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Mosquitoesharbor various microbes that profoundly influence many aspecteeof
biology, including vector competenc&iven their intimate associatiorthesemicrobes

have establishe@ wide range ofstrategiesaiding them in thir transmission, either
horizontaly or vertically makng them highly attractive for appliedvector control
approacheso prevent the spread afrthropodborne diseasél he mosquitomicrobiome
responds tenvironnertal andhostcues as well amicrobial interactions and di€this

body of work focuses on a number of aspects import for the developmentaifuat
microbial driven control stratagem. Next generation sequencing of the 16S ribosomal RNA
gene was utilize to examine the microbiome in each of the objectives presented here. The
first objective gplored how different sugatypesinfluence the microbiome ofedes
aegyptiresulted in two main conclusions. Firstpsquitoeghat are reared in separarte
environnentshad distinct microbiomed he second finding was that, although sugpet

only impatcted the overall microbial community structure in the New Orleans mosquito
line from Liverpool, the Galveston mosquito line from Galveston and the NO line from
Liverpool both experienced altered responses to each sugar by specific baotariahe
second objective characterized the relationship between the microbiome and Zika virus

(ZIKV) in both lab reared and field collectele. aegyptimosquitoes. Here bacterial



representativeof the Acetobacteraceaand Enterobacteriaceaéamilies werecorrelated

to ZIKV infection. Theinfluenceof these bacteria was found to be independent of mosquito
immunity. Additionally, mosquites exposé to ZIKV had increased levels of #se
Acetobacteracea@nd Enterobacteriaceadacteria. These resulsuggest that ZIKV
infectionwere bothmosquito and viral strain specific. The third objectiwlichexamires
hostsmall RNA interplay between mosquitoes and ZIKV infection, found thatatidn

lead to dramatic increases in shaoterfering RNAs (siRNAs) and PIWihteracting RNAs
(piRNAS). Additionally, 17 host miRNAs had altered levels across multiple time points.
Finally, the mosquito RNAI response to ZIKV targeted the NS5 region, W& in
response produced virgerived pRNA-like small RNAs (VipRNAS). Together, these
results establish the foundations for developing a microbial based control stiratelh
bacteria could be engineered to deliver RMAmMulating RNAsin mosquid hoststo

preventthe spread of arbovirusdike ZIKV.
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| NTRODUCTION : MOSQUITO BIOLOGY & ARBOVIRUSES

Aedes aegyptalso known as the yellow fevemosquitq is a member of the fly
family Culicidaeand undergoes corigte metamorphosisvhich includegt distirct stages
beginning withan egg,followed by thelarvae, pupae andnding with theadult stage.
Development usually occurs over a emeek periogdbeginning in an aquatic environment
(egg througtio pupae) and enidg with the emergence of the adult itbefinal terrestrial
environment. In rural environmen&edesnosquitoes breed in natural reservoirsvater
such as tree hollows or leaf majtgiving them thenonikerof tree hole breeders. In urban
environments the mosquitoes have taken to breediraytificial containers including
bottles and flower potd.ima et al, 2016) Adult mosquito lifespan can range from one
week up to one montfNelson, 1986)while some species located in cooler or dryer
climates are able to over win{@Wattset al, 1974; Limaet al, 2016) One examplef this
is the ability forAedesmosquito eggs to glrout for anextendedgoeriod of time still being
viable tolater become hydrated and hafetawleyet al, 1989) Another nethod available
to mosquitoes in urban settings is to enter homes and avoid the cold altogbthas
highly advantageous to urban or domesticated mosquitoes as it keeps them in close
proximity to a potential blood supplyAedes mosquitoes are hemagtoegous and
anautogenous insects, meaning that a blood meal is needed to complete the gonotrophic
cycle to produce egd&uliaNusset al, 2012) Ae. aegyptfemales often search bdiark
areas to rest in between blood meals, often times these locations aréangdeln some
regions it is suggested that these domesticated mosquitoes have adapted to strictly blood

feeding(Edmanet al, 1992)
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Hematophayg is an important trait as mosquitoes are known vectors for a variety
of pathogens ranging from viruses to parasites. aegyptihave been linked to the
transmission of a number of emerging aneémeerging arboviruse These viruses can be
divided into twomain viral families the AlphavirusesandFlaviviruses both of which are
small single stranded positive sense RNA virugesiesmosquitoes typically transmit
arthritis causinglphaviruseswhich includeChikungurya virus CHIKV), Mayaro virus
(MAYV), O nyong nyong RessRives virgs QRRN)ahp Semliki forest
virus (SFV).The second group transmitted Bydesare hemorrhagic disease causing
flaviviruses including Yellow Fever virus (YFVilengue virusENV), and Zika virus
(ZIKV). Both of these vial groups typical have aamplifying vertebratehost that
completes theerzootic life cycle of thevirus, while humans are deashd hosts in this
cycle however,n epizootic lifecycles these virusesan diredy follow a mosquitehuman
cyclein which humans serve as the amplifying hdste emergence and spread of these
arboviruses highlight the importance of vector control strategidsnore importantly their
shortcomings Current vector control strategiesedimited to proximity of appliation,
chemical haHlife and developed resistancéurther demonstrating a need for the
development of new strategiddere the current state of microblahsed vector control
strategiesis discussedand focwsed on several aspects of the relationship bet®n
mosquitoes, their microbiota and viruses, which can be utilized for future development of

a microbial based strategy.
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Chapter 1 Microbial control of Mosquito Borne Virusest!

Vectorborne diseases (VBD) are responsibleifmrdinate mortality, morbidity
and economic loss worldwide. One of the most important groypstiodbgensransmitting
vectors are the mosquitoes, including species withinAthepheles Aedesand Culex
genera. Particularly well studied are therophels mosquitoes that vectd?lasmodum
parasites that cause malaria in humans. While Riasmodiumparasites cause malaria,
Plasmodiunfalciparumis the major cause of this disease in-Salharan AfricgSnowet
al., 2005) Aedes mosquitoes are notorious for vectoring arthropmoine viruses
(arboviruses) including flaviviruses such @sngue virus (DENV), Yellowfever virus
(YFV) and Zika virus (ZIKV), and also the Alphavirus, Chikungunya virus (CHIKV)
(Bhattetal., 2013; Weaver & Laat, 2015; Weaveet al, 2016) Culexmosquitoes are
known vectors of West Nile virus (WNV) and other encephalitic viruses, as well as filarial
nematodes. Other than mosquitoes, Phlebotominae and Simuliidae flies are resfwnsible
transmitting pathogenthat cause Leishmaniasis, Onchocerciasis, as well as other
neglected tropical diseases. In Africa, several species of tsetse flies vector Trypanosomes
that cause sleeping sickness in humans and nagana in livestock. Furthes netide
Triatomine bugghat transmit Trypanosomes that cause Chagas disease, which infects an
estimated 6 million people in Latin Ameri¢Bern, 2015) Ticks also transmit a variety of
pathogens including viral, bacterial and protozoan paradastasTorreset al, 2012)
While traditional and contengpary control strategiesahe made great progress to control
malaria and other neglected tropical diseases, the incidence of other diseases has been on
the rise. Current disease prevention strategies often rely on vector control as effective

vaccines are ot available for many patigens, however vector control strategies are

1The work mentioned in this chapter is based on the work publBhlegiia MA, Hegde S, Hughes GL.
Microbial Control of ArthropoeBorne DiseaseMem Inst Oswaldo Cru2017 Feb; 112(2)893. PMID:
28177042. The Creative Commons License can be accatssed
http://creativecommons.org/publicdomain/zero/1.0/

17



becoming ineffective, mainly due to insecticide resistance emerging in many vectors
(Naggashet al, 2016; Ranson & Lissenden, 2018pken together, novel strategies for
control of VBD are urgently required. The current global ZIKV pandemic, and the
reemergence of YFV iAfrica andLeishmanian the Middle East stress this need for novel
control tools against emerging andemmerging pathoger(&\l-Salemet al, 2016; Barrett,

2016; Weaveet al, 2016) To this end, microbidbased intervention strategies are gaining
considerable traction as a novel means to control VBD. Inctrapterwe highlight the

recent advances in the use of symbionts to suppress pathogens in their vectors by drawing
upan examples of viral, bacterial and fungal symbiosis in various vector species. Most
studies have focused on mosquito vectors but where possible we ingardples from

other vector systems.

THE VECTOR MICROBIOME - The advent of High Throughput Sequenc({iJ'S)
technologies has expanded our understanding of the composition of the microbiome of
many vector species. The microbiome is composed of viruses,iaafttegi and protozoa,
however pathogens that vectors transmit can also be considered as cdsstifibe
microbiome. Microbial association with the host can be facultative or obligate, and the
nature of these hashicrobe interactions, which range @ss a spectrum from parasitic to
mutualistic, is likely fluid and depends on factors such as thé du$ environment
(Casadevallet al, 2011) Microbes can have an intracellular or extracellular lifestyle, and
possibly transition between both. Microbiota can also prefiatBnteside in specific host
organs and tissue including the midgut (the lumen or gut epithadiapoty, salivary
glands, ovaries and test&harmeet al, 2014; Segatat al, 2016; Tchiofo et al, 2016)

In several of these tissues, the microbe has the opportunity to directly imtiéhdoading

pathogens.
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Our most comprehensive understanding of vector microbiomes is derived from
mosquitoes. Studiagtilizing HTS have revealed théte microbiome is often dominated
by relatively few taxa, can be highly variable, and that this vania influenced by factors
such as host life stage, host sex, the sampling technique, and the biotic and abiotic
environmen{Boissiéreet al, 2012; OsePokuet al, 2012; Cooret al, 2014; Gimonneau
et al, 2014; Dugumat al, 2015; Bucket al, 2016; Segatat al, 2016) HTS techniques
are currently most effective ixamining the bacterial microbiome, and such work suggests
mosquitoeshave a microbiota comprised of bacteria within the pHdateobacteria
Bacteriodetesand Actinobacteria encompassing taxa such &srratia Pseudomonas
AeromonagElizabethkingiaEnterobacter, andAcintobacter(Boissiéreet al, 2012; Osei
Pokuet al, 2012; Cooret al, 2014; Gimonneaet al, 2014; Hughest al, 2014a; Duguma
et al, 2015; Bucket al, 2016; Davidet al, 2016; Sedga et al, 2016) Similar to
mosquitoes, ticks have been found to have diverse and complex microbiomes, with the
microbial composition influenced by life history traits and denchacaet al, 2013)
The microbiome of lone star tickmblyommamericanumis composed of the pathogens
Anoplasmaand Ehrlichia as well as other symbiotic bacteria within the phyla
ProteobacteriaBacteroidetesindFirmicutes(Jasinskagt al, 2007; Fryxell & DeBruyn,
2016) Microbiome analysis of the Rocky mountain wood tiDlermacentorandersoni
identified four prominent geara of bacteriaRickettsia Francisella Arsenophonusnd
Acinetobacter(Claytonet al, 2015) In tsetse flies, three vertically transmitted bacterial
symbionts, Wigglesworthia Sodalis and Wolbachiaare often presénin the host, in

addition to other environmentally acquired commensal badif@mget al, 2013b)

There are few stu@s investigating the fungal microbiome (mycobiome) of vector
species. Most approaches that do explore the diversity of fungal microbes in insects exploit
culturebased methoddgnatovaet al, 1996; Martiet al, 2006; Gusméaet al, 2010) A

yeaststrain,Wickerramomyces anomalugias found in both the midgut and reproductive
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system of the Asian malaria vect@nopheles stephengRicci et al, 2011a) and six
different fungal species have been found in the midgut of sandfly véatdreundiet al,
2012) However, recently, S was used to examine the mycobioméedles triseriatus
and Aedes japonicugMuturi et al, 2016) This study found twentgne distirct fungal
OTUs, 15 of which were shared betwes triseriatus and Ae. japonic(§luturi et al,
2016) The majority of fungal taxa in theskedesspecies were from thAscomycota
phylum (Muturi et al, 2016) Similarly, theAe. albopictusmycobiome is dominated by
fungi within the Ascomycotain addition to other taxa within phylurBasidiomycota
(Muturi et al, 2016) While the role of the mycobiome in regulating vector competence is
poorly understood, it is likely that fungi andagé can have a similar impact on pathogen
transmission as bacteria, as fungi produce antimicrobial moleankksnfluence host
immunity (Lemaitreet al,, 1996; Wangt al, 2015; AngleréRodriguezt al, 2016; Martin

et al, 2016) For instance, it was recently reported tRanicilliumchrysogenunncreases
the intensity ofPlasmodiumnfection in Anophelesnosquitoes by suppressing mosquito

immunity (Angler6-Rodriguezt al, 2016)

Characterizatiorof the vral microbiome (virome) of disease vectors is now also
gaining attention. Metagenomic sequencing of mosquitoes revealed the presence of several
species of plant, animal and bacterial viruses in the mosquito viflNmet al, 2011;
Chandleret al, 2015) Similar studies in ticks also identified several viral families,
including previously unknown kises(Tokarzet al, 2014; Xiaet al, 2015; Sakamotet
al., 2016) The effect on the host of many of these viruses is yet to be elucidated. In contrast,
we know that tsetse flies harbarsalivary gland hypertrophy virus (SGHV), which is a
rod-shaped, enveloped DNA virus that issmitted both horizontally and vertically, and
can become pathogenic, causing hypertrophy of the salivary glands and reduced fecundity

and lifespanWanget al, 2013a) Interestingly, it appears thateite is an interaction of
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SGHYV with microbial symbionts residing in the fly, as aposymbiotic tiege reduced

viral loads(Bouciaset al, 2013; Wanget al, 2013a)

Complex hosmmicrobe interactions dictateionobiome and host homeostasis of
arthropods. While the factors that shape the composition ofittebiome are still under
investigation in most systems, it is clear that environmental cond{§@asget al, 2011;
Zouacheet al, 2011; Minarcet al, 2013) and host geneti¢gkumaret al, 2010; Oliveira
et al, 2011; Stathopoulost al, 2014; Soarest al, 2015; Pangt al, 2016)are inportant.

For instance, silencing of an antimicrobial peptid&riiatoma infestanglevated bacterial

load in the midgut which subsequisnteducesTrypanosoma cruzparasites, indicating

that host control of the microbiome can influence pathogen dyngBicrqueet al,

2016) Bacteral genetics also appears to be an important determinant ablyutization
(Maltz et al, 2012; Pekt al, 2015) however like much of the work examining bacterial
genetic factors that influence pestgince in the mammalian gut, this area of study is in its
infancy in arthropods. While we have a limited understandirteofactors that regulate
homeostasis in veats, insights can be drawn from model insects where these processes
have been examined (Buchonet al, 2013; Erkosaet al, 2013; Broderick Nicble A.,

2016) In insects, microbial interactions are known to influence many diypérseotypes

and processes including host nutrition, reproduction, immunity, behavior, survival and
evolution(Engel & Moran, 2013; Lewis & Lizé, 2015; Shropshire & Bordenstein, 2016;
van Tol & Dimopoulos, 2016)n arthropod vectors, these phenotypasitave important
implications for vectorial capacity. Additionally, members of the obeyme can
themselves modulate vector competence for a variety of pathogens, either by direct
interactions with the pathogen or indirectly mediated by the (mstnisonet al, 2014;

Hegce et al, 2015) While the influence of the microbiome on vector competence is likely
multifaceted and complex, interplay between the microbiota and host immunity is one

process that can alter pathogen ley&iset al, 2008; Donget al, 2009; Carissimet al,
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2015) Given thesenteractions, it is unsurprising that these interactions can also be
reciprocated, whereby pathogen infection, which stimulates host immunity, can alter the
microbiome(Xi etal., 2008;Ramirezet al, 2012; Zouachet al, 2012; Vieiraet al, 2015;

Zink et al, 2015; Muturiet al, 2016) This highlights the intricate dynamism between the
host and lte microbiome, which in part, is shaped by host immunity. From an applied
perspectivethese microbenediated alterations in vector competence can be harnessed for

novel microbial pathogen control strategies.

INNATE ANTI -PATHOGEN ACTIVITY OF MICROBES - Wdbachia - The most
extensively developed microbial strategy to alter thetorecompetece of mosquitoes
utilizes Wolbachia Wolbachia is a common bacterial endosymbiont that infects
approximately 60% of insec(sliigenboeckeet al, 2008). It has been extensively studied
for its ability to manipulate the reproduction itf host, which enables the bacterium to
spread through insect populatiaivgerrenet al, 2008) Cytoplasmic incompatibility (Cl)
is one of the most widespreadgreductive mechanism$Volbachiaemploys. CI occurs
when an infected male mates with antde that is uninfected, or infected with an
incompatible strain oiVolbachia These crosses result in embryonic lethality and provide
a fitness advantage to the infettfemale counterparts in the population, facilitating
Wo | b a csfreadvaitsin inseqtopulationgWerrenet al, 2008) Wolbachiamediated
Clis being exploited as a population suppression tool termed incompatible insect technique
(IIT) (reviewed inBourtzisetal., 2014) and has been deployed to suppAesgesnosquito
populations( O 6 C oet al,02012) However, dker it became evident that the antiviral
properties oMWolbachia,which were first discovered iDrosophila(Hedgeset al, 2008;
Teixeiraet al, 2008)also occurred in mosquitoes against a drnge of pathogens
(Kambriset al, 2009; Moreiraet al, 2009; Hughest al, 2011b) the use of this bacteria
for population replacement controlategies has been explored with vigor. The ability of

the baterium to confer pathogen interference, and to rapidly invade populations due to a
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highvertical transmission rate and the induction of Cl, MAladbachiaan attractive agent

for applied control.

Wolbachiacan interfere with the development of diversénpgéns transmitted by
mosquitoes. The antipathogen phenotype is particularly noticedds \& strain of
Wolbachiais artificially transferred (transinfected) into a vector creating a novel strain
host combinatior{Hughes & Rasgon, 2014Most attention has focuseon Ae. aegypifi
which is generally thought to be naturally uninfecte\iptbachia however, intriguingly,
an infection was recently reported in mosquitoes colleictdelorida, USA(Coonet al,
2016) Two strains of Wolbachia were found in these mosquitoes, which were
phylogenetically related to thevAlbA and wAIbB strains inAe. albopictugCoonet al,
2016) TransinfectedAe. aegyptihave reduced vector competence to several important
arboviruses such &3ENV (Moreiraet al, 2009; Walkeet al, 2011; Joubert al, 2016),
YFV (Hurk et al, 2012) CHIKV (Moreiraet al, 2009; Aliotaet al, 2016a)and ZIKV
(Aliota et al, 2016b; Dutraet al, 2016) Wolbachia infected Ae. aegyptiare also less
competent vectors for filarial nematod&ambriset al, 2009)andPlasmodum parasites
(Moreiraet al, 2009) In addition to arbovirus ctrol approaches ihedesmosquitoes,
Wolbachiabased strategies are also under investigab inhibit Japanese encephalitis

virus (JEV) vectored bZulextritaeniorhynchugJeffries & Walker, 2015)

Antiviral activity is also seen vén novel strains are transinfected ime.
albopictus (Blagrove et al, 2012) which is natwally infected with two strains of
Wolbachia wAIbA and wAIbB. Here, these resident straiwere removed by antibiotic
treatment before introduction of the noweMel strain fom Drosophila ThesewMel-
infected Ae. albopictushave decreased vector compefor DENV compared to an
uninfected line and the naturally double infected mosquii@kgroveet al, 2012) The

effect of naturalWolbachiainfections on pathogen dynamics is mor#clilt to assess, as
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uninfected individuals need to be identified, or the inéectcleared with antibiotic
treatment, for comparison. Antibiotic treatment can also bawéounding effects such as
altering the microbioméHugheset al, 2014a)or affecting mitochondrigBallard &

Melvin, 2007) With these caveats in mind, natélbachiainfections have been shown

to reduce WNV inCx. quinquefasciatu&laser& Meola, 2010and DENV and CHIKV

in Ae. albopictus(Moussonet al, 2010, 2012) but it is important to net that these
naturally infected mosquitoes are still competent vectorsnv@sely, the rae
Wolbachiainfection in Culex pipienshas been shown to exacerb&asmodiumtiter
compared to their uninfected counterpg@elé F.et al, 2014) and Wolbachiaalso

protects the vector against the deleterious fitness effects of the parasite, thus extending host

lifespan, whit has implications for pathogen transmiss{@éléet al, 2012)

The development dlVolbachiacontrol strategies for human malar@gpaars more
complex compared to arboviral pathogens. Aside from the propensityolifachiato
increasePlasmodiuntiter in some circumstancéslugheset al, 2012; Batoret al, 2013;
Murdocket al, 2014) which may be an artifact due to the method of infection or artificial
nature ofsorre tripartite combinations used in laboratorydsts (reviewed inHugheset
al., 2014b) there are challenges with stably transinfecthigpphelesmosquitoes. To
overcome these issues, transient infection was used to rapidly assesdiwé ¥fblbachia
onPlasmodiumand this techniqueitind that thevMelPop andvAlbB Wolbacha strains
blockedP. falciparum(Hughes et al. 2011b). TheMelPop strain has also been shown to
interfere withPlasmodium berghea murine malaria mod€Kambriset al, 2010) In
groundbreaking work from Bian et §2013)An. stephensias stably infected with the
WAIbB strain of Wolbachia These novel infections induced CI An. stephensand
substantially blocke®. falciparum(Bian et al, 2013) offering promise for the use of this

bacterium in malaria control approachedowever, the infection also xerted a
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considerable fitness cost on the mosq@Ban et al, 2013; Joshet al, 2014) which

would need to be overcome Mfolbachiato spread in field popul@ins

Recently, naturaWWolbacha infections in soménophelegpopulations have been
discowered(Baldini et al, 2014; Bucket al, 2016; Shawet al, 2016) These studies, in
addition to the transinfection @n. stephensiBian et al, 2013) have overturned the
dogma tha Anophelesmosquitoes were relzitrant to Wolbachiainfection and were
naturally uninfected across their range. The natNections were shown to affect host
fitness and reducBlasmodiumoads compared to uninfected conspecif{i8hawet al,
2016) More work is requiredo determine if these naturalf@ctions can be exploited for
Plasmodiunctontrol or if the resident strains would complictite spread of more useful
transinfected strain@effries & Walker, 2016)Similarly, the recently discovered natura
infections inAe. aegyptcould hawe implications for implementation &¥olbachiabased
strategiegCoon et al, 2016). Other bacterial symbitos that are known to manipulate
insect reproductior(Duron et al, 2008) in a similar fashion toWwolbachiasuch as
Spiroplassma (Terenius et al, 2008; Segateet al, 2016) and bacteria related to
ArsenophonugBrioneset al, 2008)hawe been found in mosquitoes, but their effect on

host reproduction and vector competeremaains to be elucidated.

GUT ASSOCIATED MICROB ES - Bacteria that reside predominately within the
midgut of vectors can have profound gmaithogenic effects thatould be exploited in
novel vector control strategeEarly studies examined the interagtlmetween microbes
and pathogens iAnophelesPlasmodiumand Triatomine TrypanosomaystemgBeier et
al., 1994, Straifet al, 1998; Eichler & Schaub, 20Q2)oday, most research in this area
focuses onAedesand Anophelesmosquitoes and the influenag the microbiome on
arboviruses andPlasmodium parasites, respectively. Research that ingatds the

influence of gut microbes on pathogen dynamics is usually undertaken by perturbing the
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microbiome by antibiotic treatment or through administrationutfuced bacteria to the
vector. Alternative appaches included using antibodies raised agaire microbiota to
manipulate the microbiome, or rearing gnotobiotic liffidsdenet al, 2011; @onet al,
2014) Antibiotic treatment has been shown to increase the titer of DEM\éiraegypfi
JEV in Culex bitaeniorhynchysT. cruzi in Rhodnius prolixusand Plasmodiumin
AnophelesnosquitoegMourya & Soman, 1985; &t al, 2008; Donget al, 2009; Kumar
et al, 2010; Rodrigue%t al, 2010; Castret al, 2012) These findings suggesting that the
microbiota is antagonistic to invading pathogens:iri®ection of bacterial tea into the
vector enables the afgathogeniqroperties of specific microbes to be ideseitfi Using
this approach, isolates &nterobacter Acinetobacter Pantoea PseudomonasSerratia
and Elizabethkingiahave been shown to inhibRlasmodium(Cirimotich et al, 2011;
Bahiaet al, 2014; Ramirezt al, 2014) The EnterobacterEsp_Z isolate wa shownto
produce reactive oxygen species (ROS) that inhibited the malaria pg(isiteotich et
al., 2011) while other bacterial taxa magve distinct modes of action agaiRsmodium
(Bahiaet al, 2014) Intriguingly, a specifistrain ofSerratiathat has enhanced motility
suppresse®lasmodiumcompared to a nemotile strain, prowding insghts into the
mechanism behind the interference phenotype and highlighting the importdractesfal
inter-strain variation on vector competen¢Bando et al, 2013) In other work,
Enterobacter Proteusand Paenibacilus species have been shown to inhibit La Crosse
virus (LACV) and DENV (Joyceet al, 2011; Ramirezet al, 2012) Strikingly, a
Chromobacteriunisolate hadoth antiPlasmodiunmand antiviral properties, and reduces
the survival of larvae and adult mosquitoes, possibly linked to the secretizetadjolites
such as cgnide(Ramirezet al, 2014). Secreted moledes that have antpathogen and
entomopathogenic activity could be harnessed for novel ietdagy applications. Such
products could be used against the vector or the pathogens they transmit, or alternatively,

exploited as novel @rmaceuticals for use humas or livestock.
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In addition to studies on arboviruses and malaria, bacterial miciczresilter
pathogens in other vector speci€grratia which is a dominant component of the gut
microbiomeof Triatomine bugsappears to ban important determanmt of Trypanosome
infection (Azambujaet al, 2004; da Moteet al, 2012) The trypanodal activity of
Serratia could be related to prodigiosiproduction, which affects the mitochondrial
activity of the parasite, and the ability of this bacterionattat to the parasit@Castroet
al., 2007; Genest al, 2011) Studes in sindflies imply that microbes reduteishmania
parasite loaqSchleinet al, 1985)while tsetse flies cured of their symbionts were more
susceptible t@rypanosomeinfection(Wanget al, 2009; Weist al, 2013). In ticks, both
positive and negative interactiobhstween symbionts and pathogens have been observed.
Rickettsia belliiis negatively correlated wittAnapbsma marginale infection, and
reductions in @&rancisellasymbiont leads to a lower titer dig¢ pathogeni&rancisella
novicida(Gall et al, 2016) Perturbing the microbiome d%odes scapularisiltered the
peritrophic matrix of the arachnid and subsequently ledredacton in the spirochete,

Borrelia burgdorferi(Narasimharet al, 2014)

Patlogen enhancement mediated by microbes has also been documented in
mosquitoes. Suppression of the midgut microbiota by antibiotic treatméuatopheles
mosquitos decreaed OO6nyong nyong Vv(Carissimoet(alQ2006Y ) i nf ¢
indicating that constituents of the microbiota are required for pathogen infection.
Reinfection of live, but not hedidlled bacteria, into antibiotic treated mosquitoegerted
viral titers to levels comparable to untreated con{i@&issimaet al, 2015). These effects
are in contrast to what is observed wilasmodiunwhich increase in titer after antibiotic
treatment of mosquito€®onget al, 2009; Kumaet al, 2010; Rodriguest al, 2010) A
similar pathoge enhanement effect was seen ke. aegyptire-infected with Serratia
odorifera, which increass both DENV and CHIKYV infectiongApte-Deshpandeet al,

2012, 2014)The ability of bacterial taxa to both enhance and suppress pathogens in insects

27



suggest complex interplay between the host, the microbiome and the pathogateslic
vector competence. Furthermore, specific vecfoathogermicrobe combinations may
have unique outcomes, which means intervention strategies need dorutmized

thoroughly kefore implementation.

While studies examining the role of the bacteriatnoibiome on ghropod biology
are expanding and providing insights into alternative approaches to control arthropod
borne disease, we have a very limited knowledge on teefdhevirome or mycobiome
on vector biology and vector competence. The yaanhomalugproduces a toxin that has
in vitro antiplasmodial activity(Valzano et al, 2016) Studies investigating the
entomopatlegenic fungiBeauveria bassianandicate this fungal pathogen suppresses
DENV titer in Ae. aegyptthrough activation of the Toll and J&kat immune pathways
(Dong et al., 2012) This antiviral property further supports the use of this microbe for
novd microbial biopesticide applications. Recently it has become evident that mosquitoes
are naturally infected with insespecific viruses (ISV). These viruseshich are
phylogenetially diverse, infect mosquitoes but do not replicate within vertebrale cel
(Blitvich & Firth, 2015; Bollinget al, 2015; Vasilakis & Tesh, 2015)nteresingly, it
appears that ISV can suppress arboviruses in mosquitoes, likely due to a process known as
superinfection exclusiofNewmanet al, 2011; Bollinget al, 2012; Crocketet al, 2012;
Kenneyet al, 2014; Kuwataet al, 2015; HalMendelinet al, 2016) Most studies have
used invitro sygems and fogsed on inseespecific flaviviruses although an insesgiecific
alphavirushas been shown to alter Sindbis virus titer in \iMasaret al, 2015) These
findings have raised the possibility that fungi and ISV could be used in applied control
strategies but before this can be achieved, a more thorough understanttiadiafiogy
of these microbes is required. Studies should focus on examining the ecological range and

infection frequency of these microbes in natural mosquito populations, wamténst the
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nature of their association with the host and other microbes, imvestigate the

mechanisms in which they are acquired and transmitted.

ENGINEERING MICROBES TO CONVEY ANTI -PATHOGEN ACTIVITY - Microbes that
reside within the gut of vectors cam bngineered to secrete apéithogen molecules, an
approach known as paransgenesis. Paratransgenic studies were initially pioneered in
Triatomine bugs for control of Chagas dise@3ervasulaet al, 1997; Bearett al, 2002)

Here, the symlotic bacteriumRhodococcus rhodniwas genetically manipulated to
express antimicrobial peptides that were antagonistic wuzi the parasitic protozoan

that causes Chagas disease. Expression of cecropin A eliminated or reduced the number of
T. cruzi within R. prolixus (Durvasulaet al, 1997) Ingeniously, the copraphagic
tendencies, or rpbing of fecal droplets, of the sect were exploited to deliver the
transgenic symbiont to the vector. An artificial mimicRf prolixusfeces spiked with
transgenicR. rhodnii, which was probed by nymphs, facilitated symbiont acquisition
(Durvasulaet al, 1997) In field trials, around half of the nymphs exposed to the mimic

were infectedhroughout their developme(@urvasulaet al, 1999)

After these seminal studies, Beard et (2002) detailed the requirements for
successful paratransgerstrategies. These inde that a symbiotic relationship occur
between the microbe and the host; that the microbe be readily culturable and transformable;
transformation should not alter the symbiotic relationship with the host, alter microbial
fitness conpared to wild type compscifics or make the microbe pathogenic; that the
effector gene product should be secreted to interact with the pathogen; and that there must
be an efficient way to deliver the microbe into the vector population.

Paratransgenesis iglso being explored irother vector species, particularly
Anophelesmosquitoes for the control of malaria, using bacterial microbes as delivery

vehicles. Earlier studies investigated engineering effector protein secretion systems from
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Pantoeaagglomeranswhichwasisolated fromAnophelesnosquitoegRiehleet al, 2007;

Bisi & Lampe, 2011)Importantly, transgenic bacteria administered to mosquitoes in sugar
meals were seen to rapidly proliferate following a blood meal andnin@ichal impact on

life history traits of the mosquit@Wanget al, 2012) The secretion of several effector
proteins antagonistic lasmodiunusing the HIyA secretion syem fromP.agglomerans

was shown to significantly reduce the intensit§Pofalciparumin the mosquito guiwang

et al, 2012) The mode of action and the targetshef antiPlasmodiuneffecta molecules

has been comprehensively review@ang & Jacobd.orena, 2013)Asaiais another
candidate for paratransgenic control of malaria.sThacterium is important fdarval
development ofAnophelesmosquitoes, is genetically tractable, appears to be easily
acquired by mosquitoes and is vertically inherited to progEayiaet al, 2007; Chouaia

et al, 2012) Secretion of theffector proteins, Scorpine and the aRbs21 scRShival

toxin fusion protein, fromAsaia reduced oocyst intensity &. bergheiin the midgut
compared to control bacterigBongo & Lampe, 2015) Elizabethkingia is another
dominant member of the mosquito microbiome that is transstadially transmitted. This
bacterium has been genetically altered and reinfectedimdphelesndAedesnosquitoes
(Chenet al, 2015a) however the use of this microbe in paratransgemtrol approaches
may need to be reconsidered since it is potentially a human pattrgeket al, 2013)

and given its natural resistance to several antibiotics. Genomic and further epidemiological
analysis may clarify if strains present in mosquitoes are the sountectfon in humans

(Kukutlaet al, 2014; Tecet al, 2014; Garagt al, 2016)

Paratransgeni approaches are also being developed for the control of
Trypanosomesrectored by tsetseliéds. The symbiontSodalis glossinidiushas been
manipulated to release atitypanosome nanobodies (antigending molecules) in the fly
gut (De Vooght et al, 2012, 2014) Strategies have proposed to couple paratransgenic

Sodalis with  Wolbachia and exploit Wo | b a c@l-mediated drive to spread the
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transgenic symbiont through the population. Modeling suggests iallfachiainduced
mortality is low and the antirypanosome molecule is effective, the incidence of disease
could be successfully reduc@dedlocket al, 2013) Preliminary experiments such as the
identification and culturing of microbes have beatamplished for paratransgenesis
strategies ifPhlebotomus argentipassind flies for control dfeishmanigHilleslandet al,

2008)

In comparison to bacterial paratransgenic appresithere are few examples of
the use of viral or fungal symbionts for paratransgenic control. While fungal paratransgenic
studies are limited in medical vector species, approaches are also being investigated to
control agricultural pathogerislugheset al, 2011a) The identification of culturable fungi
and yastassociated with vectors provides candidate microbes for further investigation
(Riccietal., 2011a, 2011b; Martiat al, 2016; Steyret al, 2016) In a subtle variation on
the paratransgenitheme, the fungal insect pathogktetarhiziumanisopliaehas been
manipulated to express effector molecules to inlfl@ismodiumn Anophelesnosquioes
(Fanget al, 2011) Expression of the peptide SM1,single chain antibody, or the
antimicrobial toxin scorpine, significantly reduced sporozoites in therasgligland.
Impressively, the expression of 8 repeats of SM1 and scorpine as a fusion protein reduced
Plasmodiumntensity by 98%Fanget al, 2011) M. anisopliaeis an insect pathogen that
infects mosquites hrough direct contact with the cuticle, which may enhance infection of
the vector, but its pathogemature would likely mean that continual release of the microbe
would be required.

Viral paratransgenesis research has mainly focused on DensovikadesDNV
(AeDNV), which can be pathogenic to the mosquito host (Ledermann et al. 2004), has been
manipulded to express foreign gen@danasievet al, 1999) Expression of a toxin from
AeDNV increased the pathogenic effects of the virus compare to wild type ViA. in

albopictus (Gu et al, 2010) offering promise for this strategy to be employed as a
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biopesticide An Anopheles gambiaBNV (AgDNV) has beercharacterize@nd used as

an expression platforifiRenet al, 2008; Suzuket al, 2014) Unlike AeDNV, AgDNV is

not pathogenic to the mosquito host and has minimal impact on mosquito s(Raxat

al., 2014) While DNVs can be usdd express proteins in mosquitoes and the virus infects
relevant organs in the insect toarfere with invading pathogens, there are some obstacles
that need to be overcome before these viruses can be used in the field for paratransgenesis.
DNVs have smalgenomes, which can limit the size of the inserted transgenes and they
often require wild ype virus for effective viral packaging. In an elegant approach,
recombinant AeDNV were engineered to express microRNAs that target host genes or to
sequester hoshiRNA using antisense miRNA spong@su etal., 2016a) This strategy
overcomes some of the challenges associated exinessing larger genes from these

viruses and enables the use of RNAI, rather than effector molecules, for vector control.

MICROBES EXPRESSING RNAI - A promising alternatig to paratransgenesis has
emerged whereby microbes are engineered to deliver dswateled (dSRNA) to insects.
RNAI is a powerful tool to manipulate transcription that has been used extensively to
elucidate the function of many insect genes. In partictiégs technology has been
extremely valuable in identifying mosquito pathways gedes that influence pathogen
dynamics(Xi et al, 2008; Garveet al, 2009; SouzdNetoet al, 2009)and other aspest
of insect biology useful for mosquito contr@soe et al, 2011; Thailayilet al, 2011,

Fi guei r ataldiBsTha RNAI pathway is also aatural defense strategy used

by insects to inhibit invading viral pathogefieeneet al, 2004; Sanche¥argaset al,

2009) and therefore lends itself to development for applgdhogen control of
arboviruses. This approach is very flexible in that potentially any gene in the vector could
be manipulated. In addition, a vast array of interfering molecules can be eelteethe
vector to manipulate gene expression, includingtdmarpin RNAs (shRNA), long hairpin

RNAs (IhRNA), artificial microRNAs (amiRNA) or miRNA sponges. Engineered
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microbes could deliver multiple RNAi molecules, allowing several synergistic imtgove
strategies to be undertaken simultaneously, reducingsthef evolution of resistance to

a particular intervention approach. Theory predicts that viruses will not have the potential
to evolve to such combinatorial intervention approa¢hesnard & Schaffer, 2005and
experimental evidence shows that polycistronic expression of multiple shRNA can

effectively inhibit DENV(Xie et al, 2013)

Delivery of RNAI to insects haseen achieved with viruses, bacteria and yeast. For
approaches targeting vector species, most strategies target host genes that when silenced
induce mortality. These approaches can be coresidas a novel specikspecific
insecticide. Other approachesvhatargeted genes that are important for reproduction,
thereby reducing the fecundity of the insect. The use of bacteria for RNAI delivery is more
complicated since the RNase Ill enzyme of biaeterium can degrade double stranded
RNA (dsRNA). For many yes, RNase Il mutants d&scherichia colhave been used for
RNAI silencing in the nematodeéaenorhabditis elegandimmonset al, 2001) Similar
approaches with RNase Il mutagt coli are effective for RNAI delivery té\e. aegypti
mosquitoes an®. prolixusbugs(Taracenaet al, 2015; Whyarcet al, 2015) while aR.
rhodnii RNase Il mutant was used to express RNARimrolixus(Whittenet al, 2016)

In contrast, wild typ&. rhodniibacteria were used to deliver RNmoleculeso Reduviid

bugs that reduced fecundity of the ing@@racenat al, 2015) Similarly, fungi have been

used to express RNAI targeting several essential host genes to kill agriculturéCpests

et al, 2015b; Murphyet al, 2016) The useof bacterialor fungal microbes as RNAI
delivery vehicles appear promising for vector control and the next challenges in this field

will be to use this approach to interfere with pathogen development within a vector.

DEPLOYMENT STRATEGIES - Regardless othe nature ofthe antipathogenic

phenotype, be it innate or engineered, a strategy to disseminate the symbiont effectively
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through the vector population to have a meaningful effect on disease incidence is required.
Wolbachiabased approaches have a cladrantage in this regard as the bacteria can
manipulate host reproduction by CI to spread, often rapidly, through vector populations.
For exampleWolbachiawas established inthe. aegyptpopulations in Cairns, Australia,

by release of infected adulfsloffmannet al, 2011) Subsequent analysis of the infection
frequency in mosquito populations two years after the release found the bacteria was near
fixation at the release sitésloffmannet al, 2014) Other strategies have been proposed

for bacteria that do not manipulate host reproduction, and these may-perpeluating

or require continual releases depending on tldogy of the symbiont and hosAs
mentioned above, one elegant approach used in paratransgenic strategies of Triatomine
bugs exploits the unique coprophagic probing tendencis pfolixus(Durvasulaet al,

1997) For readily culturable microbes, it has been suggested that dissemination of the
microbe into mosquito populations could beiaghd by spiking larval pools @y baiting

sugar feederéSchlein & Muller, 2015) For the former, the microbe would eitheeddo

be transstadially transtted or the adult would need to imbibe the microbe soon after
emergence from the pupal case. It appears that gut bacteria are cleared during
metamorphosis between mosquito life stagb®ll et al, 2001) but transstadial
transmission may occurhen other tissues like the malpian tubules act as a reservoir

for reinfection(Chavshiret al, 2015) In semifield cage experiments, both sugar feeding
stations and release of infected males was shown to be an effective method to perpetuate
Asaiathrough AnopheleggenerationgMancini et al, 2016) Asaiacan be horizontally
acqured and vertically transmitted, both maternally anipelly, which could perpetuate

the infection(Faviaet al, 2007; Damianiet al, 20@). A better understanding of the
vertical and horizontal transmission of microbes and factors that influence microbiome
homeostasis and composition is required before we can develop effectiveledréieg

microbial release.
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FUTURE DIRECTIONS FOR MICRO BIAL CONTROL OF ARTHROP OD BORNE DISEASE
- Although there is a rich history of insect symbiosis research, many questions are yet to
be resolved, particularly with regard to vector microbiomes. For ssfatesilization of
microbes for applied control ap@cies several areas need to be addressed. Translating
promising strategies that demonstrate that microbes can modulate vector competence in the
lab to natural populations is a priority. For this to bei@ved studies assessing the diversity
of vectorasseiated microbes across diverse ecological niches is required. A related future
direction is to examine both the hasicrobe and hosticrobepathogen tripartite
interactions under differing environmeahtonditions such as temperature, as this variable
has keen shown to influence vector immunity and pathogen dynafiaosdock et al,
2012) While aparticular control strategy may be successfully implemented undesgone

of environmental and ecological variables, this may not hold true where conditions differ.

Another important area of future research is in understanding the factors that
influence hev microbes are acquired, maintained, and transmitted by vectors. Thi
knowledge is essential for developing effective methods to deploy symbionts into a
population. Dissemination of a symbiont into a vector population may be hindered by
microbial competiton within the host. For examplé&Volbachia and other bacterial
microbessuch asSerratiaand Asaiaare antagonistic to one oth@fugheset al, 2014;
Rossiet al, 2015; Zinket al, 2015) Additionally, reintroduction of bacterial microbes
into mosquitoes via a sugar meal was more successful when the native microbiota were
suppressed by antibiotics, suggesting bacterial interactions in thdigate microbial
colonization(Ramirezet al, 2014) Cross kingdom interactions between bacteria and
fungi, both positive and negative, were s@exdes triseriatuandAedes japonicu@Viuturi

et al, 2016)
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Microbial interactions have also be documented in tsetse flies andBmksiaset
al., 2013; Wanget al, 2013a; Fryxell & DeBruyn, 2016)As such, le issue of
compatibility between microbial strategies could arise. For exarapdplbachiabased
approach may interfere with an ISV strategy, as ISVs have recently been shown to be
suppressed byVolbachia antiviral activity (Schnettleret al, 2016) Furthermore,
paratransgenic approacheggsAsaiaor Serratiamay not be compatible witWolbachia
applied approaches. Wé such an occurrence could be overcome by assessing the most
suitable approach for a particular invention, strategies that perpetuate and drive through
populations may expahn geographically and therefore preclude the use of another
technology elsewhere.Furthermore, the compatibility between microbissed
approaches and other contemporary and conventional vector control strategies should be

investigated.

Another challenge ith using microbes that possess native-pathogenic effects
is determining tB meclanism(s) by which they interfere with pathogens. Studies are
providing insights into the mechanism(s) of pathogen interferen@éotifachia(Panet
al., 2012; Caragatet al, 2013; Zhangpt al, 2014) gut microbegAzambujaet al, 2004;
Cirimotich et al, 2011;Ramirezet al, 2014) and fungi(Angleré-Rodriguezet al, 2016;
Valzanoet al, 2016) however a m@& comprehensive mechanistic understanding would
facilitate attempts to forecast the letegm evolutionary response of the pathogen to the
intervention and asst in determining the most effective deployment regime for a particular
approach. While attemptsave been made to predict these lergn interactiongBull &
Turelli, 2013) there are still unknown factors in these systems which makss the
evduations difficult. In contrast to this, the mechanism by which paratransgenic
approaches imbit pathogens is known as the effector molecule or RNAi cassette is
engineered into the microbe. However, this means that all paratransgenic approaches have

the wnavoidable consequence that the microbe is genetically altered in some fashion.
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For the ultmate utility of paratransgenic approaches, society needs to be receptive
to this technology. Demonstrating the widespread benefits of these approaches by
conpleting thorough and transparent research will enable societies and governments to
make an informedlecision of the risks and benefits of these novel control strategies.
Further to this, the adoption of novel approaches to limit horizontal transfertiditbgae
or the use of microencapsulation to contain microbes from environmental exposure will
further enhance the safety of this technol@gyora et al, 2015; Mandellet al, 2015;
Rovneret al, 2015) The success of thé&/olbachiastrategy employed by the Eliminate
Dengue Campaign canguide ablueprint for othemicrobiatbased strategies to address
ethical, social and logistical hurdles. In particular, this program has receivecpvikd
community acceptance that cae attributed to their comprehensive risk assessments and
outstandng outeach and engagement effqitdcNaughton, 2012; McNaughton & Duong,
2014; Murrayet al., 2016)

SUMMARY - While conventional vector control strategies have reduced the burden
of some VBD, novel strategies are required. Micrebeded strategies are gaining traction
asan alternative means to control VBD, as microbes have severalldegyoperties for
applied control strategies, particularly the ability to disseminate through vector
populations. Coupling this with the propensity of symbiotic microbes to interfere wit
pathogen development in the host or by engineering microbes tla® vector
competence vectors, microbial strategies offer great promise for control of important

VBDs.

37



Chapter 2 The microbiome of Ae. aegyptiines under different
environmental laboratory conditions uniquely respond to distinct

carbohydrates.

ABSTRACT

The microbiomealtersmany biological traits in mosquitoes, including vectorial
capacity. As such, a greater appreciation of factors that influence mirmlaicquisition
and composition has the potential to be exploited for novel mictbbsdd contido
strakgies. Like other insects, the microbiome of mosquiteeariable and dynamjand
is affected by the environment, host and bacterial genetics,bidatnateractions, and diet.
While it is known that blood feeding alters the microbiome, littterdionhas been paid
to how carbohydrate source directly influences microbiome compaditiovever this is
likely to beimportantas mosquitoes are knowmfeed on nectaif o explore how different
sugars influencéhe microbiome of mosquitogwe charaterisal the microbiome of two
Ae. aegyptimosquitoeslines (Galveston and New Orleans) two separate insectary
environments reared on either sucrose, agac or fructosaising 16S rRNA amplicon
sequencing and qRPCR Furthermorewe assessed ZIKV iné&on in the Galvestotine
to determine howpotential alterations in the microbiome bgugartype affect vector
competenceRegardless of diet, evfound that mosquitoes from each location had distinct
microbiomesand the New Orleans line had a higher eaat load compare to the
Galveston line.Interestingly, the carbohydrate source owmlyange the commuinty
structure of the microbiome in the New Orlean ling not the Galvestonine, although
specific bacterial taxavere signicantly altered in resporteesugr treatmenin bothlines
Vector competence assays conducted in parrellel witbrobiome charactezation
experimenin the Galvestorine found no significant differneces in vector competence to

ZIKV, which was an intutive finding given that mimal changes were seen in the
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microbiome in response to differing carbohydrate sources. Our findings demonstrate the
importance of host diet on tha&crobiota and show that alterations in the microbiome occur

in aline specific manner, likely due to theibty of particular microbiotawhich were
unigue to the New Orleans ling utilized different carlohdratesourcs. Our results
highlight thatthe microbiome of certain mosquitoes lines aesceptiblgo preturbation

by sugarsand that the compositionf accarbdwydrates in nectar could contribute to

microbiome variabilty in mosquito vectors.
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INTRODUCTION .

The bacterial microbiome of mosquitoes @nplex, dynamic, and variable across
species and populatiofg/anget al, 2011, 2017; Zouachet al, 2011; OsePokuet al,
2012; Bucket al, 2016; Cooret al, 2016; Penningtoet al, 2016; Hegdet al, 2018)
Like manyother insect hostgnvironment, diet, host and bacterial genetaosl microbial
interactionsall influence the mutable microbion{®ickson et al, 2017b; Hegdest al,
2018; Minardet al, 2018; Muturiet al, 2018) As most mosquitoes atgematophagouys
theyrequire a blood meal for egg development. The rapid intmutrients from the blood
meal dramatically alters the matsiome withthe density of bacteria increasing but species
diversity decreasin(Kumaret al, 2010; Oliveireet al, 2011; Wanget al, 2011; Terenius
et al, 2012) While theresponse of themicrobiome to blood feeding has been documented
in several mosquito speci@d/anget al, 2011; Tchioffoet al, 2016) little attention has
been paid to other nutritional sourcesich as sugarand nectarshat could potentially

impact the compositioand abundancef the microbiome.

Diet influences both the diversity and composition of microbiota in a range of
animals. In both juvenile rats and humans, altering sugar consomptr typeled to
changes in specific bacterial taxa. In insects, shifting flies faamolassedased to a
starchbased dietesultedn significant alterations in the microbiort®@haroret al, 2010)
Supplementing termites with sugars and amino acalsseda gerral reduction of
bacterial species richness while secondary metabolites significantly altered diversity by
increasing the levels dfirmicutes and SpirochetegHuanget al, 2016) Bacteria in
honeybees fed oningle carbon sources, specifically fructose, glucaose sucrose
exhibitieddifferences in their ability to metabolize these sug@laeg, 2018)Additionaly,
indirectevidence that dignfluences the microbiomef mosquitoexan be inferred from

colonizing fieldlines in the laboratory, although other environmental factors are also at
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play in thesescenariosChandlerand coworkerg2011)demonstratethat the microbiome

of three distinct fieldcollected fly lineswhich haddivergent diets in the wildsonverged

when reared on the same diethe lab Similarly, geneticallydiverseAedes aegyptines

reared in a common insectary environment had comparable micrabjbDmksonet al,

2017a) Taken together, these results suggest that diet, and particularly carbon source, have
the potential to alter the composition of the microbipimevever despite this, little is

known about the role ofarbohydrate®n the mosquito microbiome. This is a critical

guestionin vector biologyas mosquitoes s range of plantectas as a food source.

Plant nectargontain a mixture of carbohydratemainly, fructose, glucoseand
sucrose(Wykes, 1952; Chalcofiet al, 2006) Sucrose often makes up the highest
proportionof sugar (Chalcoff et al, 2006; Lohaus & Schwerdtfeger, 2014; Rgdez
Riafoet al, 2014) For many mosquito species, nectar feeding was presumed to be the
main source of nutrient®r both males and femaléMagnarelli, 1978; Foster, 1995)
However, it was alternatively hypothesizetiat female Ae. aegyptiacquired nutrients
solely fromblood meak (Edmanet al, 1992, 1997; Harringtoet al, 2014) although there
is evidence thatemales alsoexploit nectar sourcegdlartinezlbarraet al, 1997;Chen &
Kearney, 2015; Quallst al., 2016) Whenadults werereared on plants in a laboratory
setting,AnophelesAedes and Culexmosquitoes had increased longevity and increased
egg production compared to their sucrose fed counterfiddstowy & Foster, 2004;
Mandaet al, 2007; Guet al, 2011; Chen & Kearney, 2015}piven that microbiota can
also influence these phenotypes, it is tempting to speculate these effects could be mediated

by the microbiome if nectar feeding altered certain badtexa.

As many mosquito species are known nectar feeders, the standetidepaaross
many insectaries is to maintain laboratory colonies on a single sugar source, often sucrose

(Johnson, 1497; Kuno, 2010; Imanet al, 2014) Occasionally, glucose has been used as
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the carbohydrate source for rearing mosqui{@ncalvest al, 2014) Although sucrose

is the pedominantcomponent of nectar, maintaining lab mosquitoes on a single sugar
source poorly replicates their diet when nectar feeding in theageidfails to account for

the inpact the other sugars may be contributing to the microbiome composition and
diversity. Mosquitoes reared under these conditions are then utilized in experiments
attempting to understand aspects of mosquito biology such as vector competence. This
practicebrings intoquestion the biological relevancetbésestudies andurtherill ustrates

differences betweetaboratoryrearedandmosquitoe®ut in the field

To address this gap in knowledge, we reaked aegyptimosquitoes on either
fructose, glucosa@r sucrose for seven days and characterized their microbioperalitel,
we explored the effect of sugar on vector competence to Zika(Zi¥) . Here we show
that the microbiomes of mosquitoes from two locations dirergent and these
microbiomesregonsedifferently to carbdiydrate sourcs. Thus, we demonstra that
altering the mosquito carbohydrate source is a simple way to perturb their microbiome.
These results have implications for understand@tors that promotéhe variability of
the microllome of mosquito populations and provipetential avenues to modulate the

microbiome of mosquitoes forovel microbiotabased vector control strategies.
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METHODS

Mosquito rearing

Two to three dayld femaleAe. aegyptmosquitoes (Galveston, third geagon
reared in th&JTMB insectary(F3) and New Orleans line (NO), reared dwer 13yearsin
the LSTM insectarywere fed either 10% glucose, fructpee sucrosgSigmaAldrich).
After 7 days,~20 mosquitoes from ehcgroup were collected and DNA extred. To
extract DNA, mosquitoes were surface sterilized (5 min in 70% ethanol followed by 3
washes in 1X PBS each for 5 min) and total DNA was extracted using the NucleoSpin

Tissue kit (Clone Tech).

Quantification of bacterial density

Total bacterial loadn mosquitoes was assessed by qPCR usampmic DNA
(gDNA) as a template. Relative abundance was assessed by amplifying the bacterial 16S
rRNA gene using universal bacterial priméaimaret al, 2010)and S7 a single copy
mosquito genélsoeet al, 2011) The relative abundance of 168NA genecopy number
to the endogenous mosquito control was analyzed to determine the total bacteiial load
these samplesPCR gcling conditions and primersvere describedby Hegde and

coworkes (2018)

Microbiome sequencing and bioinformatics analysis

High-throughput sequencing of the bacterial 16S rRNA gessperformed using
gDNA isolated from each samplerom the Galvestonline, we analyzed?1 fructosefed
mosquitoes20glucose and 23 sucrgsghile from New Orleansve analyzed®4 fructose
fed mosquitoes25 glucose and 23 sucrose fed mosquitBeguencing libraries for each

isolate were generated using universal 16S rRNAW3egion primergKlindworth et

43



al., 2013) in accordance with lllumina 16S rRNA metagenomic sequencing library
protocols. The samples were barcod@dmultiplexing usingNextera XT Index Kit v2.
Sequencing was performed on an lllumina MiSeq instrument udii®@gq Reagent Kit

v2 (500cycles)

To identify the presence of known bacteria, sequences were analyzed using the
CLC Genomics Workbench? 0.1 Microbial Genomics Module (http://www.clcbio.com).
Reads containing nucleotides below the quality threshold of 0.05 (using th&echod
Richard Mott algorithm) and reads with two or more unknown nucleotides or sequencing
adapters were trimmed out. A#ads werautomaticallytrimmed foradapter and quality
filtration for subsequent operational taxonomic unit (OTU) classification. Reference based
OTU picking was performed using the SILVA SSU123 99% databasgQuastet al,
2012) Sequences presantmore than one copy but not clustered to the database were then
placal into de novo OTUs (97% similarity) and aligned against the reference database with
80% similarity threshold. Chimeras were removed from the results if their absolute
crossover cost vea3 using a kmer size of 6Alpha diversity was measured using Shannon
entropy, rarefication sampling without replacement, and Wit®,000replicates at each

point. Beta diversity was calculated using the BCaytis diversity measure.

Zika virus infections

Two week oldfemaleAe. aegyptmosquitoes that have been rearacetgher 10%
sucrose, fructoser glucose were orally infected with ZIKV (Mex7isolatg at 6.5 x 160
focus forming units (FFU)/ml) in a sheep blood meal (Colorado Serum Com(@aigania
et al, 2017) Following the blood meal, mosquitoes were then reared @nréspective
sugar source. At 10 days post infectidpi] mosquitoes were collected and processed for

viral quantification. Carcasses and legshich were processes separatelyere
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homogenized in 5Q0 tissue culture media, and then stored8¥C prior to viral titer
assessment. Virus density was measungdobus forming assay (FFAperformed on
infectedVero cells (seeded at 5x)@vith 10?, 102 and 1@ serialdilutions, afterathree

day incubation perio@Vilcarromeroet al, 2014; Roundt al, 2017a)
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RESULTS AND DISCUSSION

Host diet plays a pivotal role in shaping the microbiome composition and
abundance in many organisms including ins€Ctstti et al, 2010; Hbbinget al, 2010;
Engel & Moran, 2013; Townserad al, 2019) To explore the impact of diet &ke. aegypti
mosquitoes, and specifically address how carbohydrate source influences the microbiome,
we rearedde. aegypton three distict sugar sourcesd characterized their microbiomes
using culture independent approaches. We sequenced amplicons of the V3/V4 region of
the 16S rRNA gene from 135 individuatd, which 64 werethe Galvestonline reared in
the UTMB insectary and 7the New Orleansline rearal in the LSTM insectary. After
quality filtering4,462,04Geads were assigned to operational taxonomic units (OTUs) and
on average there wer@8,46 reads per mosquito sample. Rarefaction euanalysis
indicated that the sequencingptle was sufficientd identify all OTUs in each individual
(Figure 1).The Galvestoline was dominated by bacteria in thaterobacteriaceatamily
including Citrobacter, Raoultellg and to a lesser exte8ermtia, while the New Orleans
line was predomiately infected byPseudomonasAsaig and anAcinetobactefFigure2).
The former two taxa were also found in the Galvest@butwere not dominant species
As 16S rRNA amplicotbased studies are pronedontaminationwe ran both negative
extraction ad positive controlsAnalysis of these contradamplesindicated there was

minimal contamination in our samples.

Sugar Type Alters the Microbial Diversity in Mosquitoes

To determine how sugar type altered the species richness in mosquitoes
examined the alpha diversitys i n g t h e iveSsityandex metrigd Shandon, 1948)
There were no signdant differences when comparing sugar type within a location or
betweerlines for a particular sugaHgure3A), suggesting that sugar source had minimal

impact on microbiome species aihness. To explore differences in the microbiome
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community structurewe measure the beta diversity between each condition using Bray
Curtis nonmetric Multidimensional Scaling (nMDS), whictakes into account the
absence/presence arelative abundancdiversity of OTUs in eackample butdoesnot
consicer phylogeny of théacteria It was evident that clustering was dictated by mosquito
line as treatments within the Galveston and the New Orleans lines grouped together (Figure
3B; PERMANOVA,; line P <0.0009) however sugar type and the interaction betwee
sugar andine were also significant (PERMANOVA, sugar P < 0.0009; interaction P <
0.0009). When eaclne was examined independentkygar type wasot significantin

the Galvestoriine (PERMANOVA; P =0.051)Figure 3G butwassignificantin the New
Orleansline (PERMANOVA; P < 0.0009)Figure 3D) suggesting the microbiome of the

New Orleandine had the capacity to respond to sugar sources while the microbiome of the
Galvestorlinedid not. It is also possible that genetic differesindhe host medted these
effects.Given we saw a response in the New Orldares we then performed pairwise
PERMANOVA on the Brays Curtis distance matrix to determine differences in the
microbiomes die to sugar type. Mosquitoes reared on glucose has a significefehgrt
microbiomecomparedo both the sucrose (P < 0.003) and fructose (P < 0.0075), while
there was no difference in the microbiome between sucrose and fructose fed mosquitoes

(P =0.5) (Figure 3D)

It is evidentthat environment alters the mosquitacrobiome(Rani et al, 2009;
Dickson et al, 2017b; Mwadondcet al, 2017; Hegdeet al, 2018) By comparing
microbiome datasets déb-reared mosquitoes it apparentthat mosquitoes reared in
different insectaes have divergent microbiomef.inenberget al, 2016; Romoli &
Gendrin, 2018)butto our knowledge a direct comparisoontrolling forvariables known
to influence microbiome sequenciaddressing the influence of the insectaryiemment
has not bee undertakenHere we show that the microbiomes of the New Orleans and

Galvestorlines are profoundly different, likely due environmenthfactors found at each

47



insectary. Importantly our samples were sequenced in the same maeagng this
comparisons more appropriate than comparing various studies that have used different
sequencing approach@ollocket al, 2018) Of course, thesknes potentiallyhavehost
genetic differenceghat could affect microbiota compositiomnd a more thorough
investigation wouldeareachline in the reiprocal insectaryhowever this was not the
focusof our study. These data hetaken together with the findings that rearing diverse
mosquitoes into a common insectary converges the microb{@uen et al, 2016;
Dickson et al, 2017a) provides compelling evidere that the laboratory environment

profoundly alters the microbiome of mosquitoes.

To identify which bacteria are likely contributing to differences in microbiome
community structure of each mosquito sugar treatmemntompletech pairwise Analysis
of Conposition of Microbiomes (ANCOM)Mandal et al, 2015)to identify bacterial
genera significantly different in abundance between treatments. CorroboratimiglD&r
results, we sea greater number of bacterial taxa significantly (P < 0.05) altered by sugar
treatmentin the New Orleansine compared to the Gatston Table ). Pantoeawas
elevated, whileéSphingobacteriumvas suppressed in the glucose treatmentipared to
the two dher sugars in the New Orlealise. Sucrose also reducédaiadensity when
compared to both fructose and glucose. In the GalvéisismAeromonasvas elevated in
the sucrose treatment compared to the other sugar treatments Sehnddia was
significanty altered across all treatments, with highest titers seen in the fructose, then
glucose, and the lowest density in the sucrosénieyat. A similar finding was reported by
Solé and cavorkers(2000) wherebythey measured the acidification of media in response
to different sugatypes demonstrating tha&erratiacould preferential metabolize sugars,
although we saw a preferenae fructose over gicose. Both oucurrentstudy and that of
Soléand ceworkers(2000) agree that sucrose is a less preferred sugar sou@erfatia,

which potentally explainsourpreviousresultswherebyanotheAe. aegyptGalvestoriine,
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which had been reared solely on sucrose for nyaays appeared to be void Serratia

(Hegdeet al, 2018)

While little is known regarding the metaism of gutassocited bacteria of
mosquitoes, insights can be inferred from their-fréag relatives.Asaiawhich has been
characterized as@mmon and stable microbe in mosquit{féaviaet al, 2007; Crottiet
al., 2010; Damianet al, 2010; Hegdet al, 2018) belongs to the group of bacia known
as AceticAcid Bacteria (AAB). AAB, commonly found in sugar rich environment
including food, beverageand plantgCrotti et al, 2010; Chouaiat al, 2014) have been
shown to preferentipl metabolize glucaes as their carbon source but are also known to
metabolize other sugars including fructgsgamlouk & Gullo, 2013) This is in support
our findings, in which Asaia had a greater abundange the glucosetreatmentand a
minimal change in thuctosetreatmenivhen compared to sucrose. As previousijed,
Comamonasnd Sphingobacteriunboth responded favorably to sucrose. With regard to
Comamonaghe significant differace observed betwegtucose and sucrose could likely
be attributed to the lack enzymes @essary for glucose metaboligiVu et al, 2015) On
the other handSphingobacteriurdemonstratean affinity to both fuctose and sucrose as
opposed to glucose. Howeveristlis contrary taeports inthe literaturewhich describe
many speciesf Sphingobacteriunprimarily utilizing glucoseas a carbon sourd&im,
2006; Teret al, 2006; Huyset al, 2012; Liet al, 2016b) Additional conflicting reports
haveboth glucoserd sucros¢Ahmedet al, 2014) or fructose(Tenet al, 2006)listed as
not beng fermentedby SphngobacteriumThesediscrepancies brought up by the literature
are likely duein part that many of the species characterized areliveé®y environmental
organisms, which had acquired traits for survival in specialized environmaihesy; than
co-evolving with a host. This idea is supported by microbiome analyses in bees and weevils

that have shown specific bacterial takeve specializeniche roles, in which these
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microbiota are able to preferentially metabolize different carbolssiiangelet al, 2012,

2014; Moran, 2015; Zhergt al, 2016; Muhammast al,, 2017).

Sugar Type has d.ine Specific Influence on Bacterial Load

In addition to the impadhat sugar type played on microbiome composition, we
also explored the effect each sugar had on tted bacterial load in these mosquitoes.
Although high througput sequencing does offer some level of charaation of the
species composition in the microbiome, it only provides a relative measure of bacterial
density between samples. Therefore, to iolda estimate of the total bacterial load in each
Ae. aegyptby sugar treatment group, we completed gRGRnosquitoes with universal
eubacterial primers that broadly amplify bacterial spe@esnaret al, 2010) Similar to
the beta diversity results, large variation was seen iNéwe Orleandine compared to the
Galvestm line. Whenmosquitoes were grouped by locatiove observedNew Orleans
had significanty higher total baderial loadscompared to Galvesto(MannWhitney
p=0.0(r). (Figure 4A) No significant differencavasseen between sugar types within a
location (KuskalWallis test p>0.05)Figure 4B). However, when we compad the
bacterial loads of mosquitodom eachline by sugar treatment, we observed that the
mosquitoes fronNew Orleandad significantly more bacteria than those from Galveston,
when fed on eher glucose (ManiVhitney test p=0.02) or sucrose (MarnVhitney test
P=0.0009), while ndifference was aferved for fructose fed mosquitoes (Hig4C).

These results suggest there is likely a relationship between microbial taxa and load
in each of tk mosquitdines and that bacteria which are preseniNew Orleansline, but
absent in th&alveston linemay be better suited for metabolizing either glucose or sucrose
resulting in a higher bacterial density in these mosquitbes, 2018) Further work

exploring the ability for mosquito microbiota to metabolize specific carbohydrates would
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be needed to confir this hypothesidn addition to location, other differenclstween the

two mosquito line used for thistady include their time of colonization and passage

history. The Galvestohne was recently established logllecing hostseeking females

This lineage has only been reared for 3 generations, spending lesst a year so0 tir
standad laboratory coditions. On the other hand, tidew Orleansmosquitoes are a

highly colonized line, which originates from the CDC New Orleans lineage and have been

reared in the Liverpodbchool of Tropical Medicinesectaryfor more tharil3 years.

Zika virus infection

Microbiota that reside within the mosquito gut have the capacity to alter vector
competence. Both composition and total bacterial load have previmen shown to play
a role in vector competence in otheudes (Kent et al, 1996; Zouachest al, 2011,
Boissiéreet al, 2012; Luet d., 2012; Ramirezt al., 2012) The observation of a highly
variable microbiome within mosquito populations raise the question of identifying which
microbes are spécally involved in vector competencéGongalveset al, 2014)
Therefore, to explore how perhing the microbiome affects vector competencé\@
aegypti,we offered an infectiougZlKV blood meal to mequitoes maintained on either
fructose, glucoseor sucroseThe vector competencassaywas done in Galveston line in
parallel with ourmicrobiomecharacterization. We observed no significant differences in
viral titers across the different sugar treatetiorts (KruskaWallis; p>0.05) (Figure 6).
The findings are in line microbiome data as we would not expect foref@indchanges
in ZIKV infection asthere was minimal alteration in th@&crobiomecommuniy structure

in response to sugar.

Our data sggest that bacteria in the Galvestoe that were modulated by sugar

have little impact on ZIKV, althougthese effectsould be dissipated lyther bacteria or
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interactiors betweenbacteria.Serratia, which is a member oEnterobacteriaceaehas
been sbwn in studies to enhance arboviral infections includieggue virus (DENV) in
Ae. aegyptmosquitoegApte-Deshpandet al, 2012, 2014; Wt al, 2018) Further to
this, my work (described in chapter 3)as demonstrated that bacteriadoging to the
family Enterobacteriaceaplay a role in faciliating ZIKV infectionsin mosquitoes. While
the relative abundancef Serratiawas altered bysugar type, overalhe proportion of
Serratiain the microbiomen the Galvestotine wasrelativelylow (ranging from 0.006%

T 10% relative abundangeget wereat a much higher density in the New Orleding
(ranging from 26% 48% relative abundance). Regardless of these observed increases,
Serratia appeared to have minimal effect on ZIKVfention at these densitiesA
comparison of virus infection between tBalveston and New Orleans lines woh&lpto
determine the role oBerratia and other bacterian ZIKV infections, while vector
competence assays in meaxenic lines woulaid in dissectng the influence of bacterial
taxa on vector competence. Experingecould also be undertaken to determine ifghse

a specific density threshold 8erratia(or other bacterjthatimpacs on ZIKV infection.
Additionally, further examination of ghspecificspeciesor strains ofSerratiamay also
explain our findingsgiven that there are nearly twenty differepecies and to this point
only two, S. odoriferaand S. marcescensave been implicated in enhanced arbovirus

susceptibility inAe. aegypt{Apte-Deshpandet al, 2012, 2014; Wit al, 2018)

Our data also suggest that sugar has minimal effect on host responses to ZIKV
infection. However, given tit the microbiome of thidew Orleandine was nore receptive
to sugar type, it would be intriguing to challenge these mosquitoes with ZIKV when reared
on each of the three sugars. While we contemplated conducting vector competence
experiment studies on thdew Orleandine at UTMB, this was discounteas thisline
would have likely acquired the Galveston microbiome when reared in the UTMB

insectaries. As such, it is more appropriate to conduct these additional vector competence
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studiesin situ at LSTM. Thee experiments are will be undertaken in theriibut are

beyond the scope olur current study.

Summary

In conclusim, we show thafe.aegyptilines reared in different insectaries possess
distinct microbiomes and that sug&mpe affeced the communiyy structure of the
microbiome of these mosqués in aline specific manner. When microbiome alterations
occurred, mosquitoes reared on eithsucroseor glucose had the most divergent
microbiome Altering the sugar source used &ar mosquitoes offerssample approach to
perturb the microbiome. Thesfindings have implications for understanditige
considerableariation observed ithe mosquito micrabme, which potentially explaining
variability in transmission of pathogeasdfurther highlight diffeence between field and

colonized mosquitoes wth rear mosquitoes on single sugar source.
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Table 1. ANCOM Analysis of Dfferential ly Abundant Bacteria in Response to
Sugars

This table outlines the fold change of significardifferent responses byabterial taxa to

sugar type within each locatigp<0.05

Fructose v Sucrose| Glucose v Sucrose |Fructose v Glucose

Strain Genus Fold Change Fold Change Fold Change
Galveston \Aeromonas -2.099144305 -3.254407301

Chryseobacterium 8.207393149 8.520092462

Serratia 5.864460942 4.357872051 1.506588891
New Orleans |Asaia 3.104982564 3.659856371

Comamonas -2.61372513

Flavobacterium 5.881101427

Pantoea 4.029587067 -3.295404039

Sphingobacterium -2.628157238 4.885469704

54




Shannon entropy

5.0 -

4.8

46
4.‘:
4.2
4.0
3.8

3.6

Lecation
uK
Calveston

| LT 1 1 ' 1 ! | ol | ' 1
10000 20000 30000 40000 50000 60000 0000 80000 90000
Number of reads

Figure 1. Rarefaction curve analysis

Reads per mosquito sample wassigned to operational taxonomic units (OTUS).
Rarefaction curve analysis indicated that thgugncing depth was sigient to identify
all OTUs in each individuadample.
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Figure 2. Relative abundance of microbiota in mosquitoes fed on different sugar
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Relative abundance of bacterial genera present at 0.1% and above fargeadiyse by

location.
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Figure 3. Microbiome diversity in sugar fed mosquitoes by location.

(A) Shannon diversity indices at the genus level for all mosquitoes by sugar type and

|l ocati on.

A Tukeyos

mul tiple

C camge hetwieen o n

sugar typs for Galveston andew Orleansnosquito popultons. (BD) Non-metric
Multidimensional Scaling (genus level) using B2yrtis dissimilarity, comparing

identified OTUs within a group. PERMANOVA significance values for pairwise
comparisonB (mosquitoline P < 0.0009), (sugdypeP < 0.0009 (sugar andine P <
0.0009)C (sugar in GalvestoR =0.051)D (sugar in UKline P < 0.0009)
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Figure 4. Total bacterial load in mosquitoes.

Comparison of bacterial load for each sugar typécation Galvestorr¢d) or New
Orleang(blue). Bacterial load is y@esented as a ratio between 16S rRNA gene copies to
S7 copiesAe. aegyp)igene All graphs represent different comparisons of threesdata
set.(A) Pooled samples by location. (Bbmparison of sugar tygeetween locationgC-

D) Comparison of sugar e within a location.
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Figure 5. ZIKV infection in Galveston mosquitoes fed odifferent sugars.

Viral infection and titers were quantified by focus forming asgayTheinfection
prevalence was assessgd@hi squared tes(B) KruskatWallistestwih a Dunnos
multiple comparison test determahaosignificart difference betweetreatments
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Chapter 3 Complex reciprocal interactions occur between the
microbiota and Zika virus with in lab-reared and field-collectedAedes

aegyptimosquitoes.

ABSTRACT

Aedes aegyptmosquitoes are the primary vectors of several medically important
viruses includingZika virus (ZIKV) anddengue viru§DENV). Recent outbreaks of these
and other arbovirusdllustrate a growingeed for novel approaches to vector control. The
microbiome of mosquitoes is known to influence susceptibility to infeatibwiral
pathogens, as a result of ihimate relationship with both the host and the pathogens they
transnit. Characterization athis tripartite interaction between the hosicmbiota and
pathogen will allow us to better understand how individuals irpalation might be more
susceptible to infection while others are refractémythis study, we aimed tdetermine
the extent tavhich the resident microbiome Ak. aegyptimasquitoes influences infection
and transmission of ZIKV by this vectofo addresghis questionwe perturbedthe
microbiome of lakrearedAe. aegyptivith oral antibiotic treatments day supplementing
specifc bacteria prior to infection with ZIKV.Intriguingly, we found mosquitoes
administeredwith antibiotics had lower ZIKV titerscompared to their untreated
counterparts, regardless if the virus was offered in a blood meal or anteitally
microinjected indicating this effect may be mediated by liost. Antibiotic treatment also
resulted in significant reduction in ZIKV titefer infected mosquitoesregardless of
decreased activatioaf immune gene regulators of the JAK/STASTAT) and IMD
(Rel? innate immune pathwayd.6S microbiome sequencingevealed tht antibiotic
treatment in  mosquitoes reduced bacteria from the Acetobacteraceae and
Enterobacteriaceadamilies, suggesting that these bacteria magy faciltating ZIKV

infection. After confirming microbiota alter ZIKV infectionywe examinedow mosquito
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microbiome variability between individuals Wwih a populatiormay altervirus infection
dynamicsHerewe collectechost seeking\e. aegyptmosquitoes from different fielsites
in Texas Austin, Brownsville and Glveston).Mosquitoes weremmediately offered an
artificial ZIKV infectious blood meahnd after 10 days po$teding mosqutioes were
assayed for infection status as well as microbi@m@position. AustinZIKV -infected
mosquitoeshad a dfferent microbiome fom uninfected mosquitoeshowever no
differencess were obsard for mosquitoes from the othéwo sites. Microbiome
comparisos of ZIKV infected mosquitoes from Austimevealed higher levels of
Enterobacteriaeaewhen compared to uigicted mosquitoggsorroborating our lalyeaed
mosquito findings.In addition,we noted ZIKV exposure resulted altered mosquito
microbiomes when comparedttee blood fedcontrolgroup ofmosquitoesMoreover, this
alteration wa observed in exposed swuitoes regardless of their infection staie
disscuss theskendingsin the context of how the microbiome could cause variation in
vector competence, in addition to the potential for developmgel microbial control

strategis to reduce mosquibome disease.
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INTRODUCTION

Mosquitoes are vects of medically impaant human pathogens, including
recurrent outbreaks afrboviruses lik&Zika virus (ZIKV), Yellow Fever virus (YFV) and
chikungunya virus (CHIKV)Outbreals causd by these arbovirusdsghlight the factthat
traditional vector controstrategies currently employed around the world are waning in
their efficacy. The microbiomef mosquitoedas been shown to play a significant role in
shaping many aspects of theatral biology,which hasled to enthusiasrfor studying

waysto exploitmicrobiota for vector control.

Given that microbesanprofoundly dfect arboviruses, it is tempting to speculate
that contrasting vector competence results could be ddif¢écences inthe microbiome.
Indeed recently it was reported that the samanstrof mice acquired from different
vendors differed in their susceptibility to pathogens du¢h&ir distinct microbiomes
(Velazquezt al, 2019) However, wile most effortsn mosquitoefhiaveconcentrated on
identifying microbesthat inducerefractory phenotymeagainst pathogens is important
to corsiderthat complex tripdite interactions dictate both virus infectjiamicrobiome
composition and abundance outcom@amirez et al, 2012; Hegdeet al, 2015)
Therefore, when correlating the microtvie to pathogen infecti@n it is critical to
understand the complex interplay between these micrBbesxampleCHIKYV infection
has been shown to modulate the microbioméeades (A9 albopictusmosquitos by
stimulating an increase ifEnterobacteriacae while decreasingRhodobacteraceae,
Bradyrhizobiaceaeand Wolbachia(Zouacheet al, 2012. Likewise,Culex (Cx.) pipiens
mosquites either expo®d to or infected with West Nile virus (WNV) resulted in a
significant increase irSerratia sp.bacteria and, similar to CHIKVsuppressed the
abundane of Wolbachiain the mosquito gu{Zink et al, 2015) In onestudy, ZIKV

infection of Ae. aegyptimosquitoesstimulated an increase &hodobacteraceaand
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Desulfuromonadaceadacterial families(Villegas et al, 2018) Previous work has
documented wpegulated immune pathways in response to gut microbiota, leading to
reduced viral infection in some mosquitd&amirezet al, 2012; Balettaet al, 2017).
These reports showed different bacteria are &blenduce mosquito refractoriness to
DENV by either influencing the immune systdRamirezet al, 2012)or through the
secretion of antpathogenic moleculeRamirezet al, 2014) Furthermore, the bacteria
Serratiamarcescendias been escibed as being able to secrete proteins thatase
mosquito permissiveness to DENWu et al, 2018) These findigs,in addition to other
influential factors incluthg host genetics, lab environment and methods used to study
microbial impacts, help explain the mixed results across the vast numbers of mosquito
vector competence studi€Subler & Roen, 1976; Teslet al, 1976; Tabachnickt al,

1985; Bennetet al, 2002; Ebelet al, 2005; Kilpatricket al, 2010; Coxet al, 2011;
Goncalveset al, 2014; Roundyet al, 2017b) although other faots, including host
genetics, lab environment aneéthods may also contribute to this variatidnother factor

to consider is the strain of virus being used in these stulliesmber of reports have
highlighted how different strainand linages of virusedten demonstrate variability in
infection ratesand vector competend®/egerLucarelli et al, 2016; Ciotaet al, 2017

Pomporet al, 2017; Roundet al, 2017a; Veonesiet al, 2018)

One way to study the mosquito microbiome is to decrease or eliminate bacteria
through the oral administration of antibiotics in sugar meals, and to charatherieffects
of the abent or reduced bacterial groups. For examplébiamtics were used to gdete
microbiota inWolbachiastudies to illustrate the role of the microbiome in preventing
vertical transmission ofVolbachiain Anophelesmosquitoes(Hugheset al, 2014a)
Several other groups have used antibiotics to alter the microbiome and explore the role of
microbes m DENV infection inAe. aegyptimosquitoe{Mouryaet al, 2002; Hill et al,

2014; Wuet al, 2018)as well as implicate the microbiota in immune pathway activation
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in Ae. aegypt(Xi et al, 2008; Barlettaet al, 2017)andAn. ganbiae(Donget al, 200;
Kumaret al, 2010). One drawback of this method is that the number and type of bacteria
eliminated is generally broad and imprecise, making it difficult to pinpoint specific
contributors of the resulting phenotype.addition, antibiotis can diretly affect the host
mitochondria, cellular metabolism, alter host immunity and directly enhance viral
immunity independent of the microbion{&tefanoet al, 2017; Yanget al, 2017a;
Gopinathet al, 2018; VanHook, 2018)

Another approach utilized in microbiome studies is the reintroduction of microbes
into moguitoes by different wthods and at various life stages of the mosquito.
Microbiome studies involving bactersupplementatiom adult mosquitoes utilize either
a physical delivery, like pricking or injectio(Dimopouloset al, 1997; Gorman &
Paskewitz, 2000; Schnitget al, 2007) or orally through blood rosugar meal feeds.
Serratia sphave commonly been reintroduced in this way in numerous microbiome related
studies as this genus has been implicategrihancing infection permissiveness to
arboviruses including DENA2 (Apte-Deshpandet al, 2012; Wuet al, 2018)and CHIKV
(Apte-Deshpandet al, 2014) Aeramonas spintroducedin a blood meal haalso been
shown to enhance DENV infection #e. aegyptiMourya et al, 2002) A caveat of
reintroducing bacteria is uatstanding the amount needed to be biologically relevant and
at what life stage different bacteria are normally acquired, which could affect the dynamics

of microbial communities present in the mosq@@oonet al, 2016; Hegdet al, 2018)

One shortcomingof many vector competence studies is the afskab strains of
mosquitoegWilson & Harrup, 2018) Many establishethab colonies have been passaged
for decadeg¢Kuno, 2010)which could have negative impagitscluding reduced adult size
and fitness when compared to wild mosquit@esss et al., 2018)-urthermore, vaations

in rearing temperatures and feeding regimens have been shown to tihggaatrobiota
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and its abiliy to block pathoges (Moghadamet d., 2017; Guégamet al, 2018)or host
susceptibility with regard to malaria infecti®arreaux et al., 2016; Mohanty et al., 2Q018)
Inbreeding has also been utilized to generate lines of mosqtitaegosses specific
phenotypesincludingreduced sizes, survival rates and lower energy s(E@=raadt et

al.,, 2010; Ross et al., 2018acterial cultue methods andhigh throughputsequencing
(HTS) of the microbiomdrom field collected and lab reared mosquitoes have concluded
that field mosquitoes have a greater bacterial diversity than theiedabd counterparts

(Rani et al., 2009; Mwadondo et al., 2017; Hegde et al., 2018)

Here we examined the tripartite interact®between the microbiome and ZIKV in
Ae. aegyptiTo address a number of concerns and unknown variables associatéuewith
microbiome and arboviral infections in artificial settings, we collected éd aegypti
mosquitoes fronthreeregions of Texas andcludedthree differentab lines of mosquitoes
and exposed theto two American strains of ZIKV; isolate Mex | 7 and clonal Puerto Rico
(PR) from themostrecent outbrealn 2015 We also explorthe impact of ZIKV on the
microbiome, by comparing the ionobiome of exposed andunexposed mosquitoes.
Additionally, we investigate the correlationof total bacterial burdeto infection. Finally,
we reintroducd bacteria identified bpur bioinformatic analyss to assess their impact on

vectorial capacity.

METHODS

Mosquitoes

Field mosquitoes were collected from Austin, Brownsyidad GalvestoiiTexas
USA) over a 3day period Mosquito trapping was performed at dusk and dawn using CO
baited FayPrince traps with collection cups being changed out every. iosguitoes

were anesthetized at@ and sortetyy species and sex. All femade. aegyptmosquitoes
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collected were transferred into cartons, supplemented on 10% sucrose and stored in plastic
totes until their arrival at thdniversity of Texas Medical Bnch(UTMB) insectaryAdult
femaleAe aegyptiGalveston(F3), Salvador (BrazjlF6) and Rio Grande Valley (RGV

F6) female mosquitoes were reared on 10% sucrose under standard insectary conditions at

theUTMB.

Cell Lines and Viruses

Vero cells were matainedinhighg |l ucose Dul beccods modi fi
(DMEM) supplemented ith 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin
at 37C with 5% CQ. The viruses used in this study include ZIKV MEX (KX247632.])
and ZIKV PRVABG59 (KX377337. Mex |7 wasisolated fromthe homogenate of an
Ae. aegyptmosquito on Vero cells with 3 additional passages. Allsas were acquired
as lyophilizd stocks from the World Reference Center for Emerging Viruses and
Arboviruses at the University of Texas Medical Branch (Galveston, TX, USA). Viruses
were cultured once in C6/38e. abopictuscells, followed by4 passagem Vero cells to
generate stocki®r mosquito feedingZIKV PRVABC-59 stock was generated from a
plasmid clone derived from an isolate from Puerto Rico in A¥Eng et al, 2017b)
Plasmid linearization, RNA in vitro transcription and electroporation on Vero cells was
performedas previously describeGhanet al, 2016) Following electroporation, virus
containing supernatant was ds® inoculate 775 flasks of Veo cells for one round of

amplification to generate the stock virus (P1).

ZIKV infection and DNA extraction

Both lab and fieldAe. aegyptmosquitoes were starved for a-Bdur period prior

to being offered aartificial blood meal spiked with ~2@FU of ZIKV. For the antibiotic
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treatments, groups of 100 mosquitoes (three replicates for each group) were given a sterile
10% sucrose solution with or without 5§ ml Tetracycline added for three days prior to
infection. Mosquites were then intrathoracicalyT) injected with ZIKV (Puerto Rico

strain, ~500FFU/mosquito)using a microinjectoor fed an artificial blood meal (BM)

made with human red blood cells spiked withlegs FFU/ml ZIKV (400ul FBS, 700ul
DMEM, 200ul 10% sucrose, 700ul washed red blootscélul ATP, 4ml virus) and

loaded into Hemotek feeding systems (Hemotek Ltd, Blckburn, UK) using naive mouse
skins. Following blood feeding, all neangorged mosquitoes were removed from each
group. Injected msquitoes were allowed to recover overnightihumid environment,

and both injected and blood fed mosquitoes were maintained on the sucrose solutions with
or without tetracyclineas indicatedor the remainder of the experiment. At 10 days post
infection bodies, legs, and saliva were collectedanfial surviving mosquitoes to measure
infection, dissemination and transmission of the virus, respectively. Only bodies and saliva
were collected from IT injected mosquitoes. ZIKV titers were determinéodogforming

assayon Vero cells from mosquito sgles mechanically homogenized with a TissueLyser

Il (Qiagen) in 35@I media (DMEM supplemented with 5% FBS, 1%
penicillin/streptomycin, and 1% amphotericin). Saliva samples were collected HBS

for 30 mnutes from immobilized mosquitoes before baiigted in 15@I media.

Mosquitoes collected at 10 days post infectimre surface sterilized5 min in
70% ethanol followed by 3 washes in 1X PBS each for 5 faimpNA analysigollowing
assessment of infection statii® examine both infection anlissemination levels, bodies
and legs were separated into individual tubesraadhanicallyhomogenized in 5Q0 of
tissue culture media. To examine the microbiome composition of ZIKV exposed
mosquitoes, total DNA was extracted from gb@f the body homgenate using the

NucleoSpin Tissue kit (Clone Tecfhegdeet al, 2018)
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RNA was isolated from 84 uninfected mosquitoes (45 antibiotic treated, 39
untreated) for gene expression analysiscaor di ng t o the manufact
(PureLink RNA Mini Kit, Ambion). From the isolated RNA, cDNA was prepared by
digesting 340ng RNA with DNase at room temperature for 15 minutes, followed by an
incubation with EDTA at 65°C for 10 minuteljl of DNase treated RNAvas used for
cDNA synthesisfollowing the mamf act ur er 6s protocol (amfi R

Platinum Master Mix, GEDEPQOT).

Estimation of bacterial density

Total bacterial load within each mosquito group was assessed by qPCR using
gDNA as a template. gPCR was conducted using universal bacterigrp(iftamaret al.,
2010)to amplify the bacterial 16S rRNA gene and akarcopy of the mosquito gene S7
(Isoe et al., 2011)rhe relative abundance of 16S copy nentb the endogenous mosquito
control was analyzed to determineettotal bacterial load in these samples. Cycling
conditions and primers are describedhegde et al., 2018)'he microbial load of each
group was estimated from surface sterilized miiegs. Mosquitoes were homogenized in
PBS and 1/3 of the homogdeavas spread onto a plate of LB agar and left to incubate
overnight at 37°C. Total prevalence was determined by comparing the overall infected

(colonies present) to uninfected (no coloniesspnt) samples.

Focus forming Assay

Clarified mosquito sampleand serial dilutions were inoculated onto Vero cells in
48-well plates and overlaid with 0.8% methylcellulose in DMEM. Plates were washed with
PBS and fixed with 50:50 methanol:acetone folloy 4 days of incubation &7°C. Foci

were stained using a malyperimmune polyclonal &/ZIKV primary antibody (World
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Reference Center for Emerging Viruses and Arboviruses, UTMB) andl&litied goat
antrmouse secondary antibody (KPL, Gaithersbiif)). ZIKV foci were visualized
using an aminoethylcarbazole (AE@3tection kit (Enzo Diagnostics, Farmingdale, NY)

according to the manufacturero6s instructio

gRT-PCR for Innate Immune Genes

The activation status of the innate immune response was assessed by performing
gRT-PCR (SYBR) using RNA prepared from antiliiotreated or untreated mosquitoes.
Primers were designed to amplify genes that are part of the major insect innate immune
respone pathways: Toll, IMD, and JAISTAT. Relative expression was determined by
comparing the mCt f r omdvalheswehedransferked as@dtng S7

to get the fold difference.

Microbiome sequencing and bioinformatics analysis

High-throughputsequencing of the bacterial 16S ribosomal RNA gene has been
performed using gDNA isolated from each samflequencing libragis for each isolate
have been generated using universal 16S rRNA/¥3egion primergKlindworth et al,
2013)in accordance with lllumina 16S rRNA metagenomic sequencing library protocols.
The samples were barcoded for multiplexinghgdiextera XT Index Kit v2.Sequencing
has been performed on an lllumina MiSeq instrument usiWiaq Reagent Kit v2 (5600
cycles) Quality control and taxonomical assignment of the resulting reads was performed
using CLC Genomics Workbench 8.0.1 Micrabi Genomics Module
(http://www.clcbio.com). Low quality reads containing nucleotides wathguality
threshold below 0.05 (usinthe modified Richard Mott algorithm), as well rasds with

two or more unknown nucleotides or sequencing adapters were trioundgeference
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based OTWselectionwas performed using the SILVA SSU v128 97% database (Quast et

al. 2013). Sequences presgnimore than one copy but not clustered to the database were
then placed into de novo OTUs (97% similarity) and aligned agamsetarence database
withan8 0% si mil arity threshold to assign the
Chimeras wereamoved from the dataset if the absolute crossover cost was 3 using a k
mer size of 6Alpha diversity was measured using Shannanopy, rarefication sampling

without replacement, and with00,000replicates at each poinBeta diversity was
estimated usig D_0.5 Unifrac to show differences in the overall microbiome prdiles

antibiotic treated mosquitoes was calculated usinpe BrayCurtis diversity measure.

Statistical Analyses

Statistics were performed in GraphPad (Prist09. Viral titers wee compared
bytwot ai | ed -Bstandthekrisi@idValtis testPrevalence was compared by Chi
squared and Fisheros exact t esttai |Aldp hSat udd evr

t-test and KruskaWallis test.

70



RESULTS

Microbiota enhance ZIVK infection in mosquitoes.

To investigate thénfluence of the microlmmeon ZIKV infection, we perturbed
the microbiome ofab rearedAe. aegypt{Salvadorstrain)with tetracyclineandinfected
the mosquitoes with ZIKV(PRVABC-59) via a blood mealln contrast to studiethat
found antibiotic depletion of the microbionemhancedvirus infection forDENV and
SINV (Xi et al, 2008; Ramirert al., 2012; Jupatanaket al, 2014; Barlettat al, 2017)
we observeda significant decrease in ZIKV titers in the bodies aoftibiotic treated
mosquitoesWnpaired T test; p = 0.04Figure 6A). Our findings were similar to a recent
study showing that decreamg bacterid load via antibiotictreatmentinhibited DENV
infection in Ae. aegypt(Wu et al, 2018) Thetiter of disseminated virus, measured as
positive ZIKV in the legsof infected mosquitoespr virus presentin salivawas not
significantlydifferentbetween the antibiotic treated and untreated mosqufapse B),
nor were there any observed differences in the infection or dissemimaBualence

(Figure 7AB).

In order to bypass the midgut barrier of infecteomd determine ithe microbiota
need to be proximal to the pathogen dwectly exert an effeGt mosaiitoes were
intrathoracicallymicroinjectedwith ZIKV (PRVABC-59) (500 FFU/mosquito).Similar to
our finding when the virus was administered in bieod meal, we observed a significant
reduction in viral titers in thereatedmosquito body following 40-dayincubation period
(Unpaired T test; p < 0.00p{Figure &). No significant differences were seen inug
infection prevalence nor isalivadensity or prevalence whe&omparing antibiotic treated
and untreated grougBigure 7 CD). Thedecrease in viral titers wheirus is injected into
the mosquitcssuggest that microbiota may alter the virus by modtifey the host oby

producing molecules that have activity in tr@molymphor fat body.
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Antibiotic treatment alters the microbiome of Aedes aegypti

We then characterized the microbioré tetracycline treated and untreated
mosquitoes by culture dependeanhd independent approaché&s identify bacteria
potentially invdved in modulatingZIKV . Although aal administration of tetracycline
resulted innon-significant changes ithe overallCFU/mosquitoratio, likely due to the
large variation seen in individill mosquitoes (Unpaired T test; p = 0.1ig(FFe 8A), the
total number of mosquitoes that possessed culturable bacteria was significantly reduced
(Fi s her teg; p<®0@I (FigureB). Similarly, a significant reduction in the total
bacterial load inthe mosquitovas observedvhen assessday qPCR(Unpaired T test;

p=0.028) (Figure 8).

Given theobserved decrease in bacterial load and CFU prevaierresponse to
oral antibiotic treatmentye assessed the community profile of the two mosquito group
using 16S rRNA amplicon sequencing. After sortiegds to the familyevel based on
97% similarity clusteringf operational taxonomic units (OTUs)ye examined thelpha
and beta diversities of antibiotic treated and untreated groups using Sh&muoopy and
Unifrac distancecomparison correspondinglyBoth alpha diversyt and beta diversity
displayed significandlifferencesin the overall microbiome profilegndicating tetracycline
treatment profoundly altered the microbiont®mmunity composition Antibiotic
treament resulted in alecreasein alpha diversity (MannWhitney test; p=0.0015)
comparedvith the untreatednosquitoesMoreover, the beta diversity plot shows distinct
and significantseparation othe individualmicrobiomesfor each group(0.5 Unifrac;

p=0.00001)
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The dominat families of bacteria in these labared mosquitoes were
Enterobacteriacee, Acetobacteraceae, Halomonadacea®] Vibrionaceae(Figure 10)
and it was evident that antibiotic treatment altered microbiome composition
specifically identify taxa that wersignificantly altered in response to antibiotic treatment
we performed pairwise comparisons (p=0.05) using ANC(Wandalet al, 2015) At the
family level, we observed a significant reduction in Acetobacteraceaeand
Enterobacteriacee. (Table 3. Further exploring these findings at thengs level, we
found thatAsaiawas themajor contributordriving the changén the Acetobacteraceae
family, while for theEnterobacteriaceatamily, Citrobacter, RaoultellaRosenbergiella,

and an unclassifiehxawere significantly different between ttezents

Antibiotic treatment correlates with reduced innate immune gene activation

Modulating the mioobiota by antibiotic treatment has been shown to influence
mosquito immune pathways that are antagonistic to flavivirQ§estal., 2008; Ramirez
et al, 2012) Here we examined and compared thedBFranscription activators of the
Toll, IMD, and JakSTAT immune pathways from antibiotic treated and -treated
mosquitoes prior to ZIKV exposur&imilar to the study by Xet d., (2008) we found
antibiotictreatment reduced the expression of Rel2, a transcriptional regulator of the IMD
pathway, relative to expression in untreated mosquitoes. In addition, the transcription
factor STAT, of the Jak/STAT pathway, also exhibited reduced expression in response to
tetracycline treatment. Expression of the Toll pathway regulator, Rell, was also reduced
relative to untreated mosquitgd®wever, the difference was not significant (Figure 11).
In our study we treated mosquitoes with a single antibiotic, tetracyalhvezeas Xi et al.
(2008)used a cocktail of gentamicin, penicillin and streptomycin to perturb the mosquito
microbiome. Despite th difference we see similar immune response after depletion of

microbiota byantibiotics This damgnng of mosquito immunity however,does not
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adequéeely explain the reduced viral loadsith antibiotic treatment, suggesting the

phenotype is mediated by factors other than mosquito immunity.

| MPACT OF THE MICROBIOME ON ZIKV INFECTION IN M OSQUITOES

There are several repoitglicatingthe microbiome of lalveared and fielecaught
mosquitoes are significantly differefRaniet al, 2009; Dugumat al., 2015; Mwadondo
et al, 2017; Hegdeet al, 2018) As such, it is questionable if findings determined irt lab
reared mosquitoes translate to the field. Thereforexamine tripartite interactisim field
caught mosquitoesve trapped host seekimgosquitoes in the field and offered them a
ZIKV (MEX 1-7) infectious blood meaWethen correlated their bacterial microbiota and
viral infection 10 days post blood medlsing 16S rRNA amplicon sequencing we
explored differenceisetween the microbiome @tKV infected and uninfected mosquitoes
from each collection site. Using this approaele recognizethat we are only able to
capture a snaphot of the microbiome of these mosquitoes at 10 days post infection (DPI),

which maydiffer from the initial micobiome at the time of infection.

Microbial Diversity and Infection Status

To gauge large scale changes of the microbiome due to infasgoexaminedhe
alpha andbeta diversityof our different populationsThe microbiome ofAe aegypti
collected fromAustin was signitantly different due to infection in terms of both alpha
(MannWhitney test; p=0.0077) and be(RERMANOVA with BrayCurtis distance
comparison; p=0.0368G)iversity. No significant changes in either alpha or beta diversity
were seen forhie mosquitoes collected frodalveston(MannWhitney test;p=0.1179
PERMANOVA with BrayCurtis distance comparison; p=82®) or Brownsville(Mann
Whitney testp=0.335% PERMANOVA with BrayCurtis distance comparison; 200)
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(Figure 12). Additionally,no differences were seen in the microbiome when comparing
mosquitoes witldisseminatear non-disseminate@IKV infection, as measured by FFA

of leg homogenatesegardles of mosquito origin(data not shown

Bacterial Taxa that Contribute to ZIKV Infe ction Status

The microbiome of all fieletollected mosquitoes was dominated Agaig an
Acetobacteraceathatcommonlyinfects mosquitoe@~igure 13).In mosquitoes collected
from Austin, Cedeceawere the most prevalent bacteria from this groupvhile in
mosquitoes collected from Brownsville and Galvest®seudomonaand Serratiawere
ubiquitous.When comparing the abundance levels of these bacteri@détninfected,
infected, and disseminated mosquitoes, in general weasaasguction in the relative
abundance oAsaiain infected and disseminated mosquitoes from Austin and Brownsville
(Figure 13A). In contras€edeceappeared to expand in relativeialdance in the infected
and disseminatedroups (Figure 13A). However, despite these trends, there veas n
significant relationship between these taxa and infection statuSeddecea(Kruskat
Wallis P =0.32) oAsaiain the Austin (KruskaWallis P=0.87) o Brownsville (Kruskal
Wallis P= 0.65) mosquitoes (Figure 13Bhis lack of significaneis likely attibuted to
the large variation in the relative abundance of microbiota, which is a common feature of

mosquito microbiomes, in addition to the small sample size in the Brownsuville group.

To further investigate differentially abundant taxaach of thesgroups we used
the ANCOM pairwise statistical analysis, which is specifically designed to handle variable
microbiome data. As the test is limited to pairwise compasjsea compared infected and
uninfected mosquitoeslsing this metric, w observed sigficant increasem fold change
at the genus level aZIKV infected mosquitoes foEnterobacter,Klebsiella and an

unknownEnterobacteriaceaall representatives of tHenterobacteriaceatamily (Table
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3). These findings corroborate our data using aoftibitreatment to modulate the
microbiome whereby depletion dinterobacteriaceaeeduce ZIKV infection Both
Brownsville and Galveston mosquitcesoexperiencedothersingular change in which

Sphingomoaswas elevated in infected mosquitoes compé#vathinfected ones.

IMPACT OF ZIKV EXPOSURE ON THE M OSQUITO MICROBIOME

The previous experiment correlated microbiome composition to ZIVK infection.
However,from this experiment alonee were unable to detenine the direction of the
interaction. There isvidence thathemicrobiota influence infectigrut also that infection
may alter the microbiome, or possibly bothteractions occursimultaneously To
determine how ZIKV exposure and infectiaiters the microbiomewe compared
mosquitoes that imbibea blood meal to thosed ona ZIKV (MEX 1-7) infected blood
meal. The latter cohort were classified into mosquitoes that became infected with the virus
or did not. In our Rio Grande Vall¢RGV) lab colony (which was collected from a region
near Brownsuie, TX) we saw that simply exposing these mosquitoes to ZIKV
significantly altered their bacterial communitKruskalWallis test; p=0.037 and
p=0.001)PERMANOVA with BrayCurtis distance aaoparison; p=0.00007 and
p=0.00001) however infection status haeho impact on their microbiota composiiio
(PERMANOVA with BrayCurtis distance comparison; p=0.79rFigure 14). In contrast
to our observations in the RGV lab colomxposure or infectiohada limited effect on
the microbiome, with the@xceptionof significant differencescomparingthe microbial
composition of those that wel#ood fed mosquitoes to those that were ZIKV infected
(PERMANOVA with BrayCurtis distance comparisorp>0.048) (figure 14) This
suggests that a more robust viral infection guneed in the Galveston line see significant
alterations inthe microbiota. Furthermorehdse findingsndicatethat alterations of the

microbiome inmosquites are dependentrnothe host background, and that differing
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responses occur in different hdstckground. To further explore the impact of ZIKV on
the microbiomef the lab strains of mosquitgese measured changes in bacterial taxa via
ANCOM pairwise analysisTable 4).In our RGV lab strain we observed thfsgaiaand
Neokomagataeaboth membersf the Acetobacteracea¢éamily, showed increases in
response to ZIKV infection. Similarlfyeokomagataeand an unknowAcetobacteraceae
increasd in ZIKV exposed mosquitoes othe Galveston strain Additionally,
Akkermansiaa member of th&/errucomicrolaceae,increasd in both mosquitolines.
Cedeceaa member of th&nterobacteriaceagamily showed a decrease in response to
ZIKV infection. Taken together, teresults show ZIK/ alters the microbiome in a strain
specific manneifFor certainmosquitostraing exposureao ZIKV alone is abléenduce these
changes, but there are specifiacterialtaxathat respond in a similar fashion to viral

infection regardless of host background.

As 16S rRNA amplicon sequencing is a relative measure, we sampleatahe t
bacterial load in mosquitoes by qPCR to characterize the interaction between bacterial and
viral density. In field caught mosquitoes, we found no differences betwiadheziposed
and infected mosquitoes (MaWihitney; p=0.8702 Austin,p=0.9402 Galvesn,
p=0.8404 Brownsville) (lgure 15). However, for our lab reared mosquitoes, we saw strain
specific differences between mosquitoes exposed to ZiK&Mudng infected) and blood
fed mosquitoes. For example, we noted that exposure enhanced infectidtalKYadis
test; p=0.02 exposed, p=0.004 infected) in the RGV lab strain of mosquiigese(15).
Intriguingly, for both the exposed and infected groupsweceda bimodal distribution,
which was patrticularly evident in the infected gro&m(re 15). In contrast to our RGV
findings, we found that the bacterial load decreased in the GaNe&avhen mosquitoes
were exposed to virus (Kruskéallis test; p<0.0001 exposed, p<0.0001 infected). For
both field-collectedand lab reared mosquitoes alikes 8aw no differences in the bacterial

load when comparing exposedinfected to infected. Thisuggests the microbiome
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changes are in response to ZIKV, rather than natural variation in the microbiome
influencing ZIKV infection dynamics in the mosquito. fimther investigate the intriguing
bimodal distribution pattern observedine RGV strain, we classified mosquitoes into low
and high bacterial load groups regardless of infection status aadalgzed our
microbiome data. Here we found no changes imtioeobial richness (MankiVhitney test;
p=0.249), but we didrid significant differences in the composition between tigeseps
(PERMANOVA with BrayCurtis distance comparison; p=0.02012g(re 16)

Given that we found an interaction betwdanterobateriaceaeand ZIKV in lab
and field mosquitoes as well dcetobacteraceae lab mosquitoes, we examined the
response of Galveston lab colompsquitoes (F5) to ZIKV when reinfected at relatively
high doses2x10") with bacterial isolates belonging toakafamily via sugar meal. Here
we utilizedAsaig which terded to increase in the presence of ZIKV &watleceawhich
had the opposite response based on our lab infection data. We ex#raigigect of these
bacterial taxa on the infection of two gendticaiverse ZIKV isolates, MEX1-7 and
PRVABC59. For mosqtnes infected with the MEX-T strain of ZIKV, supplementation
of eitherAsaiaor Cedeceaignificantly reducd infection frequenciesHi sher 6 s exact
p=0.0092, p<0.0001 but had minimal chage on the viral titeof mosquitoeshatbecame
infected (Figure 17. Asaiaalso decreaskthe prevalence oflisseminatedsirus in the
mosquitoesk i s her 0 s e x a)dRgure 18 sThese bpctefa. h@hd@esubtle
effect on the PRVABC59 clone wiCedecealecreamg virustiterscompared tdéhe sugar
controlas well afAsaia(KruskatWallis test; p9.0456, p=0.0455 butcausingho change
on overallinfection prevalenceHi s h e r 6 s p>6.89alintilarly, eoschanges were
seen in viral dissemation Fi s her 6 s e x)aThese Wus Srairs apgarertily 0 5

respond differently téhe microbiotaof theirmosquib hosts
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DiscussIoN

While it is clear that complex tripartite interactions influence virus infection of
mosquitoes, little is knowregarding how ZIKV interacts within the mosquito holobiome.
Many studies investigating virtmicrobiota interactions use lab strains of mosasto
Although mosquito colonies facilitate the ability to carry out these types of studies, their
biological réevance for microbiome studies is questionable. In an attempt to overcome this
limitation, we used mosquitoes from three field sites in Texadditian to three separate
lines of lab reared colonies to conduct our studies. Additionally,perturbed the
microbiome by different approaches and examined the effect of microbiota on genetically
divergent viral strainsThe use of different mosquito &sof mosquitoesboth from the
field and lab,allow us to validate our findings blighlighting similaritiesobserved
between each groug\dditionally, the use of two different strains of viraglp us to

understand the microbiomarusinteraction betweaedifferent circulating strainsf virus.

We found that tetracyclin@ bacteriostatic antibiotibad a majoimpact on treated
mosquitoesThe effects not only impacted the microbiota, but also mosquito susceptibility
to ZIKV infection. There are repatindicating that antibiotics can impact cellular
metabolism(Yanget al, 2017a; VanHook, 2018¥pecifically the effects of tetracycline
on mitochondrigBallard & Melvin, 2007; Stefan@t al, 2017)and how this disruption
can impact viruses in the céfDhta & Nishiyama, 2011)However, thismay not be the
case here, as we also observed decreased viral titers in IT injected mosquitoes, suggesting
thatthis phenotype is independent of the midgut infection. Additionally, regardiéise o
observed immune dampening in response to antibiotic treatment, we still observed
decrease ZIKV titers contrary to previous repor{douryaet al, 2002; Barlettaet al,

2017; Romoli & Gendrin, 2018%uggesting some indirect role of the microbiom& KV
susceptibility in mosquitog®Rkamirezet al, 2012; Hegdet al, 2018 Romoli & Gendrin,
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2018; Wuet al, 2018) In An. ganbiae, the antimicrobiakffecor CEC3has been shown
toincreaséD6 ny o n g n YONN\Y infgction(Cagissimoet al, 2015) Furthermore
this resultled to the determination thiate microbiota were important f@NNV infection
to take plac€Carissimoet al, 2015) This suggestthatmicrobiota may alter the virus by
producing moleules thahave activity in the hemolymph and fat baalyd caninfluence
other host immunemechanisms or metaboliswhich are known to impadcrbovirus
infection(Xi et al, 2008; Souzd\etoet al, 2009; Behuraet al, 2011; Pererat al, 2012,
Barlettaet al, 2016; Molloyet al, 2016; Jupatanaket al, 2017)

Microbiota have been showrto haveboth apositive and nedeve influence on
mosquito borne pathogeridpte-Deshpandest al, 2012, 2014; Ramireet al, 2014;
Bongio & Lampe, 2015; Wat al, 2018) In orderto determine theole ofthemicrobiome
in relation to ZIKV infection we need to identify potentiabberid candidates and their
specific relationship to ZIKV.Given the observededudions in bacterial loadsin
tetracycline treated mosquitoes,further examination ofthe alpha and beta diversity
identified theAcetobactesiceaeand Enterobacteriaceaéamilies of bacteria as potential
proponents for driving ZIKV susceptibility in these mosquitoes. Deeper analysis identified
Asaiaas the major contributor to the observed differences iAtke&bacteraceaamily,

while theEnterobacteriaceatamily hada numler of contributors in this group.

Asaia is often found to bea predominant member of mosquito microbiomes
(Zouacheet al, 2011; OsePokuet al, 2012; Minardet al, 2013; Hegdeet al, 2018;
Dugumaet al, 2019)and has beecharacterizeésa symbiont ofAnophelesnosquitoes
that can be vertically and hadntally transmitted Faviaet al, 2007; Damianiet al,, 2008,
2010; Crottiet al, 2010) Asaia has also been shown to baportant for mosquito
development and inhibition dPlasmodiuminfection (Chouaiaet al, 2012; Bongio &

Lampe, 2015; Bassem al, 2018) Hereour results suggest thAsaiais contrituting to
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ZIKV infection, similar toCarissimeet al(2015)findingswhere decreasing microbiota in
Anopheledead to reduce®@NNV. WhenAsaiawas depleted bgntibiotics we observed

a decreas in ZIKV regardless of the inocuiah route While the relationship between
ZIKV infection andEnterobacteriacea&s notas specific, many of the members of this
family of bacteria hae been described amajor contributos to the microbiome iredes
mosalitoes(Ramirezet al, 2012; Cooret al, 2014; Yadawt al, 2016; Dicksoret al,
2017a) The idea oEnterobacteriaceasnpacing ZIKV susceptibility and infectionsi not
thatsurprising. Serratig a member of th&nterobacteriaceatamily that wasot found to

be a major contributor in this study, has been linked to arboviral enhancement in other
studies(Apte-Deshpandet al, 2012, 2014; Wet al, 2018) Togetherthis opens up the
possibility forbacteria in this familyo likely have a propensity for enhancing arivos
infection in mosquitoesThis thought is further supported by our findings from the field
collected mosquitoes, specifically the group collected from Austherewe saw that
Enterobacteramongst aouple ofothe taxa fromEnterobacteriaceagere sgnificantly
elevated in infected mgsitoes Here our Austin and Brownsville results are in agreement
with findings reported by Zinkt al. (2015) in which they observectklativedecreases in
bacterial loador certan generan Culexmosquitoes when exped to West Nile virus
(WNV). We observd a relative decrease iAsaia and increasesn Cedeceaand
EnterobacterWhile Asaiadid not experience any significant changes betwegriected
infectedor disseminatethosquitoes imur relativeabundancer ANCOM analysign field
collected mosquites Acetobacteraceawere bund to have sigficant fold increases in
response to ZIKV exposure in our RGV and Galveston lab strains. Surprisingly
Acetobacteraceabacteria only appear to impact or enhance ZIKV infection in lab reared
mosquitoes. It is atsnotablethatAsaiain paticular is drivingthese changes, as this genus
has been shown to have an inhibitory effectPorfalciparumin Anophelesmosquitoes
(Basseneet al, 2018) however here we show a propensity for increased arboviral

susceptibility.
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Given ou varied responses t@IKV infection betweendifferent strains of
mosquitoes and their microbiomes, we also explored the relationship between total
bacterial load to ZIKV infectionSurprisingly we observed no differences in the number
of bacteria preseriietween infected anghinfected mosquitoe®Ramirezand coworkers
(2012)had previously demonstratedAe. aegyptihat DENVinfection lead to a reduction
in bacterial load compared to uninfectadsquitoegRamirezet al, 2012) which were
ascgibed to changesn antimicrobial peptidg/AMP) expressionlevels in response to
DENV. AMPs with the ability to interfere with ZIKV infection have been identified
(Angler6-Rodriguezt al, 2017; Heet al, 2018) andgiven theirantimicrobial properties
it would be expected that these AMMuld have some ingzt on the mosquito
microbiota. However, we observed no changes, sugggsthat in our mosquito
backgroundseither the effect of these AMPs was minimal on the microbes present in these
mosquitoesor the strainof ZIKV used were unable to stimulate theoguction of these
peptides further supported by the lack dfifferences in bacterial loads between
disseminated and naffisseminated mosquitoes. Strikingly, the differences we did notice
werein comparing ZIKV exposed and unexposed mosquitoes from khéHirst glance
it appeared that RGV lab mosquitoes had increased bacterial titers when exposed to ZIKV,
while Galveston lab mosquitoes presemigth decreased levelwhen exposedGiven
these dta,it might be possible that these mosgegare highy sensitive to ZIK\V and
exposure alone is sufficient to activate host responses that can impact the microbiome, such

asAMP production.

With regard to the RG¢train werecognizedh bimodal distributiom the bacterial
densitywith one subset of thepopulation decreasinigp levek similar to the Galveston
line, while the second set of the population was in fact increasing in response to exposure.

Uponfurther evaluation of the modally distributed bacteria in the RGV line, we found
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that there was ndifference in specieschness between high and low levels of bacteria
however beta diversity reveled that these microbiomes were indeed distinct from one
another.Further analysisvould likely help tease out what specific taxay be driving

these starklifferences creatinthe high and low distributions found in the RGV line.

In an attempt to explore the biological impactelevanceof Acetobacteraceaand
Enterobacteriacea®@n ZIKV on mosquitoes, we reinfected mosquitoes with isolates of
Asaiaand Cedecedfollowed by ZIKV. We observed conflicting data for each strain of
virus used. With regard to the Mex7lisolate, we saw no differences between infection or
dissemination viratiters. However, there were significant decreases betweenAlsaih
andCedeceanfection pevalence when compared to the sugar control grasgiaalso
led toa decrease in dissemination prevalence when compared to the sugar control group.
For the PRVAC59 strain of viruswe saw a subtle, yet significant decrease in tha vi
titer of mosquites treated witifCedeceavhen compared to either the sugar control or
Asaiatreated group. There were no changes in the dissemination titer, nor were there any
observed differences in either the infection or dissemination prevalenee these
findings codd suggest that there are bacterial strain specific responses tq &hid\that
the specific isolates used here do not correspond tespensiveaxathatwe observedn

our ANCOM analysis.

All these data taken together show tAeetobacteraceaandEnterobacteriaceae
are in fact playing some role in enhargeZIKV infection in Ae. aegyptbut that these
effects could be mosquHme-specific. Furthermore pgcific bacterial isolates could be
playing significant roles in mosquitmfection and identitation of these taxa could

potentially require OTU level identification and future characterization.
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Table 2. ANCOM Analysis of Dfferential ly Abundant Bacteria in Response to
Tetracycline Treatment.

This table outlines the fold aehge of significantlgifferent responses by bacterial tana
response to antibiotic treatment0.05

Family Genus Fold Change

Acetobacteraceae -2.86
Asaia -2.78

Enterobacteriaceae -2.52
Citrobacter -4.66
Raoultella -4.77
Rosenbergiella -5.48
Ambiguous_taxa-13 -2.68
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Table 3. ANCOM Analysis of Dfferential ly Abundant Bacteria in Response to
ZIKV Infection by Location.

This table outlines thebservedold change of significantlydifferent responses by
bacterial taxdao ZIKV infection gatus in mosquitoes froeachfield location p<0.05

Location Family Genus Fold Change
Austin Enterobacteriaceae Enterobacter 0.95
Klebsiella 0.76
Unknown Genus 0.77
Brownsville  [Sphingomonadaceae Sphingomonas 1.55
Galveston Sphingomonadaceae Sphingomonas 3.01
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Table 4. ANCOM Analysis of Differential ly Abundant Bacterial in Response to

ZIKV Exposure by Lab Line.

This table outline the fold change dfignificantly different responses by bacterial texa

ZIKV infection status irmosquito lines from Galveston and the Rio Gravalkey

p<0.05

lLocation Family Genus Fold Change

RGV Lab Acetobacteraceae Asaia 0.10

Neokomagataea 0.85

Enterobacteriaceae Cedecea -7.18

Oxalobacteraceae Janthinobacterium -6.15

Verrucomicrobiaceae Akkermansia 0.20

Galveston Lab |Acetobacteraceae Neokomagataea 0.99

Unknown Genus 0.35

Bacteroidales S24-7 group uncultured bacterium-03 -4.98

Erysipelotrichaceae Turicibacter -4.29

Flavobacteriaceae Elizabethkingia 7.11

Flavobacterium -4.43

Lactobacillaceae Lactobacillus -8.41

Verrucomicrobiaceae Akkermansia -6.04
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Figure 6. Antibiotic Treatment Reduces ZIKV Infection Titers.

SalvadorAe. aegyptmosquitoes were intratitacically fed a bloodmeal (BM) spiked

with ZIKV (PRVABC-59) or (IT) injected with ZIKVfollowing 3 days with or without
antibiotic treatment. Titers (ffu/mos.) from infected bodies, legs or saliva samples were
determined by serial dition on Vero cells pfocus forming assay. Error bars represent
the standard deviation. The mean ZIKV titer in infected mosquito bodies was
significantly reduced with antibiotic treatment for both injected and blood fed
mosquitoesYet, no significant dierences in transmism (saliva) or dissemination

(legs) mean titers were observed.
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Figure 7. Antibiotic Treatment had no impact onZIKV Infection Prevalence

SalvadorAe. aegyptmosquitoes wermtrathoracically fed a bloodmeal (BM) spiked

with ZIKV (PRVABC-59) or (IT) injected with ZIKVfollowing 3 days with or without
antibiotic treatment. Titers (ffu/mos.) from infected bodies, legs or saliva samples were
determined by serial dilution on Vecells by focus forming assaMo significant
differences ininfection (bod), transmission (saliva) or dissemination (legs) rates were
observed.
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Figure 8. Antibiotic Treatment Decreases the Bacterial Density and Infection
Prevalence

Culturingand qPCRwere used to measure differences in the total battead ofAe.
aegypti following antibiotic treatment. Focus forming assay was used to compare ZIKV
infection prevalence between antibiotic treated andtreated mosquitoes.-B)

Antibiotic treatment greatly reduced the total number of bacteria piasaoasquitoes,
having asignificant impact on th€FU prevalenceC) 16S to S7 ratio measutey

gPCR revealed a significant decrease in bacterial load
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Figure 9. Antibiotic Treatment Alters the Microbiome.

PCo 2 (18%)

PCo 3 (9%)

PCo 1 (53%)

p=0.00001

Al pha diversity wa sndexandbetaldigetyisvas cdicylates8h annono
using the 0.5 Unifrac diversity measure. A) Antibiotic treatment resulted in a decrease

species richness compared to #iceated mosquitoe8) Additionally, antibiotic
treatment lead to a distinct microb@mpositon between the two gups.
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Figure 10. Influence of Antibiotics on Microbial Taxa.

Using relative abundanceeasurementsf the 12most abundant taxa assesthe
impactof Tetracyclineon the microbiomeDecreases wergpecificallynoticed for
EnterobateriaceaeandAcetolacteraceaebacterialfamiliesin response tantibiotic
treament Vibrionaceae, Halomonadaced@seudomonadaceaad an ambiguous taxa
all appear to fill the void left bgecreased bacterial families.
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Figure 11. Innate Immune Gene Ativation does not Correlate with ZIKV
Infectivity .

RNA was isolated from treated or untreated mosquito carcasses, arfeiGiRWas

performed using primers for innate immune genes representing the three major pathways
in insects. IMD ad JAK-STAT pathways wresignificantly reduced with antibiotic

treatment. Error bars represent the standard deviation.
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Figure 12. Relationship of Microbiome Diversity to ZIKV Exposure and Infection
Status.

Alpha diversity was measurddy S h a n nopyreidddiffedeencesevecalculated by
MannWhitney testThe three box plots at the togpresent the differences in species
richness between ZIKV inkéed and umfected mosquitoe®eta diversity was
calculated using the Bra@urtis diversity measure .he three PCoA plotg the bottom
represent the bacterial diversity observed between ZIKV infected and uninfected
mosquitoes collected from each fieltes
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