature and active replication

Next-generation sequencing technology allows treealiery of multiple new viruses.
While new information on viruses is made availabiels nomenclature stays complex
(Adams et al., 2013). Viruses have short sequeacdsa high mutation rate compared to
other organisms, especially with RNA viruses. Thaesicularities create challenges in the
classification and identification of viruses. Howewvconserved genes such as those coding
for the polymerase enzyme and for structural pngtean be used in order to identify and
classify viruses. These genes are under selectessyre and therefore present a lower
mutation rate. Viruses from the same families tgfycpresent similar sequences of their
coding genes while differing at a comparativelythigte for non-coding sections of their
genomes. The detection of potential coding genggergfore important in order to identify

or determine if a virus is taxonomically new toeswe.

Once a virus is detected in an organism, informmadibout the activity of the virus can be
gathered by testing its possible active replicatm analysis of replication enables us to
determine if there is evidence that the host isgitized by the virus, or alternatively if
there is no replication the virus may have beesgreby other pathways such as being in
ingested food. In the case of positive strand RiNAses, replication of the virus can be

assessed by reverse-transcriptase PCR (RT-PCRYitayghe virus negative strand. If a
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positive strand RNA virus is active, negative sttafthe virus (negative strand of RNA)

will be detected in the infected host.

The case of the invasive Argentine ant

Argentine ants were introduced in New Zealand flargentina after a complex invasion
history (see Chapter 1, section 1.8). It is possiblat Argentine ants may have co-
introduced some viruses from their home range timér new environments. In addition,
Argentine ants may have been infected by new virbstween each invasion event. These
co-introduced viruses present a potential threataiive species interacting directly or
indirectly with the ants. Furthermore, part of frgentine ant population in New Zealand
underwent an unexplained decline (Cooling et d@12). As some viral infections are
known to be a cause of population decline in odcies (Valles et al., 2004, 2014,
Highfield et al., 2009; Evans and Schwarz, 201ijestigating the presence of viruses in
Argentine ants in New Zealand may offer an insigta the possible role of pathogens in
the observed population collapse. To the best oknowledge, no previous studies have

been carried out to record or examine viruses fmfgdrgentine ants.

Chapter aims

This study aimed to examine and identify for thistftime DNA and RNA viruses present
in Argentine ants using Illlumina sequencing. It visgpothesised that: 1) Argentine ants
are the hosts of pathogenic viruses; 2) Argentirie are infected by viruses in both their

home range and invasive rage.

5.3. Materials and methods

5.3.1.Metagenomic discovery of viruses

Sample collection, preparation and sequencing

Argentine ant workers were collected alive in Felbyu2013 with an aspirator from two
close nests (~500 ants from each nest), in WetimgiNew Zealand (41.221893°S,
174.87241°E; and 41.223118°S, 174.872731°E).
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For each of the two nests, one pool of 30 ants gvaand up using pestles in micro-
centrifuge tubes containing 400 pL iPrep PureLinku¥ kit lysis buffer (Life
Technologies, Carlsbad, CA, United States). Wat@0 (uL) and 50 uL proteinase K was
then added to each sample and incubated at 50°C loy followed by 96°C for 5 min.
Samples were then centrifuged at 12,000 x g foirb he supernatant was removed and
the extraction was undertaken using iPrep Purafinks kit (Life Technologies, Carlsbad,
CA, United States). The nucleic contents were dlim¢o 50 pL of RT-PCR molecular
grade water (Ambion, Austin, TX, United States).plitate nucleic acid samples were
then combined into a single sample to maximiseam®unt of nucleic acid that was
extracted. DNA and RNA were co-purified during #draction. In order to detect RNA
viruses, DNA was removed by treatment with DNAsmg#Ambion DNA-free kit (Life
Technologies, Carlsbad, CA, United States) and 8ofiDNA-free RNA was used as
template for cDNA synthesis (Life Technologies, I€ad, CA, United States) and RNase
H digestion. The DNase digestion step was not reduior the complementary approach
to find DNA viruses. To ensure that the minimumuiegment of 1 ug of DNA for library
preparation was obtained, DNA and cDNA was amplifissing multiple displacement
amplification, using the Whole Transcriptome Amighition kit (Qiagen, Valencia, CA,
United States). Amplified DNA libraries were therepared using the Illumina TruSeq
DNA library preparation kit followed by sequenciog an lllumina MiSeq instrument
producing 250 bp paired-end reads (New Zealand @@soLimited, Massey Genome

Service, Massey University, Palmerston North, Neaaland).

Bioinformatics

The quality of the sequence data was checked &sisgQC. The total read length of 250 bp
was trimmed when the average quality score was tlesms 30. Duplicate reads were
collapsed using FASTX-Toolkit (version 0.10.1). Vil (version 1.2.07) (Zerbino and
Birney, 2008) was used fale novo assembly of the trimmed sequence data with a k-mer
of 75. Contigs were compared to the GenBank nonfrédnt nucleotide sequence database
using BLASTn from BLAST+ (version 2.2.27) and anaue threshold for reporting of
0.001. BLAST outputs were visualised in MEGAN (vers4.7) (Huson et al., 2007) for
taxonomic assignment. The coding or non-coding edke sequences was assumed from
the taxonomic assignment results and four configgterest (i.e. n6409, n1000, n1050 and

n1905) were selected (see section 5.4).

126



Confirmatory RT-PCR

RNA viral sequences of interest from the metagecatata were confirmed using specific
RT-PCR assays on the original RNA extraction. Pramaevere designed using
Geneious 6.1.7 (Kearse et al., 2012), Primer3Rlgefgasser et al., 2007, 2012) and
AmplifX 1.7.0 (Jullien - http://crn2m.univ-mrs.figb/amplifx-dist) to target one selected
non-coding contig n1905 and one coding contig n9d@®le 5.1).

Table 5.1: List of designed primers specific to setted RNA potential viral contig

sequences found in Argentine ant after preliminarylllumina sequencing.Potential RNA
virus contigd are considered non-coding sequences and pot®Mialvirus contig8 coding sequences, after
BLASTnN best hit match analysis.

Potential RNA Primer name Primer Primer sequence (5' -> 3) Product
virus contigs orientation q length (bp)
n1000-P1F Forward | GGGGTTGTGATACGTCTGCT
n1000 707
n1000-R1R Reverse | GGTGTCGAGGTGGACTTGAT
n1905-P1F Forward | GTTTGGCATTGACGGAGAAT
n1905* 538
n1905-P1R Reverse | TTTCCTGAGGGTTGGCTATG
116F Forward | AGTGCTTTGGCTCCTGCATT
n1050 592
706R Reverse | TTATTGGCGCAGGCTTGATG
oaad n2445-G131F Forward | TATCCGGGAGTCGAACTCGA 153
n
n2445-GA280R Reverse | TGAGGGTCCTAGGACTGGTG
6304 n6399-G95F Forward | GGTCGTCAACTATCGGTTTGTCGT 24
n
n6399-GA442R Reverse | TCTGTTCAAACCCAGGCGTTAAGG
6408 n6409-A656F Forward | AGGAAACGCAGCCAGTGCTATT 400
n
n6409-A1055R Reverse | GTCACCTGACTCCTTGCCTGATTT
n16939-A11F Forward | GCTACGACACCCCTTAACTGCTTT
n16939 202
n16939-GA212R Reverse | AGGCCTCTGCGATAGTAGACA
- n9293-contig-cap-G3F | Forward | TTCCAACTCGTCGGCTAGAC 370
n
n9293-contig-cap-G372R RevVerseé | TTCCAACTCGTCGGCTAGAC

One step RT-PCR assays were performed using aSengarlll One Step RT-PCR system
with Platnium Tagq DNA polymerase (Life Technologi&slowing the modified protocol

described here. A total reaction volume of 25 piposed of: ~20 ng RNA, 1X Reaction
mix, 0.8 uM of each primer, 5.5 pL dg®l and 1 pL SuperScript® Il RT/Platinum® Taq
Mix was prepared. Thermal cycling parameters weréodows: reverse transcription at
45°C for 30 min, then an initial denaturation st®4°C for 2 min, followed by 35 cycles
of 94°C for 15 sec, 55°C for 15 sec and 68°C fos&6, with a final extension step of 68°C

for 5 min. Amplicons were visualised by gel eleptioresis on a 1.5% agarose gel stained
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with ethidium bromide. Amplicons were purified ugidSB ExoSAP-IT (Affymetrix) and

sent for Sanger sequencing on a capillary sequetacédassey University (Genome
Service, Palmerston North, New Zealand). Sangeuesaxps were then examined for
guality in MEGAG and aligned with ClustalW (defaplirameters) to their original contig

sequences to confirm the Sanger sequence identity.

5.3.2.Distribution of Argentine ant viruses within New Zealand and

Australia
Sample collection
Argentine ant workers were collected in 100% ethamroin Ambion RNAater (Life
Technologies) between 2012 and 2015 from 32 sitgsliited among 9 cities/regions
covering the invasive ant’s range in New Zealand, sites in Australia and three sites in
the ant home range Argentina (Figure 5.1, detaifsipendix IV). Samples were preserved
at -20°C except for the Australian samples stotetf@ and one sample in New Zealand

(Gisborne) snap froze and conserved at -80°C.

ARGENTINA AUSTRALIA
Rosario (1) Adelaide (1)
Otamendi (1) Melbourne (1)
Buenos Aires (1) )
N 1
4000 km
Northland (s) NEW ZEALAND
Morissonville (1) L | Auck]and (©)
Hastings (4 \(_‘\@ *— Gisborne (1)
Wellington (2)
Nelson (4)
\@K Blenheim (1)
Christchurch (2)
‘.', "T-- A

N
0 300 km

Figure 5.1: Map of the Argentine ant sampling sitesunder each sampling country name, the
names of all the sampling cities/areas are listétl mm the number of sites in brackets. Samplingssi
consisted of: three sites in the ant home rangemtiga, two in Australia the New Zealand sourceypaipon,
and 27 in New Zealand.
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Confirmatory analysis

RNA was extracted from a pool of 30 ants for eatd $sing either an iPrep PureLink
Virus kit (Life Technologies, Carlsbad, CA, Unit&dates), as previously described (see
section 5.3.1), or a GeneJET Viral DNA & RNA Puwdétion Kit (Thermo Scientific, New
Zealand) following the modified protocol describéchts from each sample were ground
up using pestles in micro-centrifuge tubes contagr?50 pL GeneJET Viral DNA & RNA
Purification Kit lysis buffer. RNA carrier (5 pL)na 50 pL protein K were added to each
tube. Samples were incubated for 1 hr in a 56°G bk and mixed by pipetting at
midpoint of the incubation. Samples were brieflptcduged. Supernatant containing the
lysates were transferred into a new micro-centafugbes leaving behind the ant
exoskeletons. The presence/absence of IAPV, KB\BWWADWYV, SINV-1 and SINV-2,
three non-coding contigs (n1000, n1905 and n10a@fi&e coding contigs (N6399, n6409,
n2445, n16939 and n9293) selected from the pretigimetagenomic data (see section
5.4.1) was assessed using one step RT-PCRs usiiigghmd and designed primers
(Table 5.1 and 5.2). The protocol followed was esctdibed in section 5.3.1. Primers were

first tested on a pool of RNA from New Zealand site
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Table 5.2: Published primers used to assess the pemce/absence dfsraeli acute
paralysis virus (IAPV), Kashmir bee virus (KBV), Acute bee paralysis virus (ABPV),
Solenopsis invicta virus -1 and -2 (respectively SINV-1 and SINV-2), andeformed
wing virus (DWV).

. . Primer . , : Product
RNA virus Primer name orientation Primer sequence (5' -> 3)) length (bp)
IAPV, KBV, ABPV | AKIF Forward | CTTTCATGATGTGGAAACTCC
(Francis and Kryger ~250
2012) AKIR Reverse | AAACTGAATAATACTGTGCGTA
APV ORF2-F8092| Forward | cCAGCCGTGAAACATGTTCTTACC 226
(Palacios etal., 2008) orp2-R8318| Reverse | ACATAGTTGCACGCCAATACGAGAAC
APV IAPV-01F Forward | AAACATCACAGATGCTCAGGGTCGAGACTATATGT .
(vangetal, 2013) | |apy.g2r | Reverse | cTAGGGAGCTACGGAGCGTGATTCGCCTTGTAGCT
KBV KBV-F Forward | GATGAACGTCGACCTATTGA
entcheva et al.
(Tentch I 393
2004) KBV-R Reverse | TGTGGGTTGGCTATGAGTCA
SINV-1 p117 Forward | CACTCCATACAACATTTGTAATAAAGATTTAATT
(Valles and Strong 154
2005) p118 Reverse | cCAATACTGAAACAACTGAGACACG
SINV-1 pl14 Forward | cTTGATCGGGCAGGACAAATTC
(Valles and Strong 647
2005) p116 Reverse | GAACGCTGATAACCAATGAGCC
SINV-2 p64 Forward | ATTTGTTTGGCCACGGTCAAC
(Valles and R 318
Hashimoto, 2009) | P65 €verse | GATGATACAAAGCATTAGCGTAGGTAAACG
(S\}NI\I/Q § p548 Forward | TGCATACTCGTTGTAAACAATCTGCTCATCT 17
alles an

Hashimoto, 2009) | P555 Reverse | TGCCGTGACAATCCTGAATATCGTCAGATGTA

DWVrtF Forward | GCAGCTGGAATGAATGCAGAGA
DWV 295
(Lester etal.,, 2015a DWVHR Reverse ACGCGCTTAACACACGCAAA

Because of mixed results and a limited amount cARMailable for each site, the complete
analysis of all the contigs was not possible. Qnéypresence of one coding contig (n6409)
and three non-coding contig (n1000, n1050 and n1@@5 tested in all samples from the
three different countries. The Sanger sequencetyues verified before manual editing
in MEGA 6.06. Nucleotide sequences were then atigmigh the contigs of interest found
in the metagenomics sequencing data with Clustalg¥a(lt parameters) in MEGA 6.06
and with the best hits from BLASTn search on GenBaaximum likelihood trees were
generated after 1,000 bootstraps of Tamura-3 pdesnmeodel with uniform rates.

Outgroups were selected among the 100 best hasBItASTn search on GenBank.

Deformed wing virus and Linepithema humile virus -1 (contig n6409) replication
assessment

Both DWV and the contig n6409, tentatively nanhéakpithema humile virus-1 (LHUV-

1) (see section 5.5), are positive single stranéd RiXus (de Miranda and Genersch, 2010).

The detection of the negative RNA strand of the troises within Argentine ants is

130



necessary to assess the two virus active replicatithin Argentine ants in Argentina,
Australia and New Zealand. A pool containing anas@unount of RNA from each site was
created for each country. Tagged primers (Tablesede used to selectively amplify the
viral negative strands during a modified one st@8pHCR as described in literature (Yue
and Genersch, 2005). The 10-nucleotide long tage generated by BARCRALW (Frank,
2009) using the default options of the program amne pair of tags was selected for each

pair of primers. Tags were placed on the 5’ enthefprimers.

Table 5.3: Tagged primers used to amplified specdally the RNA negative strand of
Deformed wing virus (DWV) and Linepithema humile virus-1 (LHUV-1) using a
modified one step RT-PCR protocolThe tag sequence is written in bold lower cases.

Virus target Primer name Primer sense Primer segugn-> 3’ Product length (bp|
WV tag-DWVIrtF Forward ttcgcagtatGCAGCTGGAATGAATGCAGAGA 205
tag- DWVrtR Reverse ccagtaactACGCGCTTAACACACGCAAA
tag-n6409-A656F Forward gctattgagiAGGAAACGCAGCCAGTGCTATT
LHV-1/ n6409 399
tag-n6409-A1055R| Reverse ttcttctatg GTCACCTGACTCCTTGCCTGATTT

! modified from Lester et al. (2015)

A modified one step RT-PCR was undertaken using@etscript Il One Step RT-PCR
system with Platinum Taq DNA polymerase kit (Lifechnologies). Reaction mixes
consisted in a 24.5 pL mix containing ~20 ng RNX,Reaction mix (final concentration),
0.8 uM of reverse tagged primer (either tag- DWVdRtag-n6409-A1055R - final
concentration), 5.5 pL ddi® and 1 pL SuperScript® Il RT/Platinum® Taq Mixftér
the reverse transcription step at 45°C for 30 thi@ PCR machine was stopped and 0.8 uM
forward tagged primer (tag-DWVTrtF or tag-n6409-A589 was added to obtain a final
25.0 pL mix. The PCR thermal cycling could followthvan initial denaturation step at
94°C for 2 min, followed by 35 cycles of 94°C fdb $ec, 55°C for 15 sec and 68°C for
30 sec, with a final extension step of 68°C for Bi.nTo assess the proper reverse
transcription and amplification of the sequenceshauit interference of the tags, the
amplification of the positive strain of the virusgas realised in parallel. In the first step of
the RT-PCR, only the tagged forward primers (eitagrDWVTtF or tag-n6409-A1055R)
were added and in the second step, the taggedseepemers tag- DWVItR or tag-n6409-
A1055R) were added. After the RT-PCR cycles, RT-R@®Riucts were visualised by gel

electrophoresis on a 1.5% agarose gel stained etfitidium bromide. Amplicons were
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purified using USB ExoSAP-IT (Affymetrix) and sefdr Sanger sequencing using a
capillary sequencer at Massey University (GenomeviSe Palmerston North, New

Zealand).

Deformed wing virus and Linepithema humile virus -1 (n6409) prevalence

To assess the prevalence of DWV and LHUV-1 (n64@®8ction in Argentine ant
population, Argentine ant queens and workers welteated in June 2015 in New Zealand
(Paraparumu, latitude 40.88336, longitude 174.99226ts were snap frozen and
conserved at -80°C. RNA was extracted from 14 iidial queens and one pool of 30
workers using a GeneJET Viral DNA & RNA Purificatiit (Thermo Scientific, New
Zealand) following the modified protocol previoushgscribed (see section 5.3.2). The
presence/absence of DWV and LHUV-1 was confirmdédviong the previously described
RT-PCR protocol (see section 5.3.1). To insurel\detection for the individual queen
extractions, ~125 ng of RNA per sample was spetlfiaised. No other modifications to
the protocol was made. Amplicons were visualisedyélyelectrophoresis using a 1.5%
agarose gel stained with ethidium bromide. Amplgamre purified using USB ExoSAP-
IT (Affymetrix) and sent for Sanger sequencing orcapillary sequencer to Massey
University (Genome Service, Palmerston North, Ne&lZnd). The quality of the Sanger
sequences were checked using MEGAG6 and aligned @itistalW (using default
parameters) to their original contig sequences dofian the identity of the Sanger
sequence. Because the pool of 30 ants infectioas leyast LHUV-1, 15 workers (collected
in March 2014 from the same city and preserved NARater at -20°C) were used for
individual RNA extraction to assess the prevalesiceoth DWV and LHUV-1 following
the previously described protocol. After the canfition of the identity of the amplified
RT-PCR products by Sanger sequencing, the repicadf the detected viruses was
assessed using tagged primers (Table 5.3) and diedodine step RT-PCR, as previously

described (see section 5.3.2).
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5.4. Results

5.4.1.Metagenomics data analysis and confirmation of corg presence

The lllumina sequencing data analysed in MEGAN,otaltof 4,861,139 RNA and
6,251,522 DNA reads were present in the Argentitiesample from New Zealand. After
assembly in Velvet, 139,943 RNA and 8,594 DNA ogsitivere found. No viruses of
significance were found in the DNA metagenome, #mefefore DNA contigs were
discarded for the rest of this study. RNA contigstbmatches (i.e. 41) were viral sequences
after blasting against the non-redundant nucleotdd&abase (BLASTn) in GenBank
(Figure 5.2).

(a) ()

Viruses —
0.46%

Unclassified ssRNA
positive-strand virus

Circoviridae

P _

0 5 10 15 20 25 30

Not assigned
1.20%

Low complexity
531%
Bacteria

0.81%

Sequence classification into viral family

Archea |
0.02% ‘ Number of sequences

Figure 5.2: Identity of the RNA sequences found ii\rgentine ants: (a) Pie chart of
the percentage of RNA sequences classified into éadomain and viruses; (b).

Classification of all the RNA sequences classifieab viruses per viral family. (a) RNA
sequences were classified in each domain and giraffer metagenomics analysis (complexity = 0.30; b
score = 50) of RNA extraction of the Argentine aample from one site in New Zealand in MEGAN). (
Sequence classification into viral family of thel®% of sequences classified as viruses during MEGAN
analysis.

Among the 41 RNA contigs matching known virusesc886tigs matched viruses from the
Dicistroviridae family. Among these 33 contigs, @tigs best hits were viruses known
to infect honey bees and ants, i.e. IAPV, KBV ahld\&2. Subsequent hits for any contig

may match to other related virus (see Appendix V).
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The identity of the contigs was to be confirmechgdiAPV, KBV and SINV-2 published
primers. The published primers for the bee virué€d/, KBV and ABPV, and for the ant
viruses SINV-1 and SINV-2 failed to amplify any segces within any of the pool RNA
sample from each of the three countries. The uspexific primers targeting the following
selected contigs, n1905 and n9293 validated theepoe of the contigs in the original RNA
extraction sample. The presence of the three ndmgaontigs (n1000, n1905 and n1050)
and five coding contigs (n6399, n6409, n2445, n96&3d n9293) were confirmed in the
New Zealand RNA pool.

From the metagenomics sequencing, one coding-segqusaquence, n6409 (tentatively
named Linepithema humile virus -1 — LHUV-1, see section 5.5), was selected for
phylogenetic analysis. The contig was selecteddaréats best BLASTx match, a coding
sequence for a structural polyprotein. After BLAS3earch in GenBank, the best hit for
n6409 was the bee virus KBV (Table 5.4). The pesamm of the query identity score was
low, i.e. 46%. In the maximum-likelihood tree, n®46lustered with viruses from the
dicistrovirus family, the three bee viruses KBVAX and ABPV, and the three ant viruses
SINV-1, SINV-1A and SINV-1(TX5) (Figure 5.3).

871 Kashmir bee virus stpoly - United States/Apis mellifera (NP 851404)
95 [\ Israeli acute paralysis virus stpoly - United States/A. mellifera (ACD01400)
55| ' Acute bee paralysis virus capsid - Poland/A. mellifera (AALOS917)
Solenopsis invicta virusIA stpoly - United States/Solenopsis invicta (AAX38185)
90 Solenopsis invicta virus1 orf - United States/S. invicta (YP 16441)
Solenopsis invicta virus1 stpoly - United States/S. invicta (ACI145235)
LHUV-1 - New Zealand (Wellington)/L. humile
Taura syndrome virus capsid - Thailand/Penaeus vannamei (AAX07118)

Homalodisca coagulata virusl capsid precursor - United States/Homalodisca caogulata (YP 610951)
Triatoma virus capsid precursor - Argentina/Triatoma infestans (NP 620563)
i Black queen cell virus stpoly - Hungary/A. mellifera (ABS82428)
Himetobi P virus capsid precursor - Japan/Nilapavata lugens (BAD27585)
Aphid lethal paralysis virus capsid precursor - Netherlands/Rhopalosiphum padi (NP 733846)
Rhopalosiphum padi virus stpoly - United States/Spedoptera frugiperda (ABX74940)
53 Cricket paralysis virus stpoly - United States/Drosophila cell line (NP 647482)

96L Drosophila C virus capsid - Australia/D. melanogaster (NP 044946)
Solenopsis invicta virus2 putative sP - United States/S. invicta (YP 001285728)
Hepatitis A virus polyprotein - Kenya/Homo sapiens (EU930199)
# Plautia stali intestine virus capsid precursor - Japan/Plautia Stali (NP 620556)

| Solenopsis invicta virus3 putative stpoly - United States/S. invicta (YP 002790880)

100! Solenopsis invicta virus3 putative stpoly - United States/S. invicta (ACO37272)

93

05
Figure 5.3: Maximume-likelihood tree of Dicistroviridae including Linepithema humile

virus -1 (LHUV-1, contig n6409).The phylogenetic tree was obtained after 1,000digis using
the WAG model with uniform rates in MEGA 6.0®lenopsisinvictavirus-3 was used as the outgroup. The
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sequence of interest (LHUV-1) is in bold black. Ad\dations are sP - partial structural protein atpbly -
partial structural polyprotein.

5.4.2. Distribution of Deformed wing virus, Linepithema humile virus -1

and three RNA viral sequences

Only DWV out of the six tested viruses known tceictfbees and ants, IAPV, KBV, ABPV,
DWYV, SINV-1 and SINV-2, known to infect honey bessd red imported fire ants, was
detected by one step RT-PCR in Argentine ants ysidjished primers. DWV was found
in 22 of the 27 sites in New Zealand, but not igértina or Australia (Figure 5.4).
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Figure 5.4: Distribution of Deformed wing virus (DWV), Linepithema humile virus -1
(LHUV-1), and three viral sequences (n1000, n105(d n1905) in Argentine ant home

range (a) Argentina and two invaded countries, (bAustralia and (c) New Zealand.
Each pie correspond to one sampling site. The poesef one of the virus/contigs is indicated by the
corresponding colour.

DWYV sequences found in New Zealand were similaach other but for a few bases and
matched the DWV sequence found in honey begss(mellifera) in New Zealand
(Genbank accession AY292384 — found in New Zealand in the United States)
(Figure 5.5).
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DWV — USA / A. mellifera (AY292384)
DWV — UK / A. mellifera (KJ437447)
- DWV — UK / 4. mellifera (HM162356)
DWYV — NZ (Hastings) / L. humile
- DWV —NZ/ A. mellifera *
DWV —NZ / V. vulgaris *
_L DWY — NZ (Auckland) / L. hiumile
85 DWYV — NZ (Wellington) / L. humile

| VDV I —Netherlands / V. destructor (AY251269)
100 | VDV 1 = Netherlands / V. destructor (NC_006494)

0.05

Figure 5.5: Maximum likelihood tree of Deformed wing virus (DWV) sequences from

different countries. Maximum likelihood tree DWV nucleotide sequencehwi,000 bootstraps of the
Tamura-3 parameter model with uniform rates in ME&B6. Sequences obtained from one step RT-PCRs
in this study are in bold black. Sequences witheravamong the 100 best hits of DWV using a BLASTn
search on GenBank. Country of origin (New ZealaitiZ- UK — United Kingdom, and the United States —
USA) and host organisms (Argentine antsirepithema humile, mites —Varroa destructor and honey bees

— Apis mellifera) are indicated for each sequence.

Only the presence of the coding contig n6409 amdtlihee non-coding contigs n1000,
n1050 and n1905 was tested in each sampling siteaith country. The contig n6409, a
new dicistrovirus virus tentatively namednepithema humile virus -1 (LHUV-1; see
section 5.5), and the non-coding RNA sequence n166 selected from the Illumina
sequencing results, were present in the three dearFigure 5.4). LHUV-1 was detected
in all sampling sites but one site, in Nelson ia 8outh Island of New Zealand. LHUV-1
sequences from New Zealand were more closely telat¢he sequences from Australia
(Figure 5.6).
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LHUV-1 - NZ (Wellington) / L. humile
LHUV-1-NZ (Auckland) / L. humile
LHUV-1 - NZ (Hastings) / L. humile

93 | LHUV-1-NZ (Nelson) / L. humile

LHUY-1 - Argentina (Rosario) / L. frumile
100 LHUV-1 — Argentina (Otamendi) / L. humile
LHUV-1 — Australia (Adelaide) / L. humile
- LHUV-1 - Australia (Melbourne) / L. rumile
LHUV-1 - Argentina (Buenos Aires) / L. humile
— KBV —Canada/ 4. mellifera (AAR19088)*

L TAPV — USA/ A mellifera (ACD01404)*

E—
0.1

Figure 5.6: Maximum likelihood tree of Linepithema humile virus -1 (LHUV-1)

sequences from different countriesMaximum likelihood tree ofLinepithema humile virus -1
(LHUV-1) protein sequences with 1,000 bootstrapthefWhelan and Goldman (WAG) model with uniform
rates in MEGA 6.06. The original LHUV-1 sequencer(iig n6409) from the RNA metagenome analysis is
in bold red. Sequences obtained from one step RRsHQE this study are in bold black. Sequences with
were among the 100 best hits of LHUV-1 using a BIASearch on GenBank and corresponded to two
dicistrovirusesKashmir bee virus (KBV) andlsraeli acute paralysis virus (IAPV). Country of origin (New
Zealand — NZ, Canada, and the United States — W®#d)host organisms (Argentine ant&irepithema
humile, and honey beesApis mellifera) are indicated for each sequence.

The sequence from Argentina from the Buenos Aiitesigas the less similar to the original
LHUV-1 contig sequence from the lllumina sequendata (Figure 5.6). The contig n1000
was present in all sites in both Argentina and Falist, while the sequence was detected in
less than half the sites dispersed in New Zeath®out of 27 sites (Figure 5.4). Sequences
in New Zealand were more similar to the sequenesgnt in Adelaide, Australia, than

from the second Australian site, Melbourne (FidaLrd.
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68 n1000 — NZ (Wellington) / L. humile

nl000 — NZ (Gisborne) / L. humile.

nl1000 — NZ (Northland-17) / L. humile

n1000 — NZ (Christchurch) / L. humile

n1000 — NZ (Northland-61) / L. humile

71 n1000 — NZ (Auckland) / L. humile

50 nl000 — NZ (Northland-100) / L. humile

53 nl1000 — NZ (Nelson) / L. humile

o n1000 — NZ (Northland-28) / L. humile

97 n1000 — Australia (Adelaide) / L. humile

05 nl000 — Australia (Melbourne) / L. humile

nl1000 — Argentina (Rosario) / L. humile

nl1000 — Argentina (Otamendi) / L. humile

nl1000 — Argentina (Buemos Aires) / L. humiie
r LAPV — Korean / 4. mellifera (KC690269)*

100 = TAPV —Korean/ A. mellifera (KC690270)*

—
0.1

Figure 5.7: Maximum likelihood tree of contig n1000sequences from different

countries. Maximum likelihood tree of RNA metagenome contlDA0 nucleotide sequences with 1,000
bootstraps of the Tamura-3 parameter model (T9#) wmiform rates in MEGA 6.06. The original RNA
metagenome contig n1000 from the preliminary metaggcs analysis is in bold red. Sequences obtained
from one step RT-PCRs in this study are in boladkl&equences with * were among the 100 best kits o
contig n1000 using a BLASTx search of GenBank aadesponded to the dicistrovirdsraeli acute
paralysis virus (IAPV). Country of origin (New Zealand — NZ, Auglia, and Korea) and host organisms
(Argentine ants +inepithema humile, and honey beesApis mellifera) are indicated for each sequence.

The other two tested non-coding sequences seléctedthe Illlumina sequencing results
(i.e. n1905 and n1050) were only shared betweetr&lisand New Zealand. The contig
n1050 was found in both sites in Australia and8rsites in New Zealand (Figure 5.4). The
sequence from New Zealand were more similar tosgguence from Melbourne, the
historical population of origin of New Zealand pdtgtion, than to the sequence from
Adelaide (Figure 5.8).
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nl050 — NZ (Nelson) / L. humile

nl1050 — NZ (Hamilton) / L. /iumile

nl050 — NZ (Northland-61) / L. lrumile
nl1050 — NZ (Wellington) / L. humile
n1050 — NZ (Wellington) / L. humile

62 —1 n1050 — NZ (Northland-17) / L. humile
n1050 — NZ (Blenheim) / L. humile

n1050 — NZ (Hastings-13) / L. humile

80 —1 n1050 — NZ (Northland-100) / L. hruumile

F n1050 — NZ (Christchurch-1) / L. humile
nl050 — NZ (Auckland) / L. lrumile

nl1050 — NZ (Christchurch-12) / L. humile
nl1050 — NZ (Hastings-lady) / L. humile
n1050 — NZ (Hastings-vine) / L. humile
n1050 — NZ (Northland-28) / L. humile
n1050 — Australia (Melbourne) / L. humile
— nl1050 — Australia (Adelaide) / L. humile
SINV-2 —USA /8. invicta (EF428560)

——

79

0.1

Figure 5.8: Maximum likelihood tree of contig n1050sequences from different

countries. Maximum likelihood tree of RNA metagenome contl)BO0 nucleotide sequences with 1,000
bootstraps of the Tamura-3 parameter model witlfiormi rates (T92) in MEGA 6.06. The original RNA
metagenome contig n1050 from the preliminary metagecs analysis is in bold red. Sequences obtained
from one step RT-PCRs in this study are in boldkl&equence with * was among the 100 best hitenfig
n1050 from BLASTx searches on GenBank, and corredgxb to the dicistroviruSolenopsisinvicta virus-2
(SINV-2). Country of origin (New Zealand — NZ, Aualia, and United States — USA) and host organisms
(Argentine ants +inepithema humile, and red imported fire antsSelenopsisinvicta) are indicated for each
sequence.

The contig n1905 was found in Melbourne, one oftihe sites in Australia, as well as in
8 sites in New Zealand (Figure 5.4). Again, theusege from New Zealand were more
similar to the sequence from Melbourne, the histdgpopulation of origin of New Zealand
population, than to the sequence from Adelaideufidp.9).
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n1905 — NZ (Hamilton) / L. humile
+ nl1905 — Australia (Melbourne) / L. umile
- nl905 — NZ (Auckland-6) / L. humile
+ nl1905 — NZ (Auckland-11) / L. humile
— nl1905 — NZ (Blenheim) / L. rumile
A —nl1905 — NZ (Auckalnd-13) / L. humile
{nl905 — NZ (Northland-61) / L. humile
_[— n1905 — NZ (Northland-28) / L. hiumile
n1905 — NZ (Northaland-100) / L. humile
_{ n1905 — NZ (Wellington) / L. humile

th
[UJ
T

nl1905 — NZ (Gisborne) / L. humile

n1905 — NZ (Wellington-6) / L. humile

n1905 — NZ (Christchurch) / L. humile
r ABPY—UK /A mellifera (DQ434981)*
99 L ABPV — UK / 4. mellifera (DQ434985)*

87

—
0.02

Figure 5.9: Maximum likelihood tree of contig n1905sequences from different

countries. Maximum likelihood tree of RNA metagenome contlkP@5 nucleotide sequences with 1,000
bootstraps of the Tamura-3 parameter model witlfiotmi rates (T92) in MEGA 6.06. The original RNA
metagenome contig n1905 from the preliminary metaggcs analysis is in bold red. Sequences obtained
from one step RT-PCRs in this study are in bold¢kl&equences with * were among the best hits ofigo
n1905 from BLASTx searches on GenBank and corredgmbio the dicistroviruscute bee paralysis virus
(ABPV). Country of origin (New Zealand — NZ, Unit&ingdom— UK) and host organisms (Argentine ants
— Linepithema humile, and honey beesApis mellifera) are indicated for each sequence.

5.4.3. Active replication and prevalence oDeformed wing virus and

Linepithema humilevirus -1

The negative strands of both DWV and LHUV-1 werephfied in Argentine ants using
the modified one-step RT-PCRs and only the taggeedrse primers were used during the
reverse transcription stage. The presence of tlyative strands indicates an active
replication of the viruses within the ants. DWV pive and negative strands were
amplified in Argentine ant pool sample from New [Bea. No DWV amplification of
either the positive or the negative strands wasatietl in the sample pool from Argentina.
LHUV-1 positive and negative strands were amplifie¢the sample pool from each of the

three countries of interest, Argentina, Austratid &lew Zealand.

DWYV was found in only one worker (n = 15) while LNtL was found in one queen
(n = 14) and two workers (n = 15). No co-infectionsre detected. Both viruses appeared

to be actively replicating within the infected iadiuals.
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5.5. Discussion

To our knowledge, this is the first study to regb# presence of any viruses in the invasive
Argentine ant. The bee vird3eformed wing virus (DWV) and 41 RNA potential viral
sequences were discovered in Argentine ants from Realand. Three RNA viral non-
coding sequences (i.e. n1000, n1841 and n1905)pa@doding sequence (n6409) were
found to be closely related to two harmful bee s&silsraeli acute paralysis virus (IAPV)
and Kashmir bee virus (KBV). The coding n6409 sequence was tentativedyned
Linepithema humile virus -1 (LHUV-1). Furthermore, DWV and LHUV-1 actively
replicated within the ants. The Argentine ant theampled did not present any infection
by the bee viruses IAPV, KBV arftute bee paralysisvirus (ABPV), and the red imported
fire ant Solenopsisinvicta) virusesSolenopsisinvicta virus -1 and -2 (respectively SINV-

1 and SINV-2) (Table 5.4).

Table 5.4: Summary table of the presence/absencewfuses of interest in Argentina,

Australia and New Zealand.The six “known viruses” are four viruses invohiechoney bee colony
collapse disorden ¢raeli acute bee paralysis— IAPV, Kashmir bee virus — KBV, Acute bee paralysisvirus —
ABPV, andDeformed wing virus— DWV) and two viruses which can lead to the deditbntire red imported
fire ant colonies$olenopsisinvictavirus -1 and -2 — respectively SINV-1 and SINV-2). Datas compiled
from literature reports in diverse arthropods sashhoney bees and bumblebees. The four novel RNA
sequences atgnepithema humile virus -1 (LHUV-1) and three contigs (n1000, n1@B@ n1905) found in
and found in this study in Argentine ants (Arg.dnhetagenomics data. Presencé absence< symbols

are both in red for one country when published daich newly discovered data in Argentine ants matche
The symbol ? was used when no published data wakable.

Argentina Australia New Zealand

Published| A9 | Published| “'9: | Published| A'9:
APV vl X v'234 X x4t %

KBV ? X v4E X VAE
Known | ABPV V8 x %49 % /AL x
viruses | DWV 7 v = X VE v
SlNV-l v x 1€ % 1€ %
S|NV-2 14 x %1 % %1€ %
LHUV-I NA v NA v NA v
Novel | n1000 NA v NA v NA v
viruses | n1050 NA X NA v NA v
n1905 NA x NA v NA v
!(Reynaldi et al., 2011) 7(Todd et al., 2007) 12(Singh et al., 2010)

2(Cox-Foster et al., 2007) &(Reynaldi et al., 2010) *3Todd et al., 2007)

3(Palacios et al., 2008)  °(de Miranda et al., 2010) *4(Valles et al., 2009)
4(de Miranda et al., 2010)'%(Todd et al., 2007) 15(Yang et al., 2010)

5(McFadden et al., 2014) %(Reynaldi et al., 2013) '®Yang et al., 2010)

§(DALL, 1985)
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First detection of virusesin Argentine ants

One bee virus, DWV, and 41 potential viral sequengere detected in Argentine ants in
the original sample from New Zealand. The detectibrviruses and co-infections in
Argentine ants was anticipated given that viruseseheen observed in other ant species.
Six viruses have been described for biological mbmpurposes in the red imported fire ant,
including SINV -1, -2 and -3 (Valles et al., 20@907a, 2007b, 2013b; Valles and Strong,
2005; Hashimoto and Valles, 2008; Valles and Hastom2009; Porter et al., 2013). A
new totivirus,Camponotus yamaokai virus, was recently described in the arboral &nt (
yamaokai) (Sassa et al., 2015) as well as viral sequentdhe Caribbean crazy ants
(Nylanderia pubens) (Valles et al., 2012; Valles and Oi, 2014) andha narrow headed
ants Formica exsecta) (Johansson et al., 2013). Even a bee virus, tiner@ bee paralysis

virus (CBPV), was reported in the asvagus andFormica rubra (Celle et al., 2008).

New viral sequencesincluding Linepithema humile virus -1 found in Argentine ants

The sequence n6409 from Argentine ants clustereth wibding sequences of
Discistroviridae viruses, a family of viruses that included mukipliruses such as IAPV,
KBV and ABPV involved in colony collapse disorder honey beesApis mellifera)
(Figure 5.3). The sequence identity with its beatah on BLASTn (IAPV) was low. In
addition, the use of specific IAPV primers did raohplify any sequences in the tested
sample where n6409 was discovered. These resditatad that n6409 may be part of the
genome of a new dicistrovirus RNA positive stramdis. This new virus was tentatively
namedLinepithema humile virus -1 (LHUV-1). Further analyses and genome sequencing

of LHUV-1 are necessary to ensure its new virahtdg.

LHUV-1 was found to actively replicate within Arggme ants. The ants may therefore
constitute a potential reservoir for LHUV-1: theus may replicate and multiply within
the ants before potentially spreading to other espisicle species. The specificity and the
effects of LHUV-1 are as yet unknown. The largegenf the virus may inform on its
potential effects. The presence of the virus is thiccessful invasive species both in the
ant home range, Argentina, and two invaded cowtriaustralia and New Zealand,
suggests two hypotheses: 1) a beneficial intenadt@iween the ants and the virus, or 2) a
latent infection of the virus. Not all viruses hadetrimental effects on their hosts

(Roossinck, 2011; Xu et al., 2014). For example,dhmbiosis involving polydnaviruses
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and parasitoid wasps promotes the fitness of theses and their wasps hosts at the
detriment of a third host parasite by the waspsa(fstand Burke, 2013). If the association
between the ants and the virus was beneficialdtr parties, infected ants may have been
favoured during the invasion process compared iiofected ants and infected population
may be larger than uninfected ones. LHUV-1 may mi@mArgentine ant fithess and
facilitate the spread of the ants. However, LHUYRay more likely be detrimental to the
ants. LHUV-1 seems to be a member offheistroviridae family, a family of viruses that
includes viruses involved in the honey bee colooljapse disorder, such as IAPV, KBV
and ABPV (Bonning and Miller, 2010). Infections &PV, KBV and ABPV weaken
infected bee hives, and can lead to the deathfetted colonies (de Miranda et al., 2010;
Chen et al., 2014). Aside from their negative @femn honey bee populations, IAPV and
KBV infections were shown to slow offspring prodoct of bumblebees Bpmbus
terrestris) under laboratory conditions (Meeus et al., 20T4)ese viruses can be present
inside colonies at low prevalence without preseniymptoms (de Miranda et al., 2010;
Chen et al., 2014). The intervention of mit¥arfoa destructor) in the infection process
increases the virulence of the infections (de Mieapt al., 2010). LHUV-1 pathogenicity
may be similar to IAPV, KBV and ABPV: infectionseapresent in low proportion in the
colonies in a latent state ants, and the virularidde virus may then be triggered by an
external factor (i.e. infection by another micr@anism or stress). As the virus is present
in most of the sites in New Zealand, the virus p@tential candidate to explain the decline

of some parts of Argentine ant population in Nevalaad (Cooling et al., 2012).

The other sequences, n1000, 1050 and n1905, ddsteith non-coding viral RNA
sequences. Therefore their definitive viral idgntannot be determined with certainty
(respectively Figures 5.7, 5.8 and 5.9). The absesfcspecific co-occurrences / co-
infections in the sequence distributions in Argeatants in the different sites suggests that
LHUV-1 and the three non-coding RNA sequences areqgd four distinct viruses. Further
sequencing analyses may offer larger sequences080n 1050 and n1905 and inform on

their identity with high confidence.

Detection of Deformed wing virus but no other bee nor ant viruses
In addition to LHUV-1 and the three non-coding senges, the bee virus DWV was

detected in Argentine ants in Argentina and Newlateh (Figure 5.4). The presence of
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DWV in Argentine ants from Argentina and New Zealatoncords with the known

presence of the virus in both countries (Table.3mMgontrast, even though DWV is present
in Australian honey bees, the virus was not deteictérgentine ants. Further sampling in
Australia is necessary to ensure the absence of DWgentine ants, only two sites were

analysed in this study.

The low prevalence of DWV in Argentine ants maydcae to the sampling season (i.e.
winter). DWV infection rate fluctuates during theay in honey bees, and is less prevalent
during cold seasons (Dar and Kotwal, 2014). Furdanpling is therefore necessary to

assess the prevalence of the virus in Argentinea@onies.

DWYV sequence found in Argentine ants from Argentimal New Zealand differed from
each other (Figure 5.5). The DWV sequence in Nealafel Argentine ants is similar to
the sequence of found in honey bees in New Zeal&hdrefore DWV infections in
Argentine ants in New Zealand may have occurretidnzontal transfer either by direct
contact with infected individuals or from the aeinenvironment. Inter-species infections
by DWV have been reported via contact with contated pollen (Singh et al., 2010).
Argentine ants may have been infected by DWV wfalaging on contaminated pollen.
The ants may also have been infected during aifayagid on an infected bee hive, via
contact with contaminated wax, ingestion of contated honey and bee brood (Eyer et
al., 2009).

Active replication of DWV was detected in Argentiaats. This result concords with
previous reports indicating that DWV actively replies within multiple arthropod orders
(Levitt et al., 2013). Replication was only detekite ants from New Zealand. The absence
of observed replication in ants from Argentina nieeydue to the different DWV strain
present in the ant home range (no DWV sequences fkogentina were found on
GenBank). The primers were originally designedrmplify the DWV strain found in New
Zealand (Lester et al., 2015a). Consequently, tinegos may have a lower specificity with
the strain present in Argentina. This low spedifievas further decreased by the addition
of the 10-nucleotide tags on the 5’ end of the prenThe hypothesis of low specificity of
the tagged primers was supported by the absenaepfification of the DWV positive
strand by the tagged primers while DWV was amglitig non-tagged primers. DWV may
therefore actively replicate within ants in Argewati Different tagged primers are necessary

to further investigate the question. Overall, théve replication of DWV in ants in New
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Zealand indicates the possible reservoir role efahts in the spread of bee viruses by
spillback.

The effects of the virus on Argentine ants is unanoThe virus is present in multiple ant
sites as identified in this study. If pathogenigs iprobable that DWV has a low virulence
in Argentine ants. DWV virulence in honey bees asvlexcept when horizontally
transmitted by mitesM destructor) (de Miranda et al., 2010; Ryabov et al., 2014).
Similarly, DWV virulence may be triggered in Argard ants after the intervention of a
third party, such as another micro-organism ortabfactors. It is also possible that DWV
only affects the ants throughout the winter seaBdMV has indeed been reported to cause
losses of bee hives over wintering bee hives (Higddhfet al., 2009). Additional
comparative studies on fithess of DWV infected and-infected Argentine ant colonies

may inform on the pathogenicity and virulence of W\ the ants.

The absence of infections by IAPV, ABPV and KBW et other viruses involved in CCD,
and SINV-1 and SINV-2, two ant viruses, in Argeetents differs from the reported viral
landscape of each country (Table 5.4). The onlyeptions were for: IAPV and ABPV
which are already reported as absent respectiveNew Zealand and in Australia, and
SINV-1 and SINV-2 never reported in Australia andwZealand (Table 5.4). Three
hypotheses may explain the absence of observedtioe in ants: 1) IAPV, KBV and
ABPV as well as SINV-1 and SINV-2 cannot infect Angine ants; 2) low prevalence
during the sampling season; 3) infected ants wersampled. Firstly, SINV-1 and SINV-

2 were previously reported to be specific to finesgpecies (Valles et al., 2007b). However,
non-infection capacity of Argentine ants by IAPVBX and ABPV is unlikely as these
three viruses have been previously detected irr attieropods species (Singh et al., 2010;
Levitt et al., 2013). Secondly, the absence ofvihgses in Argentine ants may otherwise
be due to the sampling season. Some virus infecfioesent seasonal variations and may
be more difficult to detect during specific periqi&lles et al., 2007b, 2010; Runckel et
al., 2011). However, this hypothesis is unlikelybe® virus infections are persistent in
bees, and can be detected both in summer and wedsons (Tentcheva et al., 2004; Chen
et al., 2014). Thirdly, none of the collected amay have come from colonies that had
direct or indirect contacts with any infected be€ke low number of sites studied in
Argentina and Australia lowers the probability etelcting infections rates of IAPV, ABPV
and KBV in the ants. In contrast, the high numbesampling sites in New Zealand

covering most of the Argentine ants’ range in tbertry indicates that the viruses are
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effectively absent in the ants at least in New dedl This hypothesis is supported by the
reported absence of IAPV and the low ABPV and KB¥éction rate in New Zealand bee

hives (Todd et al., 2007; de Miranda et al., 20#l8Fadden et al., 2014; Mondet et al.,

2014).

The presence in Argentine ants of one virus (i.eV\D involved in colony collapse
disorder in most of the ant range in New Zealang b®a first insight in explaining the
reported Argentine ant population decline in thertoy (Cooling et al., 2012). Viruses
have in fact been associated with population dedqlorter et al., 2013) and are studied as
possible bio-control agents. Further experimemntatiare needed to better understand the
effects of DWV on Argentine ant fitness.

Virusinvasion pathway

| suggest multiple infection scenarios (Figure »#sed on the incidence of the new virus
LHUV-1, the three investigated viral contigs (n108@841 and n1905) and the honey bee
virus DWV in Argentine ant samples (Figure 5.5).
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Figure 5.10: Infection scenarios occurring at diffeent stage of Argentine ant invasion path for: (alLinepithema humile virus -1 (LHUV-

1) and n1000; (b -1 to -3) n1050 and n1905; and <t to -5)Deformed wing virus (DWV). Each scenario are probable infection events aleagvasion
path of Argentine ants, from their home range intB8dAmerica to Europe, then from Europe to Austraind finally from Australia to New Zealand. Théfetient arrow
colours indicate the infection state of the tramgllant populations. Possible events are indichtedircle numbers in historical order and locatedtlte map next to their
geographical occurrence.
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Diverse scenarios involve potential infections andurrence of secondary losses while the
Argentine ant population was transported from Atento Europe, Australia and finally
New Zealand (Corin et al., 2007a, 2007b; Suhr.e281). Viral sequence mutations may
have occurred during the multiple ant populationvements and bottlenecks. The
mutations may have led to an increase in the @iffees between sequences from different
countries as it was observed with LHUV-1 (Figuré&)5In the case of DWV, relatively
high difference between sequences (Figure 5.63atels two different viral strains present
in the ants. Therefore, the most probable infectsmenarios involve at least two
independent events of DWYV infections. From theritistion of the different viruses and
the sequence differences, the most probable infesitenarios are: LHUV-1 and n1000
infections originated from Argentina (Figure 5d4)1.n1050 and n1905 infections
originated from Australia or Europe (Figure 5412 and -2); DWYV infections occurred in
New Zealand during the Argentine ant range expansithin the country (Figure 5.1c¢.

1). If LHUV-1 and n1000 were co-introduced with &rgine ants in New Zealand, this co-
introduction would concords with other examplesimfasive species co-introducing
pathogens from their home range (Strauss et d2)20he co-introduction of pathogens
can be at the detriment of native species if tliasés cross species barriers. The low
number of sampling sites in Argentina and in Augtras well as the absence of samples
from Europe limits the selection of a lower numbérmypothesis on the origins of the
different viruses. DWV infections may have indeethioated from Argentina and no
samples with a DWV strain similar to the New Zedlame were collected in this study.
Furthermore, DWV RNA may have degraded in the Alistrsamples as the ants were
preserved at 4°C in ethanol while the other sampk® conserved at -20°C and -80°C.
The sequences n1050 and n1905 may also be pras@mgentina but no infected samples
were collected. Further work examining these seceeand potential viruses in their home

and invaded range is necessary.

Critical evaluation of experimental procedures
If additional sampling had been possible, incregdime number of sampling sites in
Argentina and Australia would have offered a sterrgupport to the discovered range of

the viruses. Further sampling in Europe would alfmw to the selection of fewer infection
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scenarios, and increase knowledge on the rangkeofituses found in Argentine ants.
Sampling workers and queens during different seasaould offer an insight on virus
prevalence and any possible seasonal variationsdifr@ allowed the investigation of
multiple known viruses and new sequences in Argerdints. Not all viral sequences were
investigated. The development of additional spegifimers to amplify viral sequences
matching coding sequences (contigs mqtching coslagiences after BLASTn search on

GenBank) may allow the discovery of additional nemses in Argentine ants.

Argentine ants are the hosts to multiple virusetuoling the bee virus DWV in Argentina
and New Zealand, and the new dicistrovirus LHUWA1Argentina, Australia and New
Zealand. Both viruses replicates within the ants.ifections by the bee viruses IAPV,
KBV and ABPV, and by the red imported fire ant @es SINV-1 and SINV-2 were
detected. LHUV-1 may have been co-introduced byatite from their home range. DWV
infections may have occurred in New Zealand dutirggArgentine ant range expansion in
the country. These results suggest a co-introduatioviruses with the Argentine ant
population in New Zealand and a potential reserwaig of the ants. The large range of
Argentine ants in the world and more specificatiiNiew Zealand may promote the spread
of harmful viruses possibly affecting native spesci®oth DWV and LHUV-1 are
candidates to explain the population decline ofehtgne ants. Further study on the specific
effects of the viruses on the ants are necessaig.chse study highlight the unseen viral

threat that invasive species can represent toeapecies.
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Chapter 6. General discussion
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6.1. Presence of bacteria and viruses in Argentirents

This thesis was the first examination of bactend airuses present in Argentine ants.
Bacteria decreased along the ant invasion pathviilg & core of bacteria was maintained
(see Chapter 2). The high abundance of bacterma Eractobacillus and Gluconobacter
genera among the ant core bacteria indicates hlesetbacteria may have a beneficial
relationship with Argentine ants and may play aanaple in the ant health and fitness.
Antibiotic treatments with ampicillin and gentanmaiid not eliminate these two bacteria
from the ants (see Chapter 3). Therefore, no inddion on the role of these two bacterial
groups in the ants could be gathered. Neverthalasibjotic treatments increased bacterial
diversity and Argentine ant survival. Antibiotieatments with ampicillin, kanamycin and
spectinomycin did not induce inter-specific aggi@sqsee Chapter 4). Spectinomycin
treatments increased Argentine ant intra-specigseagiveness. Bacterial diversity may
therefore be one factor influencing Argentine amvval and aggressive behaviour, and at
length Argentine ant population dynamics. The absesf any effects on fithess may be
caused by the experimental design where the queere not being tested. In addition,
potentially harmful viruses were discovered in Aitjee ants:Deformed wing virus
(DWV), a honey bee virus involved in colony collepdisorder, and a new dicistrovirus,
Linepithema humile virus -1 (LHUV-1) (see Chapter 5). These two viruses @otential
candidates to explain the Argentine ant populatenline previously reported in New
Zealand (Cooling et al., 2012).

6.2. The decrease of bacterial diversity in invases Argentine
ants was associated with a complex invasive pathwayd

low genetic diversity

Invasive species typically present a lower gergitrersity in their invasive range than in
their home range (Puillandre et al., 2008). Fougdiments and propagule pressure may
cause genetic bottlenecks, leading at length tdase of rare alleles and a low genetic
diversity in invasive species (Dlugosh and Parkéf8). Argentine ants were introduced
from South America to Europe (primary invasionpnfr Europe to Australia (secondary
invasion) and from Australia to New Zealand (tewtimvasion), in what was likely a single

invasive event (Corin et al., 2007b; Wetterer et2009). This complex invasion pathway
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lead to multiple consecutive founding events antegie bottlenecks. Genetic diversity in
the invasive ants was reported to be lower imitasive range than in its home range (Corin
et al., 2007a; Brandt et al., 2009). However, éme that founding events also affected
bacterial diversity present in these invasive &isee Chapter 2). Bacteria diversity
decreased along the ant invasion pathway and veakwest in New Zealand, a country
invaded after a tertiary invasion. Interestingly the United States, where the Argentine
ant population originated from multiple primary &sions, presented a bacterial diversity
similar to the one in the ant home range. Invakistory and pathway seem then to affect

bacterial diversity present in invasive species.

Even though bacterial diversity declines alongiivasion pathway, invasive species seem
to conserve a core of nine bacterial genera. Angerdnts in all countries and all sites
maintained a core of bacteria that includeattobacillus and Gluconobacter. Both
Lactobacillus and Gluconobacter have reported to include beneficial bacteria Esec
beneficial in beesApis spp.) for example (Kaltenpoth and Engl, 2014).tBaa from these
genera seem involved in their host health and defagainst some pathogenic infections.
However, the full effects of the presence of tHeseteria on Argentine ants is yet unknown.
It could be postulate that associations with beiedfibacteria from genera such as
Lactobacillus and Gluconobacter may promote invasive species population growth and

spread.

6.3. Potential role of bacterial diversity in Argernine ant

population dynamics

High genetic and bacterial diversity are associatéd individual health (Mattila et al.,
2012). For example, genetically diverse colonieshef antsFormica selysi were more
resistant to pathogenic fungal infections than tégsrse colonies (Reber et al., 2008). In
bees, genetically diverse individuals presentedhdrigoacterial diversity and improved
health than individuals with lower genetic diveys{iMattila et al., 2012). Antibiotic
treatments of Argentine ants did increase bactiversity present in the ants and increased
the ant survival (see Chapter 3 and 4). The lovetiemand bacterial diversity of Argentine

ants may lower their immune defence against patmogefections. The low genetic and
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bacterial diversity of Argentine ants in New Zealanay be two of the factors involved in

the observed population decline (Cooling et al120

In addition, invasive species population dynamieg/ e affected by the intra- and inter-
specific aggressiveness. A lack of invasive speagggession is one of the mechanisms
thought to be involved in the success of invaspecees in their new range (Fadmiro et al.,
2009; Lai et al., 2015). With aggressive behav{aar biting, pulling, killing), species may
be more capable of defending their territory aratifeources. For example, Argentine ants
monopolise food sources against other ant speciesavhigh number of workers and high

aggression levels (Human and Gordon, 1996).

The lack of intra-specific aggression in Argenti@wets appear to promote cooperation
between nests and the recruitment of a high nuwfheorkers (Suarez et al., 1999; Tsutsui
et al., 2000). If intra-specific aggression wasd¢our in Argentine ants, they may allocate
fewer workers to find or defend food sources whpending more energy defending their
nest against other Argentine ants. At length, cpléimess would then be lowered.
Nevertheless, the change of bacterial diversityaed by antibiotic treatments did not
modify intra-species aggressiveness in Argentines. ahherefore bacterial diversity in
Argentine ants may not be involved in nestmatesgeition, as it is the case for termites
(Matsuura, 2001). The bacterial diversity presarthe ants may affect the ant health and
therefore modify outcomes as a result of inter-sgsencounters. Treatment with one
antibiotic (i.e. spectinomycin) did increase thet amer-species aggressiveness (see
Chapter 4). Further analyses are need to assdhe intibiotic treatment induced an
increase or a decrease in bacterial diversityatanal conditions, Argentine ants may suffer
changes in their bacterial diversity during theasion process or the change in food
sources. These bacterial diversity modification rhayinvolved in the ant intra-specific

aggression level and thus eventually may affecatitecompetitiveness success.

6.4. Potential role of viral infections in Argentire ant

population dynamics

Population declines may be caused by pathogenectiohs, including viral infections
(Evans and Schwarz, 2011; Strauss et al., 2012Zhdnnvasive red imported fire ants

(Solenopis invicta), virulent infections by Solenopsis invicta virus -1, -2 and -3
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(respectively SINV-1, SINV-2, and SINV-3) may cause death of entire colonies
(Hashimoto and Valles, 2008; Oi and Valles, 2008jl&6 and Porter, 2015). Multiple
viruses are involved in the honey bégié mellifera) colony collapse disorder (Evans and
Schwarz, 2011), among them are Beformed wing virus (DWYV) of thelflaviridae virus
family, andlsraeli acute paralysis virus (IAPV), Kashmir bee virus (KBV) and Acute bee
paralysis virus (ABPV) of theDicistroviridae family. Virulent infections by these viruses
may lead to the death of entire bee colonies (damdia and Genersch, 2010; McMenamin
and Genersch, 2015). These viruses may be fouathar arthropod species (Levitt et al.,
2013). The full extent of the effects of infectidnem these viruses are not understood in
all species except bee&p{s spp.) and bumblebeBi§mbus spp.). In this dissertation, DWV
was discovered to infect and actively replicatehimitArgentine ants in New Zealand (see
Chapter 5). DWV effects on Argentine ants are matkypown. However, the virus may be
one candidate to explain the decline of the anufadjon in New Zealand. Furthermore,
these results indicate that Argentine ants aressiple additional pathway and infection
reservoir for infectious bee viruses. Argentinesantly raid bee hives for their honey and
brood. The contact with the bees and their enviemmmay allow the transfer of the virus
from one species to another. The virus may aldoamsferred from one species to another
via contaminated pollen (Mazzei et al., 2014). biva species may therefore constitute a
potential reservoir for harmful local viruses. ldition, invasive species may themselves
be affected by the viruses and their population oegfine.

DWV present in Argentina seemed to corresponddidf@rent strain of the virus. From the
sequencing results and analyses, Argentine antshanas been infected in New Zealand
by horizontal transfer. Further sampling of Argaetiants and bees infected by DWV in
Argentina, in Europe and in Australia may indicatdifferent DWV in these regions, and
support the hypothesis of a horizontal transfeD®¥V from infected local species to

Argentine ants in New Zealand.

My analyses indicated that infections by the fin¢ druses SINV-1 and SINV-2, and the
bee viruses IAPV, KBV and ABPV were not detectediigentine ants from New Zealand,
Argentina or Australia. Sampling in New Zealand @®d most of the range of the ants in
the country and support the absence of these weirimséhe invasive ants. Infections by
SINV-1 are unlikely as the virus appears to be igdo fire ants (Valles et al., 2007b), as
potentially is SINV-2 is specific to the fire anEBurthermore, red imported fire ants are not

present in New Zealand. Infections by IAPV, KBV aA@BPV may be possible in
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Argentine ants. These viruses have already beeorteghin arthropods including ants
foraging around infected bee hives (Levitt et2013). Nevertheless, additional samplings
in Argentina and Australia are necessary to confirndismiss the absence of the viruses

in Argentine ants.

A new positive strand RNA dicistrovirugjnepithema humile virus -1 (LHUV-1), was
discovered to infect and actively replicate in Artyee ants (see Chapter 5). LHUV-1
presented a wide range and was found in Argenfinsiralia and New Zealand, in all sites
but one in New Zealand. Phylogenetic analyses efsdguences indicated that LHUV-1
may have been co-introduced from Argentina to Aulisty and then to New Zealand.
Invasive species may therefore co-introduce patm®f®m their home range. The results
supported previous observations made in publishetiterature (Strauss et al., 2012;
Arbetman et al., 2013). In South America, introdlibemblebeesBombus terrestris) co-
introduced the pathogenic protozoApicystis bombi, now affecting native bumblebee
(Bombus dahlbomii) populationgArbetman et al., 2013). Finally, as LHUV-1 is iteld to
IAPV and KBV, two viruses involved in colony collsgdisorder, LHUV-1 is an additional
potential candidate to explain the Argentine anpyation decline in New Zealand
(Cooling et al., 2012). If LHUV-1 is indeed pathog® virulent and specific to the ants,
the virus may be considered as a biological cofitmoinvasive Argentine ants. However,
if LHUV-1 is not specific to Argentine ants, thetanvould in this case be the reservoir to

an additional virus that may threatened native iggquopulations.

6.5. Study contributions, study improvements and future

directions

Study contributions

This study represents a first step in the undedatgrof the bacteria and viruses in invasive
population dynamics. Multiple studies documenteal ldw genetic diversity of invasive
species cause by bottlenecks during the invasioeess (Dlugosh and Parker, 2008;
Puillandre et al., 2008; Arundell et al., 2014)isTstudy indicates that bacterial diversity
present in invasive ant species also undergoesebetks (see Chapter 2). However,

invasive species seem to conserve a core of bact&rgentine ant conserved a few
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bacterial genera, includingactobacillus andGluconobacter, along their invasion pathway
(see Chapter 2). Changes in bacterial diversity af@gct the invasive species survival and
fitness as antibiotic treatments on Argentine ahtsved (see Chapters 3 and 4). Bacterial
diversity, then, may be involved in invasive spsgepulation dynamics. Finally, invasive
species success may leave enemies in their horge & benefits from it as stated by the
enemy release hypothesis (Colautti et al., 200&etan-Fraser and Ewers, 2013).
Nevertheless, invasive Argentine ants seem to bavatroduced viruses, including the
new LHUV-1 (see Chapter 5). Invasive species mayetiore potentially carry harmful
pathogens with them and become new reservoir tHeesséor local viruses. Argentine
ants seem to have been infected in New Zealand \My [fsee Chapter 5). The virus

replicates within the ants and may potentiallyra@sferred to other species by spillback.

Study improvements and future directions

Additional sampling of Argentine ants from the Angiee ant home range, Europe and
Australia may offer a more complete understandmbacterial diversity decline along the
ant pathway from Argentina to New Zealand. Samptingng the same seasons and the
use of recent collected ants may lower the impboadf seasonal infection variability and
genomic material degradation in the observed diffees of bacteria diversity between

countries.

Both DNA and RNA extracted from ant samples fronffedent Argentina, Europe,
Australia and Europe should be analysed using lifansequencing. lllumina sequencing
would allow the detection of a large quantity ohggc material from any micro-organisms
infecting Argentine ants. Other micro-organismdudag viruses may have suffered from
the multiple bottlenecks along the ant invasivéhpaty as it happened for bacteria. Other
viruses may be infecting Argentine ants in its haamrgge and invasive range. In addition,
DNA and RNA sequencing may allow the comparisomben bacterial diversity and viral
infection loads in ants from different countrieeelcomparison between bacterial diversity
and viral infection loads may give an insight or tiole of bacterial diversity in the ant
health. The additional samples from the differeatintries may also help supporting

different infection scenarios.

Direct antibiotic treatment of the queens may hglttl the possible role of bacterial

diversity in Argentine ant fitness. In addition,448equencing and 16S universal primers
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may be used to assess the bacterial diversity mrgsgueens before and after the antibiotic
treatments. Furthermore, the use of different aotitts in order to specifically target
Lactobacillus andGluconobacter bacteria may offer a better understanding on ohe of
bacteria from these genera on Argentine ant fitregg$ survival. The results of these
antibiotic experiments may offer a better insigint the role of bacterial diversity in

Argentine ant population dynamics.

Finally, testing the virulence of DWV and LHUV-1 &rgentine ants may offer a better
understanding of the role of the viruses in Argemtint population decline in New Zealand.
Colonies can be infected in the laboratory totiestmodified Koch’s postulates (Mokili et
al., 2012; Breitschwerdt et al., 2013). Koch maatifi postulates are used to infer
pathogenicity to an organism by isolating the org@anfrom infected individuals, infecting
healthy organisms and observing disease charaatsiiis these newly infected organisms.
In the case of Argentine ants, healthy ants arevifdfood mixed with either contaminated
fluids from a bee infected by DWYV or killed ant$anoted by LHUV-1. Laboratory infected
colonies and uninfected colonies (i.e. control® #ren observed under different stress
situations (i.e. different food quantity and quglitand dead ants counted daily during the
experiment. Specific infection of the queens maybeded to observe the effects of the
viral infections on the ant colony fitness. In &duai to monitoring the colony death rate,
inter-specific encounters can be realised befaréng and after viral infection of the ants.
The outcomes of the encounters may show a decire@sgentine ant survival after viral
infection. The results of these laboratory infecsianay indicate a decrease in the ant
survival, fitness and encounter survival, and hgitilthe possible involvement of DWV

and LHUV-1 in the Argentine ant population declindNew Zealand.

In addition, tests on the specificity of LHUV-1 areeded if LHUV-1 is to be considered
as a potential biological control agent for Argasetiants. RNA can be extracted from
arthropods found in the surrounding of Argentiné aests. LHUV-1 presence is then
screened using the primers designed in this stGthater 5). In parallel, infection trials
are run with other arthropods that may interachwitgentine ants, such as bees. Bees are
feed a food containing killed ants infected by LHdVInfection and active replication of
the virus may be tested at different time afterittiection treatment using RT-PCR and
gPCR. If no infection and replication can be fincdithropods surrounding ants and in bees

infected in the laboratory, LHUV-1 could be speciid Argentine ants and considered as
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potential biological control agent. Full sequencofgLHUV-1, bee infection trials and

Argentine ant colony infections are currently iogress.

Invasive species loses infections on their invapathway while keeping a core of bacteria.
In addition, invasive species may co-introduce pgéms into their new environments and
become themselves reservoir for local pathogens diange in bacterial diversity and
new infections may affect invasive species popoiatiynamics. Furthermore, the co-
introductions of pathogens may represent a thoeadtive species. While invasive species
represent a visible threat to the biodiversity @vrenvironments, co-introduced pathogens

may be an additional invisible threat that needsettaken into account during management
programs.
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|.  Chapter 2: additional materials and methods - smple sites

Table I.1: Argentine ant sample collections and arpool composition for 16S analysis.
Samples from Argentina were part of an existingemtion conserved in 80-100% ethanol and stored at
20°C. The other samples were collected for thidystand conserved in 100% ethanol and stored aC-20°
Each analysed sample composed a pool of 30 amistfre same site. The specific number of ants téioem
each collection tubes to realise the pool of 3@ @&indicated in Table 2.1.

Sample ID ’\:)l;r:r?tir Cogi(t:éion Country State/Province Location Latitude Longitude
5 2002 Argentina Buenos Aires Buenos Aires -34.6089 | -58.3574
Arg.BA.2002 12 2002 Argentina Buenos Aires Buenos Aires -34.6089 | -58.3574
13 2002 Argentina Buenos Aires Buenos Aires -34.6089 | -58.3574
4 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
4 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
4 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
Arg.ER.1999 4 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
4 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
5 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
5 1999 Argentina Entre Rios Pre Delta National Par32.1167 -60.6333
15 1999 Argentina Missiones Ibate -27.4167 | -57.166667
Arg.Mis.1999
15 1999 Argentina Missiones Ibate -27.4167 | -57.166667
12 1999 Argentina Corrientes Port Alvear -29.1 556.
Arg.Cor.1999
18 1999 Argentina Corrientes Port Alvear -29.1 556.
6 2002 USA Hawaii Hawaii 19.6869 | -155.464
6 2002 USA Hawaii Hawaii 19.4287 -155.282
USA.Ha.2002 6 2002 USA Hawaii Hawaii 19.4303 | -155.258
6 2002 USA Hawaii Hawaii 19.4218 -155.29
6 2002 USA Hawaii Maui 20.7601 -156.246
10 1999 USA California Santa Clara County| 37.43p1 122:169
USA.Sc.1999 10 1999 USA California Santa Clara County| 37.43p1 122:169
10 1999 USA California Santa Clara County| 37.44B3 122:166
10 1999 USA Louisiana New Orleans 30.0389 | -90.2593
USA.No0.1999 10 1999 USA Louisiana New Orleans 30.0389 | -90.2593
10 1999 USA California Santa Clara County | 37.4301 | -122.169
USA.Cal.2011 30 2011 USA California Davis 38.53¢6 121.757
0Oz.Mel.2012 30 2012 Australia (NA) Melbourne -37.7908 | 144.9568
10 2011 New Zealandg North Islang Auckland -36.9376174.4617
AK.2011 10 2011 New Zealandg North Islang Auckland -36.9404174.4637
10 2011 New Zealand North Islang Auckland -36.9478174.4675
10 2012 New Zealand| North Island Auckland -36.9376 | 174.4617
AK.2012 10 2012 New Zealand| North Island Auckland -36.9404 | 174.4637
10 2012 New Zealand| North Island Auckland -36.9478 | 174.4675
WN.2011 15 2011 New Zealand North Island Wellington -41223 174.871
15 2011 New Zealand North Island Wellington -41216 174.8943
15 2012 New Zealand| North Island Wellington -41.2231| 174.871
WN.2012 15 2012 New Zealand| North Island Wellington -41.2167 | 174.8943
HA.2011 15 2011 New Zealang North Island Hastings 39.6269 176.864
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15 2011 New Zealand North Island Hastings -39.6257176.8594
2 2011 New Zealang South Islandl Christchurch -4B758 172.7009
CH.2011 19 2011 New Zealand South Islangl Christchurch 3@5| 172.6353
19 2011 New Zealand South Islangl Christchurch 3EB5| 172.6337
10 2012 New Zealand South Islangl Christchurch W5 172.7009
CH.2012 10 2012 New Zealand South Islangl Christchurch 3@5| 172.6353
10 2012 New Zealand South Islangl Christchurch 3EB5| 172.6337
10 2011 New Zealand South Islangl Nelson -41.2967 3.2PB8
NN.2011 10 2011 New Zealand South Islangl Nelson -41.3107 3.24B6
10 2011 New Zealand South Islangl Nelson -41.3055 3.26D5
10 2012 New Zealand South Islangl Nelson -41.2967 3.2PB8
NN.2012 10 2012 New Zealand South Islangl Nelson -41.3107 3.24B6
10 2012 New Zealand South Islangl Nelson -41.31)55 3.26D5
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Il. Chapter 2: additional materials and methods - eknsity

measurements

In order to separate samples in New Zealand bettwgdrand low density sites, Argentine
ant densities were measured using honey baits ngpae the results with a previous
density assessment of Argentine ant density in Mealand (Cooling et al., 2012). Each
site consisted of three to four bait plots depegdin space limits. Plots were separated by
at least 10 m. A plot consisted of three bait cdbds x 9.0 cm laminated paper plate cut
card with a 5.5 x 4.5 cm drawn delimitation) placech 3 m long line. Card were dispersed
1 m apart. On the centre of each card, approximigtis mL of honey (Arataki Liquid
Honey Squeeze Me) was placed. Pictures were takeny &5 min during one hour and
photographed ants were counted to measure workauitreent. Ants inside the
delimitations were counted for in every picture. byservations at the sites suggested that
the measurements did not appear to be reliabnénsite from Auckland (New Zealand),
thousands of ants could be seen foraging but name é¢nvestigating the baits. In contrary,
sites in Christchurch (New Zealand) for examplethwb apparent foraging trails prior to
the plotting of baits were visited by a few hundagdis. As these baiting results may reflect
more the variable food preferences of the ants thamnt density, density measures were

not further considered.
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lll. Chapter 4: additional materials and methods - additional
antibiotic

Rifampicin was considered as an additional antibiseatment because of its actions in
the bacteria that differed from the three otheeceld antibiotics (ampicillin, gentamicin
and kanamycin). Rifampicin is a bactericidal amtila that inhibits the synthesis of RNA
in bacteria. Colonies (n = 10) were offered 200qila 20 % (w/v) sucrose -5.0 mg/mL
rifampicin mix (final concentrations), on a 2 ¢t foil cut and observed as described in
Chapter 4 (see section 4.3.2). The few ants obdemthin the vicinity of the mix would
actively avoid the mixture after antenna or lakiahtact. The antibiotic mix was removed
and the colonies were presented with 200 pL of a%2@w/v) sucrose mixed with
2.5 mg/mL rifampicin (final concentrations). Tharsaobservations were made, the ants
avoided the mix. The antibiotic mix was removed] &me ants were presented 200 pL of
a 20 % (w/v) sucrose solution. The ants came aadlited to the feeding station. This
result indicated that even if hungry, the ants wawdt feed on a mix containing rifampicin.

Rifampicin was therefore discarded as an antibiotiatment.
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I\VV. Chapter 5: additional materials and methods - ollection
sites

Table IV.1: Collection sites to map the range of vuses of interest in Argentine ants.
Samples were collected with aspirators between 20t22015. Samples were conserved in 100% ethanol
and in Ambion RNAlater (Life Technologies) at -20f@ the samples from New Zealand and Argentine or
at 4°C for the samples from Australia. One sam@isi{orne, New Zealand) was composed of ants frozen
alive and conserved at -80°C.

Country Area / City latitude longitude
-35.71373 | 174.32422
-35.26022 | 174.13031
-35.27994 | 174.08925

Northland 357359 [ 17326183
35.16033 | 173.16240
-35.93756 | 173.87558
-36.926513] 174.701767
-36.93125 | 174.65039
-36.930673| 174459839
Auckland

-36.95825 174.46911
-36.86642 174.77161
-36.86578 -174.90233
Morrisonville | -37.654810| 175.537097
New Zealand| Gisborne -38.63557 178.155994
-39.63147 176.85678
-39.63789 176.84564
Hastings -39.62700 176.85436
-39.60 176.74
-39.62239 176.81956
-40.851118| 174.993284

Wellington = 551630 174.871690
41.296477| 173.228223
Nelson 41.20392 | 173.35661
41.26042 | 173.27583
~41.340860] 173.180681
) 4353544 | 172.63575
Christchurch =3 53636 | 172.56286
Australia Melbqurne -38.385441 144.791506
Adelaide -34.90935]  138.564037
Rosario -32.910299 -60.675676
Argentina Otamenti -34.222211 -58.896155

Buenos Aires| -34.543800 -58.493145
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V. Chapter 5: additional results - RNA lllumina sequencing

results

Table V.1: BLASTx similarity statistics for RNA contigs matching viruses in

Argentine ant sample in New Zealand with the bestihviruses. Best hit viruses do not imply
RNA contig identity.

VIS 12 Contig ID | Contig Length (bp)| Score | e-value %qugw 0 EIEY) Besthit Gené
name |dent|ty coverage accession #
6805 1328 385| 3.E-16 59 74 | ACDO01403 nsP
1094 3217 651| OE+00 42 91 | YP_008888535 p
1028 1571 571 0 76 67 | ACDO1399 nsP
1000 2564 571| 4E-177 76 41 | ACDO01399 nsP
IAPV 6399 524 122| 6E31 43 79 | ACDY05306 | capsid
15309 410 176|  8E-48 67 99 | ABY57949 nsP
24044 579 249|  1E-72 60 100 | ACDO1403 nsP
17325 177 50.8|  1E-05 64 99 | YP_008888535 nsp
30928 149 75.1| 5E-14 71 9g | YP_008888535 ,sp
8390 434 254 | 5E-75 98 99 NP_851403 | nsp
6409 1378 393 | 8E-124 46 92 NP_851404 | gipoly
1905 577 388 | 2E-121 96 99 | NP_851403 | ,op
2445 358 241 | 3E-76 99 99 AAT76528 stpoly
9370 398 263 | 2E-78 98 99 NP_851403 | ngp
16939 229 160 | 1.00E-47| 100 99 AAG28397 RNApol
1345 1103 348 | 2E-104 99 44 AHL83499 nsP
KBY 7337 287 172 | 4E-47 95 99 NP_851403 | ngp
14185 240 119 | 6E-29 97 72 NP_851403 | ngp
11303 385 259 | 4E-83 98 o8 | AAZ14864 nsP
2023 518 316 | 5E-96 96 93 AHL83499 nsP
10394 235 166 | 3E-45 100 99 | AHL83499 nsP
1349 453 316 | 2E-96 99 99 | NP_851403 | ,op
9644 508 350 | 2E-108 99 99 NP_851403 | nsp
1050 1878 452 | 6E-137 50 72 | YP_001285729 ,sp
9293 374 759| 2E-14 42 71 | YP_001285726 gipolyp
SINV-2 1841 2933 598|  OE+00 36 97 | YP_001285729 ngp
4046 257 100| 3E-22 53 99 | YP_001285729 ,sp
28325 227 134| 3E-34 77 96 | YP_001285729 pgp

ansP, non-structural protein; stpoly, structurdlypootein; RNApol, RNA polymerase.
b putative structural protein.
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