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ABSTRACT

Symbiosis between intracellular bacteria (endosymis) and animals are widespread.
The alphaproteobacteriurdolbachia pipientis is known to maintain a variety of
symbiotic associations, ranging from mutualism #@ragitism, with a wide range of
invertebratesWolbachia infection might deeply affect host fithess (e.gpnoductive
manipulation, antiviral protection), which is thdugo explain its high prevalence in
nature Bacterial loads significantly influence both théeiction dynamics and the extent
of bacteria-induced host phenotypes. Hence, firgulation of bacterial titers is
considered as a milestone in host-endosymbiontrplate Here we review both
environmental and biological factors modulatifglbachia titers in arthropods.

INTRODUCTION

Symbiotic associations between bacteria and aniraeds widespread, significantly
affecting animals’ fithness and hence criticallyligincing their evolutionary dynamics
(Douglas 2014). Most of these bacteria colonizemsl or internal surfaces of the host’s
body. Moreover, some of them deeply integrate iatomals’ biology by stably
colonizing intracellular niches (Fisheral. 2017). Symbiosis with intracellular bacteria
(endosymbionts) is particularly common in invertbs, whose huge diversification
partially relies on bacteria-derived fithess adeges (Mandel and Dunn, 2016;
Sudakaranret al. 2017; Pollocket al. 2018). Endosymbionts are either essential or
facultative. Essential endosymbionts (also knownpamary, P-endosymbionts) are
strictly intracellular bacteria required for propeost development and reproduction.
They are fixed in the host population and get gatly transmitted (i.e. from mothers to
offspring). In contrast, facultative symbionts (alsnown as secondary, S-symbionts)
typically colonize a broader range of tissues hatita- and extra-cellularly. S-symbionts
might behave as parasites and/or supply their hogariety of non-essential fithess
advantages. They infect a subset of individuagshinst population and can be transmitted
vertically and horizontally. Endosymbionts should &bundant enough to play their
symbiotic role, limit their infection cost and emnsuat least, their vertical inheritance
between host generations (Vignereinal. 2014; Simonett al. 2016; Campbelét al.
2018).

The alphaproteobacteriumolbachia pipientis (Proteobacteria: Anaplasmataceae) is
among the most widespread bacterial endosymbiamthature, infecting filarial
nematodes and arthropods (Gesttlal. 2014).Wolbachia evolutionary success relies on
its vertical transfer between host generations.ofdiagly, it colonizes the germ line
early during host development (Serletial. 2008). Horizontal transfer &¥olbachia also
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occurs, as suggested by discrepancies betweerribatd host phylogenetic topologies
(Ahmedet al. 2016). It might be favored by common cellular heasms allowing for
host cell infection (Whitet al. 2017a) and seems to take place in a varietyabgical
scenarios (Huigenet al. 2004; Le Clec’het al. 2013; Ahmedkt al. 2015; Brown and
Lloyd 2015).

Wolbachia is generally seen as an opportunistic reprodugias@site which is able to
favor infection persistence and spread by manimgats host’s reproduction in several
ways (i.e. cytoplasmic incompatibility, parthenogsis, male-killing, feminization of
genetic males) (Werrest al. 2008). Nevertheles8yolbachia can play a variety of roles
in symbiotic associations. For instance, it sugphen-essential fithess advantages to
many invertebrate species, including behavioral iffttadions and resistance against
bacteria, viruses arflasmodium parasite infection (de Crespigsalyal. 2006; Hedgest

al. 2008; Teixeiraet al. 2008; Hughest al. 2011; Furihatat al. 2015; Rohrscheikt al.
2015; Braquart-Varnieet al. 2015a). Moreover\Wolbachia behaves as an obligate
nutritional mutualist in some insect and nematdaedges (Hellemaret al. 2019; Nikoh

et al. 2014; Balvinet al. 2018; Shaikevich and Ganushkina, 2018). In tlistext,
Wolbachia genome size varies according to its host dependeacging from 0.96 Mb
(WOv andwOo strains, Darbwgt al. 2012; Desjardinet al. 2013) to 1.80 MbwiFol strain,
Faddeeva-Vakhrushew al. 2017). Thus, with very few exceptions (Kampfragthl.
2019), the genomes of obligate mutualistic straimesgenerally smaller than those of S-
symbionts and/or reproductive manipulators.

Both Wolbachia-induced host phenotypes and transmission potemtial highly
influenced byWolbachia loads. Given its broad phylogenetic distributibliigenboecker
et al. 2008),Wolbachia-involving symbioses represent an excellent tafgethe study
of mechanisms driving the evolution of bacteriaraali symbioses. Here we review the
current knowledge on factors and mechanisms shajahigachia titers in arthropods and
its relevance for the stability of symbiotic assicins.

WOLBACHIA LOADSMATTER

Titers critically influence the stability ofMolbachia infection and the extent of
Wolbachia-induced host phenotypes (Boyeal. 1993, Dedeinet al. 2001, Venetet al.
2004, Uncklesst al. 2009, Osbornet al. 2012, Paret al. 2018; Baiacet al. 2019).
Therefore, titer is a key parameter for the unaeding of\Wolbachia-host evolutionary
dynamics and for the efficient implementation\Wblbachia as a control tool against
insect pests and vector-borne diseases (Hoffreaain 2015).

Wolbachia transmission

Bacterial titers should be high enough to allow tlee infection of tissues mediating
Wolbachia vertical transfer between host generations. Ctardly, Wolbachia is highly
abundant in ovaries and early developmental stagiesDrosophila (Diptera:
Drosophilidae) oocytes, promoting colonization ofleyo’s germ line via mass action
and strategic subcellular localization (Venetial. 2004). Low titers might impede
Wolbachia vertical transmission yielding cured animals orthe case of co-infection,
leading to the stochastic loss of particiéoibachia strains. For instance, the parasitoid
wasp Nasonia vitripennis (Hymenoptera: Pteromalidae) infected with multiple



Wolbachia strains yields both mono-infected and aposymbimtogeny after prolonged
larval diapause (Perrot-Minnet al. 1996), which has been linked to titers decline in
Aedes albopictus (Diptera: Culicidae) (Ruang-areeradeal. 2004). On the other hand,
Wolbachia horizontal transfer might also be critically irgluced by titers, tissue tropism
and host biology, which would explain differencesimfection acquisition/loss rates
among different taxonomic groups (Bailly-Becleetl. 2017). High bacterial density in
highly abundant/accessible tissues is expecteawuor fhorizontal spread upon certain
ecological scenarios (e.g. cannibalism, predatfba)Clec’het al. 2013). In support of
this hypothesis, a significant rise of bacteritrs in the hemolymph was detected after
several forcedMolbachia horizontal passage eventsAmrmadillidium vulgare (Isopoda:
Armadillidiidae) (Le Clec’het al. 2017). Along the same lineByolbachia infection
enhances the host-searching ability of the paidsiwwasp Asobara japonica
(Hymenoptera: Braconidae), so thitosophila melanogaster (Diptera: Drosophilidae)
larvae are more actively parasitized by infectetidle wasps (Furihatet al. 2015).
Taking into account evidence suggesting that padsi can mediatéNolbachia
horizontal transfer between unrelated hosts (Ahetead. 2015),Wolbachia impact on
the ovipositioning behaviour @&. japonica might promote infection spread. Whether
such a phenotype is linked or notlbachia density remains unclear though.

Besides ensuring infection spread, high bactateist might favor infection persistence
by allowing Wolbachia to overcome stressing environmental conditionshost’s
defenses (Braquart-Varnietral. 2008; Le Clec’het al. 2013; Paret al. 2018).

Wolbachia-induced host phenotypes

Reproductive manipulation. Wolbachia is primarily known as a reproductive
manipulator, since infection can affect its hostiliey, mating behavior and/or the sex-
ratio of host progeny (Dedeinet al. 2001; Kremeret al. 2009). Cytoplasmic
incompatibility (CI) is the most widespreaffolbachia-induced phenotype causing
reproductive manipulation. It induces embryonichédity in crosses involving
Wolbachia-infected males and uninfected females, thus fagahe spread oMolbachia
infection by enhancing the fitness Wfolbachia-infected females (Boylet al. 1993;
Venetiet al. 2004; Hughes and Rasgon, 2014). The strengthl dla€ been linked to
Wolbachia titers either directly or indirectly (i.e. Cl leigecorrelate with environmental
or biological factors previously associated witlolbachia titers variation) (Clancy and
Hoffmann, 1998; Nodaet al. 2001; Calvitti et al. 2015). Nevertheless, CI
strength¥Wolbachia density association is not universal, varying lestadifferent species
or even at the population level within the samet Bpscies (Moutowet al. 2006; Duron
et al. 2006; Richardsost al. 2019; Yanget al. 2019). Moreover, multipl&Volbachia-
induced phenotypes might co-occur at the same tspethat infection effects on
Wolbachia population dynamics are complex. For examylelbachia influence on the
mating behavior of male flies seems to buffer tfiect of CI. In this context, males of
D. melanogaster andDrosophila simulans (Diptera: Drosophilidae) mate at a higher rate
when infected wittWolbachia (de Crespigngt al. 2006; Awrahmaiet al. 2014). Higher
male promiscuity restores the reproductive compayibwith uninfected females,
potentially undermining the Cl-based transmissialvaatage ofWolbachia. Lower
infection frequencies yielded by this effect mighvor infection losses in the host
population, regardless ®¥olbachia titers within individual hosts.



Many otherWolbachia-induced phenotypes leading to reproductive maaimrn have
been reported (Werreat al. 2008). Phenotype strengitidlbachia density association is
mostly unclear though.

Pathogen protection. Wolbachia is known to protect their hosts from pathogenahéa.
Molecular mechanisms driving protection likely i@ bothWolbachia and host factors
(Ford et al. 2019). They remain unclear though, possibly vayybetween different
symbiotic modelsWolbachia-mediated activation of the immune system (Raml.
2018) orWolbachia/pathogen competition for space and/or resourcesaffataet al.
2013; Chrostelet al. 2014; Caragatet al. 2014; Rossgt al. 2015; Lindseyet al. 2018),
both tightly related to bacterial titers, have be®msidered as suitable mechanisms.
Consistently, several studies have already linkdmlbachia loads to the extent of
Wolbachia-mediated protective phenotypes, so that highlygutove strains use to occur
at higher titers (Osborret al. 2012; Chrostekt al. 2013; Chrostekt al. 2014; Martinez
et al. 2014; Martinezt al. 2017).

Infection cost. Wolbachia infection might significantly affect many life-hay traits of
the host (e.g. fecundity, lifespan). Associationwsen infection cost anWolbachia
loads (i.e. the higher the titers the strongeMiolbachia-induced phenotype) have been
suggested (Sudt al. 2009; Henry and Newton, 2018; Badal. 2019), although it needs
to be further analyzed in most of the reported €gsammet al. 2014; Sulet al. 2017).
For instance, lifespan shortening of infected heasis noted early in the research field
and has been shown in several arthropod lineagas Aedes, Armadillidium,
Drosophila) (Min and Benzer 1997; Swhal. 2009; Chrostekt al. 2013; Chrostekt al.
2014; Le Clec’het al. 2017). Nevertheless, lifespan shortenighbachia titers
association is not universal, as already seentf@r/olbachia-induced host phenotypes
(Braquart-Varnieet al. 2008).

FACTORSAND MECHANISMSDRIVING WOLBACHIA LOADS
Environmental factors

Temperature. Environmental temperature displays a great impaet Wolbachia titers
and titer-dependent host phenotypes (e.g. shogeafihost lifespan) (Figure 1). In this
context, temperatures over 30°C loweolbachia titers or even remove the infection
(Opijnen and Breeuwer 1999) while temperatureswel0°C deeply compromise its
proliferation rate. In between, titers seem to {posly correlate with temperature as
suggested by infection cost variations In melanogaster (Reynoldset al. 2003).
Strikingly, Wolbachia-associated variations in host thermal preferenaee hbeen
reported (Truittet al. 2018) (seé&\Volbachia-induced host phenotypes section for further
examples oolbachia-induced host phenotypes). It is important to keemind that
temperature effects dolbachia titers can be indirect, affecting other membershef
host microbiota (seélost microbiota section) or the host biology itself. For instance,
increased temperature affecWblbachia proliferation in the brain of adulD.
melanogaster but not in late larvae (Strun@ral. 2013). Sex-dependent, developmental
stage-dependent or even cross-generational efédemperature oMolbachia titers
have been reported so far (Clancy and Hoffmann8;1B8oet al. 2019).



Host diet. As for any other endosymbiont, the host physiplagfines Wolbachia
chemical environment. In this context, diet composiis known to influence both host
physiology andWolbachia titers (Figure 1). For instance, several natutgjass (i.e.
sucrose, galactose, lactose, maltose and trehalose@ase Wolbachia titers in
developing oocytes while dietary yeast reduceSdrijuset al. 2015; Camachet al.
2017). Interestingly, dietary yeast effect is tesslependent, leading to redistribution of
Wolbachia titers within the host body (Serbes al. 2015; Christensemst al. 2019).
Importantly, concerns have been recently ricedadative quantification o¥olbachia
titers in this field, since diet-derived effects dme host might lead to distorted
conclusions (Pontoa al. 2015; Christensee al. 2019). Finally, antibiotics intake can
significantly affectWolbachia titers within very few host generations. Suscelyimay
depend on th&olbachia strain, the antibiotic type, concentration andestgon regime
(Fenollaret al. 2003; Liuet al. 2014; Falloret al. 2018).

Host microbiota. Wolbachia is not alone within its host. MultipM/olbachia strains may
co-infect a single individual (ljichét al. 2002; Hirokiet al. 2004; Moutoret al. 2006;
Valetteet al. 2013). Moreover\Wolbachia usually co-exists with other endosymbiotic
bacteria or members of the gut microbiota (Gémeleideet al. 2004; Dittmeret al.
2016). SincéNolbachia occupies a within-host niche and feeds on ressuterein, co-
infection of multiple bacterial lineages might tstate into competition for space and
nutrients (Figure 1) (Caragathal. 2014; Geoghegagt al. 2017; Jiméneet al. 2019).
For exampleSpiroplasma sp. strain NSRO (Firmicutes: Spiroplasmataceagatnesly
affectsWolbachia titers inD. melanogaster (Goto et al. 2006). Moreover, competitive
exclusion of Wolbachia by Asaia sp. (Proteobacteria: Acetobacteraceae) occurs in
Anopheles (Diptera: Culicidae), so thalMolbachia maternal transmission is inhibited
(Hugheset al. 2014).Asaia is also a vertically transmitted endosymbiont oadng
mosquito germ line (Faviet al. 2007). ThereforeAsaia andWolbachia may compete
for the same niche in the female gonads (Reisgi 2015).

Host-based mechanisms

Distortion of bacterial titers in hybrid hosts stghy suggest that infected animals are
actively controllingWWolbachia population dynamics. For instance, a dramaticiase of
Wolbachia titers is observed in hybrids between membersheftsetse flyGlossina
morsitans (Diptera: Glossinidae) group compared to non-fi/ests (Schneidest al.
2013). Along the same lines, transinfection-basgpr@aches (i.eWolbachia strains
transfer into an heterologous host) have suggésttdost might play a key role in titer
regulation (Boyleet al. 1993; Hughes and Rasgon, 2014). Consistentlysitiéection has
shown the impact of exogenous bacterial straingemecipient host to be broader than
that of endogenous strains (Christenaeal. 2016). For instance, major perturbation of
symbiosis was observed when infecting the naiveoWasonia giraulti (Hymenoptera:
Pteromalidae) with ®olbachia strain from its close relativig. vitripennis (Chafeeet al.
2011; Funkhouser-Jones al. 2018). Authors showed that most\Wblbachia density
suppression capabilities can be mapped to two megal theNasonia genome and
identified the Wolbachia density suppressom(ls) gene, which dominantly hinders
bacterial transmission from mothers to offspringr{Ehouser-Jonest al. 2018) (Table
1). Similarly, the mosquitéedes aegypti (Diptera: Culicidae) metalloprotease m41 ftsh
was shown to fosteWolbachia strain wMelPop-CLA proliferation viaWolbachia-
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induced expression of the mosquito microRNA (miRN&e-miR-2940 (Hussast al.
2011) (Table 1). Overexpression of miRNA aae-miRrlidfectedA. aegypti seems also
relevant for replication/maintenance within hodtscéOsei-Amoet al. 2012). Along the
same lines, introgression analysis between twoinstraf Culex quinquefasciatus
(Diptera: Culicidae) showing consistent differeneesWolbachia density led to the
identification of two major-effect quantitative-tréoci (QTL) controlling bacterial loads
in nongonadal tissues (Emerson and Glaser, 20EDHI€TL).

Developmental dynamics. Both host physiology and tissue repertoire vagyiicantly
during animal development. Consistentlyglbachia loads andMolbachia-induced host
phenotypes are tightly modulated by host ontogdfigufe 1) (ljichi et al. 2002;
Reynoldset al. 2003; Ruang-areerageal. 2004; Uncklesst al. 2009; Gutzwilleret al.
2015; Voroniret al. 2012; Fisheet al. 2018). For instance, the fly axis-determinantegen
Gurken (¢rk), displays a cumulative, dosage-sensitive effect\olbachia titers atD.
melanogaster oogenesis (Serbwasal. 2011) (Table 1). Likewis&\olbachia is known to
accumulate in polar cells but not in lateral fdéicells during oogenesis (Kamaial.
2018). Along the same lines, host cell autophagyldeen shown to be a key negative
regulator ofWolbachia titers along host ontogeny (Voronghal. 2012). Consistently,
developmental stage-dependent shift8visibachia gene expression are observed along
D. melanogaster development, even when considering total withisthpopulation
(Gutzwiller et al. 2015; Riceet al. 2017). Affected loci include ankyrin repeat domai
(ANK)-containing genes as well as genes with prtediecnembrane or secretion system
function, suggesting thatolbachia-host cross-talk is influenced by host development.

Tissue tropism. Immune responses play an important role in tret-hased modulation
of bacteria tissue tropism (Massenal. 2016). Bothin vivo andin vitro studies have
shownWolbachia-mediated activation of immune genes and proceg$€ed al. 2008;
Voronin et al. 2012; Groblest al. 2018; Baidcet al. 2019). Boosting of host immune
system may also favonolbachia infection (Rioet al. 2006; Panet al. 2018). For
exampleWolbachia is known to activate the basal immune responge adgypti via the
immune deficiency (IMD)- and Toll-pathway. Curioyslisilencing of these immune
pathways leads to the reductionvidl bachia titers (Paret al. 2018). Immune activation
might helpWolbachia, which apparently lacks specific targets for tleresponding
antimicrobial peptides, to exclude sensitive micabloompetitors. Moreover, it might
also actively promot@/olbachia proliferation via parallel production of antioxiula (Pan
etal. 2012; Brennaet al. 2012; Zug and Hammerstain, 2015). In spite &, thblbachia
infection/transinfection does not necessarily léadhost immune activation. In this
context, transfer of strawAu, native taD. simulans, into D. melanogaster led to stronger
Wolbachia-induced phenotypes in comparison with straiviel performance with no
apparent activation of host immune system (Chrodtak 2014).

Tissue tropism affects bacterial sensitivity to iemwvmental stress and influences the
extent of titer-dependent host phenotypes (Osbetrae 2012; Strunov and Kiseleva,
2016; Sharet al. 2017). High titers and broad tissue tropism ndlsmeo-occur with
strongerWolbachia-induced host phenotypes (Moutenal. 2004; Duronet al. 2006;
Osbornest al. 2012; Batoret al. 2013). Moreover, tissue tropism is central taitiohal
symbioses. Mutualist and potentially mutua¥iétl bachia strainswCle andwCtub, from
Cimex lectularius (Hemiptera: Cimicidae) andCavitermes tuberosus (lsoptera:
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Termitidae) respectively, mostly reside in an orfjke structure called bacteriome rather
than maintain a more ubiquitous tissue distribufidosokawaet al. 2010; Hellemanst

al. 2019). Finally, infection tropism involving bogferm and somatic cell lines influences
Wolbachia spread within and between individual hosts (Frydmteal. 2006; Braquart-
Varnieret al. 2015b).

Host tissues colonized bWolbachia define the nature of the molecular cross-talk
between host and endosymbiont, including gene m&swvallowing for colonization,
maintenance and proliferation &olbachia. In this context, vertical inheritance-
associated bottlenecking @¥olbachia infection seems reinforced ID. melanogaster
heterozygous for cytoskeletal mutations in profidirvillin (i.e. chic??%, chic*3?° qua®3%9
(Table 1). Titers decrease co-occurs with stochdssis of\WWolbachia infection, which
suggests thaiVolbachia utilizes the host actin cytoskeleton for persiseewithin and
transmission between fly generations (Newton arneeSan, 2015; Newtoet al. 2015).
Moreover, genome-wide RNAI screenings\dblbachia-infectedD. melanogaster cell
line JW18 have recently identified a wide set afiggeas positive- or negative-regulators
of Wolbachia titers, respectively (Whitet al. 2017b; Groblert al. 2018). Negative
regulators include many components of the ribosdheeproteasome and the regulatory
proteins network. On the other hand, most of pasitegulators were genes involved in
metabolism and metabolite transportation, includog involved in lipid metabolism
and mitochondrial function. Strikingly, positive \@riation of mitochondria and
Wolbachia titers has been shown iD. melanogaster (Henry and Newton, 2018).
Moreover, some genes involved in ubiquitin and gubtsis pathways were shown to
behave as positive regulators Wolbachia titers. Further functional studies have
suggested that/olbachia relies on host proteolysis via ubiquitination dmtdoplasmic
Reticulum (ER)-associated protein degradation payh(ERAD) for essential amino
acids provisioning (Whitest al. 2017b). Consistently, tightly couplatiolbachia/ER
dynamics during cell colonization has been recestitywn, although gene expression and
immunostaining studies did not reveal ER stressntranced ERAD-driven proteolysis
(Fattouhet al. 2019). This apparent discrepancy is hard topnétithough, since different
experimental approaches and/or cell lines were .uba@thlly, genome-wide RNAI
screening ofWolbachia-infected JW18 cells also showed up to 166 geneafftrt
Wolbachia and host cell proliferation in the same way, eitfhasitive or negative, which
might contribute to then vivo coordination of bacteria/host dynamics (Groldeal.
2018).

Endosymbiont-based mechanisms

Substantial variations have been observed\oibachia titers within the same host
species in nature (Uncklessal. 2009). Variability remains even when rearing abéel
animals under controlled environmental conditions when considering different
Wolbachia strains within the same host individual, which gests bacteria-derived
factors to influence titer dynamics (ljicki al. 2002; Venetet al. 2004; Osbornet al.
2012; Dittmeret al. 2014). Differences in titers do not necessaelject differences in
proliferation rates. On the contrary, differentstis tropisms might contribute via
competition with co-infective microbes or susceflitypto environmental and/or host-
derived factors (Figure 1) (ljichet al. 2002; Venetiet al. 2004; Osbornet al. 2012;
Dittmer et al. 2014). Strikingly, closely related/olbachia strains might show similar
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titers and/or induce similar titer-dependent hokerptypes, which suggests titer
regulation by shared molecular mechanisms (Vesiedl. 2004; Osbornet al. 2012;
Chrosteket al. 2013). As for the study of host-based mechanidgmagsisinfection of
different Wolbachia strains into the same host species has yieldeat gnsight into
bacteria-derived factors modulating infection dgnsin this context, hostfolbachia
shuffling for a variety oDrosophila species showed titers and titer-dependent pheeotyp
(i.e. antiviral protection) to be mostly influencleg\Wolbachia genotype (Martineet al.
2014; Martinezet al. 2017). Furthermor@/Molbachia-based control of titers and titer-
dependent antiviral protection differs even withllifferent variants ofwMel strain
(Chrosteket al. 2013). Genomic analysis of the highly prolifevatWolbachia strain
wMelPop (Min and Benzer 1997; Strunov and Kisele®46) showed the amplification
of an eight gene-containing region named Octomonetermine botiWolbachia titers
and virulence (i.e\olbachia-induced shortening @. melanogaster lifespan) (Chrostek
et al. 2013; Chrostek and Teixeira, 2015) (Table 1) o@aim expansion, likely enhanced
by selection at the intra-host level (Chrostek @aedkeira, 2018), is the first described
link betweenWolbachia genotype and phenotype. More recently, overexjmess the
Wolbachia actin-localizing effector 1 (WalE1l)-encoding gein@s shown to increase
bacterial titers irD. melanogaster (Sheeharet al. 2016). WalE1 is a candidate Type IV
effector likely mediatingMNolbachia interaction with host cell actin cytoskeleton. §hi
gene expression is upregulated in late larval agweéent of flies, peaking at early
pupation when adult organogenesis takes placeiglhtnaffect Wolbachia titers either
through bacterial proliferation or bacterial tramssion (Sheehaet al. 2016) (Table 1).

CONCLUSION

Wolbachia is a maternally-inherited bacterium that stabfeats a broad range of animal
lineages, being therefore an excellent model ferdtudy of mechanisms driving the
evolution of bacteria-animal symbiose®/olbachia needs to guarantee infection
persistence between host generations, either sngghe host with any fithess advantage
and/or actively enhancing infection spread viaodpctive manipulation. Both the extent
of infection-induced host phenotypes and its sppedential, either vertical or horizontal,
might be highly influenced bywolbachia titers. Thus, fine regulation ¥¥olbachia loads

is a key milestone in the evolution\blbachia-host symbioses.

Titers may vary when considering differevifolbachia strains, host species or host
populations. Significant variations are frequergrewithin the same host population, at
the individual level, for the sanWolbachia strain. Altogether, it suggests thblbachia
density dynamics is driven by a wide spectrum ofdes, either extrinsic or intrinsic, and
their potential interplay. Thus, model- or contdependent traits rather than universal
mechanisms operating all owaolbachia/arthropod symbioses have been reported.

Extrinsic factors represent environmental condgiama broad sense, thus considering
physical, chemical and biological parameters. Imtiast, intrinsic factors include
Wolbachia- and host-based mechanisms shaping bacteria ylemsgltdistribution. The
impact of extrinsic factors owolbachia titers has been extensively studied. Available
data should be carefully interpreted, since diedfeicts onWolbachia are hard to prove.

In contrast, very little is still known on the negwand role of intrinsic factors, which likely
involve a great variety of genes. So far several lither prokaryotic or eukaryotic, are



known to play a role in thien vivo modulation ofWolbachia titer. Furthermore, plenty of
candidate loci awaiting for experimental validatieave been shown by a variety of high-
throughput screenings.

Genes driving the molecular cross-talk betw®éabachia and its host are expected to
evolve under simultaneous selective pressures dtatidividual- and population-level.
Evolutionary dynamics of these loci may be highdynplex, since (a) selective pressures
within- and between-host individuals might oppoaeheother (i.e. favoringvolbachia-
driven infection spread or host-driven infectiomtol, respectively) and (b) the impact
of Wolbachia on host fithess may greatly depend on the intgrpl&xtrinsic and intrinsic
factors. Regardless of the ecological scenariine tfade-off betweelVolbachia and
host fitness is required for the symbiosis to lablstover time.
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Figure 1. Factor s shaping Wolbachia titers. Extrinsic (top panel) and intrinsic (bottom parfejtors and
their potential interactions (arrows) are indicatédditional interactions among extrinsic/intringactors
may occur (e.g. host diet/development, microbi@eédopment) but their impact dwolbachia titer

dynamics is yet unclear.

Table 1. Genetic basis of Wolbachia titer regulation. Loci shown tan vivo influenceWolbachia titers.

Loci

Target

M odel

Reference

Metalloproteas”"

Proliferatior

A. aegypti/wMelPor-CLA

Hussairet al. 201!

MicroRNA aae-miR-294("

Proliferatior

A. aegypti/wMelPor-CLA

Hussairet al. 201!

Gurker" Proliferation/Trafficking D. melanogaster/wMel Serbuset al. 2011
MicroRNA aaemiR-12" Proliferation/Maintenanc A. aegypti/wMelPor-CLA Ose-Amo et al. 2017
Octomon” Proliferatior D. melanogaster/wMelPog Chrosteket al. 201
Chickade" Trafficking D. melanogaster/wMel Newtonet al. 201¢
Quail Trafficking D. melanogaster/wMel Newtonet al. 201¢

Wolbachia actir-localizing effector *

Proliferation/Trafficking

D. melanogaster/wMel

Sheehaiet al. 201¢

Ubiquitin conjugating enzyme"

Proliferation/Maintenanc

D. melanogaster/wMel

White et al. 2017t

Quantitativ-trait loci 1"

Proliferation/Maintenanc

C. quinquefasciatus/wPig

Emerson and Glaser, 2(

Quantitativ«-trait loci 2"

Proliferation/Maintenanc

C. quinquefasciatus/wPig

Emerson and Glaser, 2(

Wolbachia density suppress”

Trafficking

N. vitripennis/wVitA

Funkhouse-Joneset al. 201¢

Ribosomal protein L27"

Proliferation/Maintenanc

D. melanogaster/wMel

Grobleret al. 201¢

Ribosomal protein &

Proliferation/Maintenanc

D. melanogaster/wMel

Grobleret al. 201¢

hHost encodedWolbachia encoded
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