Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0504.v1

Review

Microorganisms associated with mosquito oviposition sites:
implications for habitat selection and insect life histories.

Maxime Girard!, Edwige Martin!, Laurent Vallon!, Vincent Raquin’, Christophe Bellet?, Yves Rozier?, Emmanuel
Desouhant?, Anne-Emmanuelle Hay?, Patricia Luis?, Claire Valiente Moro!, Guillaume Minard™*

1 Univ Lyon, Université Claude Bernard Lyon 1, CNRS, INRAE, VetAgro Sup, UMR Ecologie Microbienne, F-
69622 Villeurbanne, France; maxime.girard@etu.univ-lyonl.fr (M.G.); edwige. martin@univ-lyonl.fr (E.M.);
laurent.vallon@univ-lyonl.fr (L.V.); vincent.raquin@univ-lyonl.fr (V.R.); patricia.luis@univ-lyonl.fr (P.L.);
hay.de-bettignies@univ-lyonl.fr (AE. H.); claire.valiene-moro@adm.univ-lyonl.fr (C.V.M.); guillaume.mi-
nard@univ-lyonl.fr (G.M.).

2 Entente Interdépartementale Rhone-Alpes pour la Démoustication, Chindrieux, France; base.decines@eid-
rhonealpes.com (C.B.); yrozier@eid-rhonealpes.com (Y.R.).

3 Université de Lyon, Université Claude Bernard Lyon 1, Laboratoire de Biométrie et de Biologie Evolutive,
UMR CNRS 5558, VetAgro Sup, Villeurbanne, France; emmanuel.desouhant@univ-lyon1.fr (E.D.)

* Correspondence: guillaume.minard@univ-lyonl.fr; Tel.: +33.472.431.143

Abstract: Mosquitoes are considered one of the most important threats worldwide due to their abil-
ity to vector pathogens. They are responsible for the transmission of major pathogens such as Ma-
laria, dengue, Zika or Chikungunya. Due to the lack of treatments or prophylaxis against many of
the transmitted pathogens and an increasing prevalence of mosquito resistance to insecticides and
drugs available, alternative strategies are now being explored. Some of these involve the use of mi-
croorganisms as promising agent to limit the fitness of mosquitoes, attract or repel them and de-
crease the replication and transmission of pathogenic agents. In recent years, the importance of mi-
croorganisms colonizing the habitat of mosquitoes has particularly been investigated since they ap-
peared to play major roles in their development and diseases transmission. In this issue we will
synthesize researches investigating how microorganisms present within water habitats may influ-
ence breeding site selection and oviposition strategy of gravid mosquito females. We will also high-
light the impact, effect of such microbes on the fate of females” progeny during their immature
stages with a specific focus on egg hatching, development rate and larvae of pupae survival.
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Introduction

Animals often recognize microbes in their environment due to the simple fate that they
can smell or taste compounds microbes produced and use those information to produce
behavioral responses adapted to the environmental conditions [1]. Firstly, microbial cues
from an animal microbiota may attract conspecifics. As an example, aggregation of the
desert locust Schistocerca gregaria is mediated by Guaiacol, a pheromone derived from
lignans metabolism by the locust bacteriome then released in adult feces [2—4]. Secondly,
animals can use pathogens’ cues in species recognition and avoid unfavorable interac-
tions. Thus, rodents show reduced motivation to engage social interactions with sick con-
specifics after smelling odors characteristics of bacterial infection [5]. Thirdly, microbes
can be involved in interindividual communications. Bacterial ketones and alcohols re-
leased in urine of African elephant male inform others about their musth status (i.e. an
aggressive behavior induced by a major shift in their hormonal balance) [6,7]. Finally, mi-
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crobial cues can be used to locate suitable food sources and habitats. The fruit fly Drosoph-
ila melanogaster avoids geosmin, a volatile released by Penicillium fungi and Streptomyces
bacteria which grow on decaying fruits and that are lethal to the insect [8]. Basic
knowledge of the influence of microbes on animals offers innovative strategies to control
invasive species, pests and vectors.

Amongst arthropods, mosquitoes (Diptera: Culicidae) form a highly diversified family
with more than 3601 different species divided into two different sub-families: Anophe-
linae (482 species) and Culicinae (3119 species) [9]. Mosquitoes are the major disease vec-
tors worlwide with some species being able to transmit pathogens of public and veteri-
nary importance. For example, Aedes mosquitoes transmit arboviruses including dengue,
chikungunya and yellow fever viruses while Anopheles are the vectors of Plasmodium spp.
parasites responsible for malaria [10]. Several physiological, ecological and environmental
factors impact the probability of mosquitoes to transmit pathogens in the field such as (i)
vector density and biting rates, (ii) pathogen survival, (iii) host-vector contact as well as
(iv) insect vector competence. The latter is defined as the ability of pathogens to efficiently
colonize the vector, to replicate and get transmitted under controlled conditions [11].
Therefore, limiting the density of vector populations below the transmission threshold (ie.
the critical level of vector density above which the introduction of a few infectious indi-
viduals into a community of susceptible individuals will give rise to an outbreak) is a
keystone action that can be performed in order to limit the expansion of mosquito-borne
diseases. To that end, methods mainly based on the use of chemical insecticides have been
applied to control mosquitoes. As an example, the Center for Disease Control and Preven-
tion (Atlanta, USA) recommends their use inside housing in order to limit malaria trans-
mission. Such a strategy has led to a 21% decrease of malaria cases over the world between
2012 and 2015 [10]. Despite their proven efficiency, chemical insecticides often (i) lack
specificity and impact on untargeted species, (ii) led to the selection of mosquito resistant
populations as previously evidenced for dichlorodiphenyltrichloroethane (DDT) and py-
rethroids, (iii) led to health issues in particular when they are used indoor [12-14]. To
overcome these undesirable effects, alternative strategies have gradually been developed.
Among them, insect-chemoattractant/repellent compounds as well as organic insecticides,
most often originating from microorganisms, have been applied in the field [15-19].

Mosquitoes are holometabolous insects meaning that they will proceed to a complete met-
amorphosis. After the egg hatched in aquatic environment, individuals will follow a post-
embryonic development starting with a larval stage, a pupal stage to finally emerge as an
imago. Each stage but imago colonizes aquatic habitats. Larvae use different feeding strat-
egies such as filtering, suspension feeding, grazing, interfacial feeding or predation, to
acquire organic matters within their aquatic habitats [20]. They developed into four dif-
ferent instars that are separated by exuviations and metamorphose into pupae before
emerging as an adult at the interface between air and water. After being mated by males,
females of anautogenous species (most species such as Aedes albopictus) will bite a verte-
brate host in order to acquire essential amino acids required for egg maturation [21]. Con-
versely, autogenous species (Malaya spp., Toxorynchites spp. and Topomyia spp.) can lay
eggs without ingesting any blood meal. Recognition and selection of breeding sites by
gravid females is a key step for mosquito life cycles. Since a single mosquito female lays
multiple clutches during its whole life and that each clutch is ranging from tens to hun-
dreds of eggs without no parental care, it is of primary importance to focus on interactions
that occur in breeding sites to manage density of individuals in larval habitats. For in-
stance, An. gambiae females can delay egg laying up to 50 days in absence of suitable breed-
ing sites [22]. This drastically impacts the fitness of individuals by reducing egg hatching
and larval development rates. Even if all mosquitoes are selecting aquatic habitats, each
species search for and select certain characteristics of these habitats (e.g. in term of salinity,
sunlight exposition, stream flow, type of predators...) [21,23]. As an example, the mos-
quito species Aedes taeniorhynchus and Anopheles crucians tend to prefer domestic habitats
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and lay eggs in artificial containers while other species such as Culiseta melanura prefer
sylvatic sites and freshwater swamps [24].

Egg laying site selection is a keystone behavior determining the fate of the female progeny
and thus is expected to be under strong selective pressures. Such localization and selection
of water habitats by gravid females involve olfactory, visual, gustatory and tactile signals
[25]. Mosquitoes detect olfactory signals with their antennae, maxillary palps and probos-
cis [26]. Tarsal segments of the legs, the labellum and labrum of the mouthparts, and the
cibarium, an internal organ are rather important for tasting and sensing the breeding site
[27]. These organs contain multiporous sensory hairs called sensilla that house olfactory
sensory neurons expressing chemosensory receptors that are detecting specific com-
pounds. Phenotypic responses of gravid females to environmental signals might vary.
Some signals can be classified as (i) “attractant” if they elicit insect oriented movement
toward the source, (ii) “repellent” if they induce insect oriented movement away from the
source, (iii) “stimulant” if they elicit oviposition and (iv) “deterrent” if they prevent ovi-
position (Fig. 1; [28]). Those water habitats are colonized by a wide variety of prokaryotic
and eukaryotic microorganisms. Due to their ability to synthesize compounds with or-
ganoleptic properties, they have been shown to influence the mosquito oviposition site
selection.

In this review, we synthesize current knowledge on the influence of exogenous microor-
ganisms colonizing larval habitats both on the oviposition strategy of gravid female mos-
quitoes and on their offspring performance in terms of development and survival. Small
crustacean (e.g. copepods) will not be treated here but have previously been reviewed
[29].

I. Influence of microorganisms on the mosquito oviposition site selection

Mosquitoes water habitats are often rich organic matter acquired from soil, vegeta-
tion, animal cadavers and dejections [20]. Such microenvironments promote the growth
of a wide variety of microorganisms which have been shown to be key drivers for com-
munities assembly of mosquitoes microbiota and determine major adult traits [30-35]. In
this section we review how microorganisms’ cues either attract/stimulate or repel/deter
gravid females. We sum up the knowledge about the characteristics of these microbial
kairomones (ie. semiochemical compounds that are produced by microorganisms and rec-
ognized by mosquitoes) and discuss how variations in microbial densities might elicit
drastically contrasted behavioral responses in mosquitoes.

I.1. Do microorganisms from water habitats attract/stimulate gravid females?

Plants have been shown to attract gravid females for oviposition (see [36] for a re-
view). However, a recent study evidenced that plant associated microbes might be re-
sponsible for some observed behavioral responses. By using dual choice experiments, Ar-
baoui et al., [37] demonstrated that the average number of eggs laid by the yellow fever
mosquito Ae. aegypti is 20 times higher in bamboo infusions from Bambusa spp. than in
distilled water. The authors attempted to determine whether microbial cells were manda-
tory to elicit this effect by filtrating them with 0.45 um pores beforehand however they
did not observe no differences between the number of eggs deposited on filtrated or non-
filtrated infusions. This suggests that microbial cells that are usually larger than 0.45 um
are not directly responsible for this response. Instead, compounds might rather be the
mediators (eventually secreted from microbes). Similarly, another study showed that, fe-
males laid more eggs on infusions from the bamboo species Arundinaria gigantea or a leaf
infusion from white oak than on distilled water [38]. Both studies suggest that plant infu-
sions promote the oviposition behavior of gravid female mosquitoes; microbes associated
with those infusions could provide information through chemical compounds. A total of
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14 and 18 bacterial isolates were cultivated from the infusions of the bamboo A. gigantea
and white oak respectively. An important density of Alpha and Gammaproteobacteria
were retrieved. A purified blend of organoleptic carboxylic acids synthesized by those
bacteria recapitulates the oviposition behavior observed with bamboo infusion, with
tetradecanoic acid being identified as the major attractive compound. A total of 10 indi-
vidual isolates belonging to the genus Bacillus, Enterobacter. Pseudomonas, Lactococcus, En-
terobacter. Shigella, Citrobacter, Brevundimonas and 6 individual isolates belonging to the
genus Bacillus, Lactococcus, Enterobacter, Pseudomonas, Citrobacter, Brevundimonas were still
attracting/stimulating Ae. aegypti and Ae. albopictus respectively while used individually
at intermediate concentrations and compare to water. On the other hand, lower concen-
trations did not attract/stimulate mosquitoes and higher concentrations repel/deter them.

Even if plant infusion and their associated microorganisms were shown to be good
elicitors of mosquitoes oviposition, natural breeding sites often contained a more variable
diversity and abundance of microorganisms. Therefore, to mimic natural conditions other
authors tested the effect of water from natural oviposition sites without no a priori on the
nature of water [40]. They showed that fresh soils or water collected in known oviposition
sites of the malaria vector An. gambiae received respectively 3.9 and 2.6 times more eggs
than sterile distilled water when the choice was offered to gravid females in dual choice
experiments. To ensure that only olfaction rather than touching and tasting could be in-
volved in the recognition, the authors used an experimental system preventing female
mosquitoes from touching the substrate. Similar results were obtained by using sterilized
substrate (autoclaved soil of filtered water) instead of sterile water. Isolated bacteria (in-
cluding unclassified Firmicutes, Aeromonas, Pasteurella, Pseudomonas, Vibrio, Acinetobacter,
and Enterobacteriaceae species) from soil collected beneath oviposition sites and larval
habitats restored the attractiveness/stimulant properties of sterile soils but not filtered dis-
tilled water. These results suggest that the dilution of microorganisms or volatile organic
compounds (VOC) into water might decrease the capacity of mosquitoes to use kairo-
mones as an information source. Volatiles from bacteria isolated in this experiment were
then analyzed [41]. It appeared that the bacteria correlated with a positive oviposition
response clustered into different groups. The authors suggest that different molecules pro-
duced by those bacteria and recognized by the mosquito might differ across bacterial iso-
lates. When combined with previous results obtained from mosquito antennae electro-
physiological response studies toward volatiles, a list of potential attractive compounds
was updated and restricted to aliphatic alcohols (2-Methyl-3-decanol, methyl-1-butanol),
aromatic alcohols (2-phenylethanol, phenylmethanol), indole, pyrazines (alkyl-pyrazines)
and carboxylic acids (3-methylbutanoic acid). More recently, lake water supplemented
with 6-days old soil infusions form breeding sites was shown to efficiently attract gravid
Anopheles gambiae s.]. females [42]. However, this attractiveness disappeared after auto-
claving the mixture. The authors characterized cedrol, a sesquiterpene alcohol, as a major
attractant present in the infusion and showed that natural habitats in which cedrol was
identified were more likely to be colonized by Anopheles mosquitoes [43]. Finally, they
identified from rhizomes in soils beneath Anopheles oviposition sites, two endophytic
fungi (a species of the Fusarium fujikuroi complex and F. falciforme) able to produce cedrol
and some of its analogues [44]. This set of results represents major advances in the identi-
fication of the molecules or blend that attract female mosquitoes. However, the list is cer-
tainly far from exhaustive. Indeed, field surveys often reported that many presumably
suitable breeding sites for Anopheles mosquitoes remained uncolonized [45-47]. Those ob-
servations suggest that important factors influencing breeding site selection might be
missing to predict the attractiveness and potential suitability of those habitats.

Appart from environmental microbes, parasites and symbionts might also be in-
volved in mosquito orientation and stimulation toward specific breeding sites. Ascogrega-
rina spp. are eukaryotic parasites that specifically colonizes Aedes and Culex mosquitoes
[48]. The species As. taiwannensis shows attracting properties toward Ae. aegypti (one of
the closest species of its natural host Ae. albopictus) [49]. On average, females lay 3.6 times
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more eggs in water containers supplemented with parasitized larvae than in containers
supplemented with non-parasitized larvae, larvae parasitized with an entomopathogenic
fungi (Smittium morbosum) or containers that were not supplemented with larvae. As.
taiwanensis is not able to complete its life cycle when colonizing Ae. aegypti, therefore it
might be possible that the attractiveness underlying mechanism is generalist and could
attract both this neighboring species and its natural host Ae. albopictus. However, this lat-
ter property has never been tested until now. The same authors also demonstrated that
Candidatus near pseudoglaebosa, a yeast symbiont colonizing the gut and the peritrophic
matrix of Ae. aegypti is also more acceptable to ovipositing females than distilled water or
rearing water from uninfected larvae [49]. Those results suggest that some microorgan-
isms have evolved strategies that specifically attract gravid females and consequently
maximize their chance to encounter mosquitoes and in turn benefit from that interaction
to accomplish their lifecycles and/or get dispersed.

Many studies reported the influence of microorganisms on oviposition elicitation. A
summary of attractive/stimulating microorganisms involved in mosquito oviposition site
selection is detailed in Table 1. However, most of those studies cannot discriminate at-
tractant from stimulant effect [25] and terminology should be taken cautiously. The ex-
perimental design of current studies is often based on (i) dual choice experiment that only
shows attractiveness or (ii) the number of eggs laid when different habitats are proposed
which can both consist in an attractiveness or a stimulation. However, the sole effect of
stimulation by microorganisms has poorly been addressed. Stimulant bacteria might in-
crease both the number and frequency of egg laying without modifying the mosquito
choice. Influence of those effects should be considered for future prospect given their po-
tential consequences on mosquito population dynamics.

I.2. Do microorganisms repel/deter gravid females?

The microsporidian parasite Edhazardia aedis is an intracellular obligate parasite that
specifically infects the mosquito Ae. aegypti [50]. This parasite strongly affects the survival
and reproductive success of the mosquito [51]. Its life cycle is complex since the micro-
sporidian spores can be both vertically and horizontally transmitted with a high transmis-
sion success [52]. Due to its high transmission rate and maintenance in mosquito popula-
tions, the parasite was proposed as a promising candidate for mosquito biological control
[53,54]. However, the ability of uninfected Ae. aegypti females to avoid egg deposition
when oviposition sites are colonized by infected conspecific larvae questions its use [55].
Indeed, dual choice experiments demonstrated that uninfected females laid a higher pro-
portion of eggs (60.8+2.1%) in cups containing uninfected larvae. The potential semio-
chemicals involved in attractiveness differentiation were not identified to date. Such a
strategy might be an evolutionary response of the mosquito toward the fitness cost of the
parasite in natural populations. However, the oviposition deterrence is not complete
which also suggests that in the field, a part of the population will get infected, enabling
the parasite to complete its lifecycle and spread among individuals when a part of the
population remains uninfected. The trematode Plagiorchis elegans is another parasite of Ae.
aegypti. The presence of this parasite in the water or in a snail host living in aquatic habi-
tats, does not seem to affect the oviposition behavior of gravid females [56]. However, as
previously described for E. aedis dual choice experiments showed that breeding sites con-
taining infected larvae were repellent/deterrent toward gravid females and accumulated
fewer eggs than sites containing uninfected larvae or solely water [56,57]. This repel-
lent/deterrent effect was still observed when water was treated with antibiotics or boiled
suggesting that (i) presence of the parasite was not mandatory and (ii) that thermostable
non-volatile compounds have been produced by infected larvae or by the parasite to me-
diate breeding site recognition by mosquitoes. In addition, the repellent/deterrent effect
was increased when water was filter sterilized, with 10 times more eggs in containers with
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uninfected larvae. This difference was attributed to bacteria colonizing the containers,
such as Flavobacteria sp., that attract mosquitoes thus mitigated the repellency of the par-
asite. Contrarily to this previous experiment where water was regularly changed, a recent
study conducted with water that was not changed during 14 days and potentially accu-
mulated bacteria, failed to observe the repellent/deterrent effect of P. elegans infected mos-
quitoes [58]. This confirms that, due to presence of bacteria in water containers, repel-
lency/deterrence of the parasite might often be mitigated and rarely been observed in the
field. Since Ae. aegypti lay eggs in standing water, it may be possible that the potential
repellency/deterrent effect of P. elegans would not be efficient in the field. Bacillus thurin-
gilensis var. israelensis (Bti) is a dipteran pathogen that has been broadly used in biological
control against Aedes, Culex or Anopheles mosquitoes [59]. Depending on the species, fe-
male mosquitoes do not respond similarly to the presence of Bti in water habitats. Indeed,
Culex quinquefasciatus tend to lay less eggs in Bti-infected water containers compared to
sterile water [60]. In addition, the number of eggs laid as well as the size of egg rafts neg-
atively correlated with the concentration of Bti. On the opposite, no influence of Bti was
observed toward Amn. arabiensis female behavior [61] and no effect to a slight attrac-
tive/stimulant effect was even reported for Ae. albopictus [62,63]. Those differences might
be explained by the fact that Culex mosquitoes drink water before laying eggs and might
recognize solubilized compounds with their phagoreceptors as previously discussed [55].
However, those conclusions should be taken cautiously because different dose of Bti were
used in those experiments and mosquito species effects might be confounded with dose
effects which could have also led to differences in gravid female responses. A summary
of repellent/deterrent microorganisms involved in mosquito oviposition site selection is
detailed in Table 1.

As well as what was reported for attractant/stimulant effects, many studies cannot
discriminate repellent from deterrent effects [25] and deterrence has poorly been re-
garded. Further prospect might be necessary to broaden our knowledge on the influence
of microbes on such behavior. In addition, the influence of microorganisms on either at-
traction/stimulation and repellency/deterrence is highly influenced by the density of cells
and signals within the breeding sites.

I.3. How dose-response effects influence the female oviposition ?

A single microorganism can both attract/stimulate or repel/deter mosquitoes de-
pending on its concentration within a breeding site. Exposure to a bacterial mixture of 109,
107 and 108 cells/ml attracts female mosquitoes of the species Ae. albopictus and Ae aegypti
while higher concentrations of 10° cells/ml did had no effect on the former species and
even repel the latter one [39]. When tested individually, seven of those bacterial isolates
(Bacillus thuringiensis, Enterobacter asburiae, Enterobacter cancerogenus, Lactococcus lactis, Shi-
gella dysenteriae, Citrobacter freundii and Brevundimonas vesicularis) attracted Ae. aegypti at
only two out of three concentrations while two of them attracted at one concentration and
one of them repelled females at one concentration. In comparison, Ae. albopictus mosqui-
toes showed mitigate responses since three single isolates showed a drastically different
response at each of the three concentrations. The most noticeable one was Brevundimonas
vesicularis that strongly attracts females at 106 cells/ml, does not influence them at 107
cells/ml and strongly repel them at 108 cells/ml. Variation in secondary metabolites con-
centrations has been proposed as a keystone effector leading to such differential behav-
ioral responses. As an example, Mycobacterium ulcerans produces a toxin named mycolac-
tone. When dual choice experiments were carried out with non-inoculated vs. inoculated
containers, 64% of eggs were laid in containers with 1 pug/ml of toxin versus 38.3% and
41.6% in those supplemented with 0.5 and 0.05 pug/mL of toxin respectively [64].


https://doi.org/10.20944/preprints202106.0504.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0504.v1

Those results point out that variation in microbial communities’ composition and
density shape mosquito oviposition behavior by impacting the diversity and concentra-
tion of volatile compounds to either influence the behavior of gravid females. Therefore,
identifying the volatile molecules and their dynamics in natural oviposition sites could be
key to improve vector control strategies.

IL. Influence of microorganisms colonizing water habitats on mosquitoes’ prema-
ture life history traits

One common evolutionary theory is that females’ preferences in oviposition sites are
oriented to maximize the performance of their offspring since natural selection might fil-
ter-out the progeny from mothers that make the wrong decision. This point has previously
been discussed [65] and several factors in mosquitoes ecology strengthen the prediction
of a tight preference-performance coupling. First, mosquitoes are gregarious during the
immature stages which means that unsuitable habitat will have to drastic consequences
in terms of effective loss. Secondly, they cannot move from one habitat to another during
immature stages meaning that they cannot escape unsuitable habitats. Conversely, other
characteristic argue against a preference-performance prediction. This concerns mosquito
species laying large and sparsely egg clutches. Contrarily to species that lay all their eggs
in the same container, the consequences of selecting an unsuitable habitat might be diluted
for these species across the progeny. Furthermore, environmental variations influencing
the unpredictability of habitat quality during the oviposition period might also alter the
importance of the females’ choice. Indeed, environmental stochasticity tend to select fe-
males that lay more eggs and/or in multiple habitats since the survival of their progeny is
uncertain.

If the importance of microorganisms in the performance-preference coupling has
been poorly addressed, several studies previously demonstrated that microbes colonizing
water habitats influence the life history traits of mosquitoes with, even, drastic conse-
quences on adult traits (see an example here [32]). In this section we will more specifically
comment the impact of microorganisms on larval nutrition, mosquito development (in-
cluding egg hatching and post-embryonic development) and immature (eggs and larvae)
survival.

I1.1. Can microorganisms be used as a food source by mosquito larvae?

Larvae acquire their organic matter from a wide diversity of food sources, which are
often partly composed of plant or animal tissues as well as microorganisms that are har-
vested from the breeding sites. Thus, in nine different sites from Belize the occurrence of
Anopheles albimatus in marshes correlated with the presence of cyanobacteria [66]. Larvae
were only observed in marshes that harbored mats characterizing the presence of Cyano-
bacteria. The cyanobacteria are supposed to modify habitat towards conditions more fa-
vorable to mosquito larvae (i.e. by elevating the temperature of water and producing more
COz that would be recognized by females as an attractant). It has been also suggested that
cyanobacteria themselves might constitute a suitable food source for mosquito larvae [67].
Indeed, when the cyanobacteria Phormidium animalis was cultured in the presence of An.
albimanus larvae, (i) larvae were able to ingest cyanobacterial cells, (ii) cells were identified
in larval guts within a 30 min laps time and (iii) filamentous cells were partially digested
in 180 min. Beyond this time, it was not possible to cultivate P. animalis suggesting that
the cyanobacteria were killed when they passed through the gut. Vazquez-Martinez et al.
also demonstrated that larvae successfully developed without any additional source food.
When compared with conventional rearing methods (i.e. feeding larvae with germinated
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wheat), the larval development and emergence rate were slightly lower in the presence of
cyanobacteria but the size of adults (wing length) and sex ratio were equivalent for both
treatments.

Apart from Cyanobacteria other microorganisms have been shown to influence mos-
quito nutrition. Culex species prefer to lay eggs in water containing yeast extracts com-
pared to sterile water [68]. Given this choice, one can hypothesize that females select their
breeding sites in order to favor the development of their offspring and therefore that yeast
extracts could be involved in such a trait. Larvae reared with an optimal food source (ie.
fish food) or with S. cerevisiae exhibited a similar development rate while those fed with
various bacterial species as a sole food source developed slower [69]. In another study,
several microorganisms including yeasts, bacteria and algae were used as a sole food
source and their effect on development were compared in Ae. aegypti larvae [70]. Digestion
of those microorganisms by the larvae was tested by following the transfer of fluorescence
from labelled microorganisms to the larvae. The authors demonstrated that yeasts had
higher carbohydrate and protein contents than bacteria. Overall, the yeasts S. cerevisiae
and Pseudozyma sp. as well as the proteobacteria Asaia sp. and Escherichia coli could be
used as nutrients by larvae while other microorganisms including cyanobacteria (Arthro-
spira platensis), firmicutes (Bacillus sp., Staphylococcus aureus), proteobacteria (Ochrobactrum
intermedium) and the algae (Chlorella sp.) constituted a poor food source associated with
low development rate.

If nutrient acquired from digested microbes can increase larval growth non-digested
microbes have also been shown to influence the mosquitoes development.

I1.2.1. What is the influence of microorganisms on mosquitoes’ development?
I1.2.1 Egg hatching

Mosquitoes often lay eggs at the surface of water plans or at the interface between
water and containers. Egg hatching depends on several environmental stimuli including
water vibration [71], agitation [72] and temperature [73]. Mosquitoes of the genera Och-
lerotatus and Aedes usually respond to a decline in oxygen concentration after the eggs get
immerged within water [74-76]. This decline has been attributed to bacterial bloom that
are induced by an influx of nutrients carried by water during rainfall. Eggs of Ae. aegypti
were exposed during 5 consecutive days to an oak infusion or to the same infusion filtered
through a 0.22um pore membrane [77]. The hatching proportion of eggs exposed to the
non-filtrated infusion was 94% while it was only 4% with the filtrated one. Eggs were then
exposed to a mixture of 14 bacterial strains isolated from a bamboo infusion. Results
showed that the egg hatching was proportional to the bacterial cell concentrations (i.e. 106,
107, 108). Previous studies suggested that a slow deoxygenation of the water is a hatching
stimulus for many mosquito species [78-80] suggesting that a consumption of oxygen by
the bacteria might be responsible for the observed response. However, the comparison of
hatching rate in water with a high O2 concentration supplemented with bacteria or steri-
lized by filtration indicates, regardless of Oz levels, that the bacteria themselves or their
metabolites could stimulate Ae. aegypti egg hatching. Apart commensal microbes, patho-
gens can also induce egg hatchng to benefit their lifecycle. The entomopathogenic fungus
Tolypocladium cylindrosoporum was often retrieved from Aedes sylvatic breeding sites in
South-America [81]. Aedine mosquito eggs are resistant to desiccation and will often
hatch when they are flooded. However previous studies suggest that T. cylindrosoporum is
able to induce a premature hatching of Ae. aegypti and Ae. albopictus eggs under subopti-
mal conditions. Indeed, when reared at 15°C, eggs hatched preferentially after 14 days
without being flooded when incubated with the fungi while non treated ones hatched
preferentially after 21 days. Flor-Weiler et al. suggest that premature egg hatching might
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benefit this entomopathogen to rapidly infect its larval hosts. However, those laboratory-
made observations failed to get replicated in the field. The authors suggested that envi-
ronmental variables might not be appropriate to induce a proper fungi filamentation un-
der natural conditions and that infections might be limited to cold periods. A more recent
study performed with two strains of T. cylindrosporum failed to reproduce those results.
The authors did not observe any premature eclosion or malformation of the embryonic
larvae within the eggs after their exposition to a concentration gradient of conidia [82].

Allin all, the current literature shows that microorganisms play an important role in
the oxygen signals determining egg hatching but other microorganism mediated stimuli
should be further investigated.

I1.2.2. Post-embryonic development

Recent investigations showed that colonization of mosquitoes from the species Ae.
aegypti, Georgecraigius atropalpus, Toxorhynchites amboinensis and An. gambiae by microor-
ganisms acquired from the water of larval habitat strongly influence the development of
larvae [30,83,84]. Indeed, axenic larvae (i.e. deprived from microorganisms) exhibited ei-
ther an absence of development after the first instar or a strong delay. Recolonization by
multiple bacteria (including the non-symbiotic bacterium Escherichia coli) or fungi previ-
ously isolated from mosquitoes restored a complete development until the adult stage.
When the development of axenic larvae was measured in presence of various E. coli mu-
tants cytochrome bd oxydase genes were proved to be essential to restore the develop-
ment of mosquitoes [85]. These genes are involved in the microaerobic respiration of bac-
teria and further investigations suggested that consumption of oxygen by bacteria within
the mosquito gut induces hypoxia which leads to the expression of the Hypoxia Induced
Factor-a (HIF- ). This factor in turn enhances the transcription of many genes involved
in various steps of the ecdysis including gut growth, neutral lipid transport and 20-hydox-
yecdysone secretion (the major hormone involved in the signaling of ecdysis) [86]. More
recent advances demonstrated that riboflavin is be the mediator of this interaction since
axenic larvae can actually develop into adult when reared under conditions that preserve
this vitamin and exhibit an anoxic midgut [84,87]. Under natural conditions, this com-
pound is provided by the larval microbiota. Valzania et al. showed that those hypoxia-
related pathways might also be enhanced by eukaryotic microorganisms including the
non-symbiotic algae Chlamydomonas reidnartii and the yeast Saccharomyces cerevisiae [88].
Another investigation on gnotobiotic mosquitoes also evidenced differences in the mos-
quito development rate when colonized by prevalent bacterial taxa isolated from natural
breeding sites in Gabon [32]. This impact was also correlated with differences in pupation
rates as well as carry over effects on adult mosquitoes including differences in size, im-
mune response and vector competence for dengue viruses.

Those results highlighted the major influence of microorganisms on the signal lead-
ing to larval development with consequences on the adult traits. However, most of those
effects are poorly specific and further studies are necessary to determine at which extent
microbial composition and density modulate the development of larvae.

IL. 3. Do microbes impact the post-embryonic survival?

The survival of immature stages of Culex pipiens has been shown to be impacted by
yeast they feed on within habitat with some variations. Indeed, larvae exposed to i and
Wickerhamomyces anomalus yeasts as a sole food source showed 70-80% of larval survival
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and 10-15% pupation while those exposed to Cryptococcus gattii showed less than 30% lar-
val survival and no pupation [89]. The soil-borne entomopathogenic filamentous fungi
Metharizium sp. has been proposed as a potential biological control agent to fight mosqui-
toes. Spores of this fungus preferentially colonize terrestrial insects but have been re-
ported to accidentally infect larvae of Aedes, Anopheles and Culex mosquitoes [90,91] when
dispersed in water [92]. The species M. pingshaense has recently been genetically modified
to produce an insect-specific toxin and has been shown to be more efficient and specific
than commonly used chemical insecticides to fight Anopheles mosquitoes [93]. Indeed,
during lab trials 75% of the females were reported as infected and survived on average 5
days after infection with a threefold reduction in the number of eggs laid. Densoviruses
are part of the Parvoviridae family. They specifically colonize the nuclei of invertebrates
cells and form large inclusion [94]. Mosquito densovirus might play an important role in
mosquito population regulation and particularly during immature stages since larval in-
fections often result in individuals” death and major malformations [95]. Some microor-
ganisms affecting larval mosquito survival have been broadly studied. The entomopath-
ogenic bacteria Bti was successfully applied as biological agent to control mosquito larvae
and commercially formulated to be dispersed within their water habitats since its discov-
ery in 1976 [96]. This biological insecticide specifically affects the survival of Diptera and
poorly impacts non-target species which are often distant from this order (with some ex-
ceptions such as chironomids) [97]. The larvicidal effect of the Bti strains relies on the pro-
duction or three peptidic Cry toxins that binds a cadherin receptor [98] within the gut
epithelium of the mosquito digestive tract and form a cation channel. They work syner-
gistically with Cyt toxins that acts as a detergent-like membrane perforator [59].

Studies are often largely biased toward microorganisms that would have negative
impacts on mosquito survival. Those have been extensively studied considering their ap-
plication for biological control. It is however relevant to consider microorganisms that
would improve the survival of microorganisms or even protect them against pathogens
as they might influence the female oviposition choice and decrease the efficiency of path-
ogens in the field.

Conclusion

There is a growing number of evidences showing how environmental microorgan-
isms might be involved in behavioral modification of gravid females with major influence
on the resulting oviposition decisions. Considering that microorganisms are also influenc-
ing the performance of offspring with some carry over effects on adults, it seems relevant
to further investigate the evolutionary forces that drive the gravid female behaviors. How-
ever, several black boxes still remain to be opened. Firstly, in many cases the mechanisms
through which microorganisms impact the female oviposition have not been fully deci-
phered. Secondly, there is a need for further studies on the stimulating and deterrent ef-
fects of microorganisms. Thirdly, the influence of microorganisms on oviposition behav-
ior, progeny performance and their transgenerational consequences have never been in-
vestigated in a single study to our knowledge. All those studies should also be convoluted
in the future by integrating spatiotemporal dynamics of water containers microbial com-
munities. Further investigations following those directions are mandatory to develop
more specific, environmental friendly and efficient strategies for biocontrol of mosquito
vectors.
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Figure 1. Behavioral responses of mosquitoes to microbial communities within breeding sites.
Gravid female mosquitoes are able to (A) modify their behavior in response to visual, olfactive,
gustative or tactile cues that are directly or indirectly linked with the presence of microbial commu-
nities. The response can lead to a lower amount of eggs laid in the container whenever the cues are
(B) repulsive (females will move away from the breeding site) or (B) deterrent (the production of
eggs in the container will be reduced). On the opposite, the change in behavioural response can lead
to a larger amount of eggs laid whenever the cues are (D) attractive (females will be oriented toward
the breeding site), or (E) stimulant (the production of eggs in the container will be increased) (draw-

ing: Minard G.).

Table 1. Microoganisms that influence the oviposition strategy of Aedes aegypti, Ae. albopictus
and Anopheles gambiae mosquitoes.

Microorganisms Species Condition / Mosquito species References
Aedes aegypti Aedes albopictus  Anopheles gambiae An.arabiensis  Culex quinquefasciatus
Bacteria Bacillus thuringiensis 10° CFUImI attractivity/stimulation no response 21]
10" CFU/mI i
10° CFUImI no response repellencyldeterrence
Bacillus thuringiensis var. israelensis 052 mgiL (for Cx. Quinquefasciatus), 8mg/L no response or no response repellencyldeterrence 41,42,
(for Ae. albopictus ), 2-6 mg/L (for An. attractivity/stimulation 43,44)
Arabiensis)
Brevundimonas vesicularis 10° CEU/mI [21]
107 CFUmI attractivity/stimulation no response
10° CFUImI no response repellencyldeterrence
Citrobacter freundii 106 CFU/mI attractivity/stimulation no response 21]
107 CFU/mi i
Comamonas spp 42107 ; 8,1x107] CFU/mI - - attractivity/stimulation 23]
Enterobacter asburiae [10%10] CFUImI attractivity/stimulation no response - [21]
Enterobacter cancerogenus [10%:107) CFUIMI attractivity/stimulation no response [21]
Enterobacter gergoviae 10° CEU/mI attractivity/stimulation no response 21
10° CFUImI no response repellencyldeterrence
Enterobacter ludwigii 10° CFUImI attractivitystimulation no response 21
107 CEUIMI no response atiractivity/stimulation
Exiguobacterium spp [5,2x10" ; 5,3x10) CFU/mI - - attractivity/stimulation 23]
Lactococeus lactis 10° CFUIMI attractivity/stimulation no response - 21]
107 CFUImI
Micrococcus. spp [7,7x10°; 1,8x10") CFU/mI attractivity/stimulation 23]
Proteus spp 69107 ; 3,2x10% CFU/MI - - attractivity/stimulation 23]
Pseudomonas fulva 107 CRUIMI attractivity/stimulation no response - [21]
Pseudomonas plecoglossicida 10° CFUIMI no response repellencyldeterrence 21
10 CFU/mI no response attractivity/stimulation
Rhizobium huautlense 10° CFUImI repellency/deterrence no response [21]
Shigella dysenteriae [10%10] CFUMmI attractivitystimulation no response - [21]
Vibrio metschnikovii [2x10%; 4x10%] CFUmI - - attractivity/stimulation [23)
Fungi Fusarium fujikuroi complex attractivity/stimulation 29]
Fusarium falciforme - attractivity/stimulation
Smittium morbosum infected larvae repellency/deterrence - [30]
Candidatus near pseudoglaebosa infected larvae attractivitystimulation
Edhazardia aedis repellency/deterrence 36]
Protist Ascogregarina taiwanensis infected larvae (12-97 trophozoites) attractivity/stimulation (30]
Trematode Plagiorchis elegans infected larvae [37.38]
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Attractivity means that microorganisms elicit insect oriented movement toward the source; stimu-
lation means that microorganisms elicit oviposition ; repellency means that microorganisms induce
insect oriented movement away from the source ; deterrence means that microorganisms prevent
oviposition.

Author Contributions: M.G. wrote the first version of the draft under the supervision of G.M. E.M.,
LV, VR, CB,YR,ED., AEH,, PL.and C.VM substantially improved this draft. All authors have
read and agreed to the published version of the manuscript.

Funding: This review is part of the ANSES project AS-CONTROL and the IDEX Lyon scientific
breakthrough project, Micro-Be-Have.

Acknowledgments: This review was initially written during the traineeship program of the Master
“Ecosciences Microbiologie” in the University Claude Bernard Lyon 1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Eisthen, H.L.; Theis, K.R. Animal-Microbe Interactions and the Evolution of Nervous Systems. Philos Trans R Soc Lond B Biol
Sci 2016, 371, doi:10.1098/rstb.2015.0052.

2. Dillon, RJ.; Vennard, C.T. Charnley, AK. Exploitation of Gut Bacteria in the Locust. Nature 2000, 403, 851,

doi:10.1038/35002669.

3. Dillon, R.J.; Vennard, C.T.; Charnley, A.K. A Note: Gut Bacteria Produce Components of a Locust Cohesion Pheromone. J.

Appl. Microbiol 2002, 92, 759-763.

4. Dillon, R.; Charnley, K. Mutualism between the Desert Locust Schistocerca Gregaria and Its Gut Microbiota. Res. Microbiol.

2002, 153, 503-509.

5. Arakawa, H.; Cruz, S.; Deak, T. From Models to Mechanisms: Odorant Communication as a Key Determinant of Social Behav-

ior in Rodents during Illness-Associated States. Neurosci Biobehav Rev 2011, 35, 1916-1928, doi:10.1016/j.neubiorev.2011.03.007.

6. Goodwin, T.E.; Broederdorf, L.]J.; Burkert, B.A.; Hirwa, LH.; Mark, D.B.; Waldrip, Z.].; Kopper, R.A.; Sutherland, M.V_; Free-

man, E.W.; Hollister-Smith, J.A.; et al. Chemical Signals of Elephant Musth: Temporal Aspects of Microbially-Mediated Modifica-

tions. ] Chem Ecol 2012, 38, 81-87, d0i:10.1007/s10886-011-0056-8.

7. Goodwin, T.E.; Harelimana, LH.; MacDonald, L.J.; Mark, D.B.; Juru, A.U; Yin, Q.; Engman, J.A.; Kopper, R.A.; Lichti, C.F.;

Mackintosh, S.G.; et al. The Role of Bacteria in Chemical Signals of Elephant Musth: Proximate Causes and Biochemical Pathways.

In Proceedings of the Chemical Signals in Vertebrates 13; Schulte, B.A., Goodwin, T.E., Ferkin, M.H., Eds.; Springer International

Publishing: Cham, 2016; pp. 63-85.

8. Stensmyr, M.C.; Dweck, HK.M.; Farhan, A.; Ibba, L; Strutz, A.; Mukunda, L.; Linz, J.; Grabe, V.; Steck, K; Lavista-Llanos, S.;

et al. A Conserved Dedicated Olfactory Circuit for Detecting Harmful Microbes in Drosophila. Cell 2012, 151, 1345-1357,

doi:10.1016/j.cell.2012.09.046.

9. Wilkerson, R.C.; Linton, Y.-M.; Fonseca, D.M.; Schultz, T.R.; Price, D.C.; Strickman, D.A. Making Mosquito Taxonomy Useful:

A Stable Classification of Tribe Aedini That Balances Utility with Current Knowledge of Evolutionary Relationships. PLOS ONE

2015, 10, e0133602, doi:10.1371/journal.pone.0133602.

10.  WHO | World Malaria Report 2016 Available online: http://www.who.int/malaria/publications/world-malaria-report-2016/re-

port/en/ (accessed on 28 December 2020).

11.  Shaw, W.R,; Catteruccia, F. Vector Biology Meets Disease Control: Using Basic Research to Fight Vector-Borne Diseases. Nat

Microbiol 2019, 4, 20-34, doi:10.1038/s41564-018-0214-7.

12.  Ranson, H.; Abdallah, H.; Badolo, A.; Guelbeogo, W.M.; Kerah-Hinzoumbé, C.; Yangalbé-Kalnoné, E.; Sagnon, N.; Simard, F.;

Coetzee, M. Insecticide Resistance in Anopheles Gambiae: Data from the First Year of a Multi-Country Study Highlight the Extent of

the Problem. Malar ] 2009, 8, 299, doi:10.1186/1475-2875-8-299.

13.  Benelli, G.; Mehlhorn, H. Declining Malaria, Rising of Dengue and Zika Virus: Insights for Mosquito Vector Control. Parasitol

Res 2016, 115, 17471754, d0i:10.1007/s00436-016-4971-z.

14.  Demok, S.; Endersby-Harshman, N.; Vinit, R,; Timinao, L.; Robinson, L.].; Susapu, M.; Makita, L.; Laman, M.; Hoffmann, A,;

Karl, S. Insecticide Resistance Status of Aedes Aegypti and Aedes Albopictus Mosquitoes in Papua New Guinea. Parasites & Vectors

2019, 12, 333, doi:10.1186/s13071-019-3585-6.

15.  Logan, ].G,; Birkett, M.A. Semiochemicals for Biting Fly Control: Their Identification and Exploitation. Pest Management Sci-

ence 2007, 63, 647-657, doi:https://doi.org/10.1002/ps.1408.

16.  Bhattacharya, P.R. Microbial Control of Mosquitoes with Special Emphasis on Bacterial Control. Indian ] Malariol 1998, 35,

206-224.

17.  Minard, G.; Mavingui, P.; Moro, C.V. Diversity and Function of Bacterial Microbiota in the Mosquito Holobiont. Parasites &

vectors 2013, 6, 1.

18.  Dickens, ].C.; Bohbot, ].D. Mini Review: Mode of Action of Mosquito Repellents. Pesticide Biochemistry and Physiology 2013,

106, 149-155, doi:10.1016/j.pestbp.2013.02.006.


https://doi.org/10.20944/preprints202106.0504.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0504.v1

19.  Guégan, M.; Zouache, K.; Démichel, C.; Minard, G.; Tran Van, V.; Potier, P.; Mavingui, P.; Valiente Moro, C. The Mosquito
Holobiont: Fresh Insight into Mosquito-Microbiota Interactions. Microbiome 2018, 6, 49, doi:10.1186/s40168-018-0435-2.

20.  Encyclopedia of Entomology; Capinera, J.L., Ed.; Springer Netherlands, 2005; ISBN 978-0-306-48380-6.

21.  Clements, A.N. The Biology of Mosquitoes: Development, Nutrition and Reproduction; Chapman & Hall, 1992; ISBN 978-0-
412-40180-0.

22.  Touré, D.S.; Ouattara, A.F.; Kra, K.D.; Kwadjo, K.E.; Koné, M.; Doumbia, M.; Doannio, ].M.C. [Impact of egg laying delay on
reproduction, gorging habit and mortality in gravid females Anopheles gambiae (Diptera Culicidae)]. Bull Soc Pathol Exot 2017, 110,
318-325, doi:10.1007/s13149-017-0582-x.

23.  Clements, A.N. The Biology of Mosquitoes: Sensory Reception and Behaviour; CABI, 1999; ISBN 978-0-85199-313-3.

24.  Day, J.F. Mosquito Oviposition Behavior and Vector Control. Insects 2016, 7, doi:10.3390/insects7040065.

25.  Bentley, M.D.; Day, J.F. Chemical Ecology and Behavioral Aspects of Mosquito Oviposition. Annu. Rev. Entomol. 1989, 34,
401-421, doi:10.1146/annurev.en.34.010189.002153.

26. McMeniman, C.J. Chapter 11 - Disruption of Mosquito Olfaction. In Genetic Control of Malaria and Dengue; Adelman, Z.N.,
Ed.; Academic Press: Boston, 2016; pp. 227-252 ISBN 978-0-12-800246-9.

27. Baik, L.S; Carlson, J.R. The Mosquito Taste System and Disease Control. PNAS 2020, 117, 32848-32856,
doi:10.1073/pnas.2013076117.

28.  Dethier, V.G.; Browne, B.L.; Smith, C.N. The Designation of Chemicals in Terms of the Responses They Elicit from Insects. J
Econ Entomol 1960, 53, 134-136, doi:10.1093/jee/53.1.134.

29. Ranasinghe, H. a. K.; Amarasinghe, L.D. Naturally Occurring Microbiota Associated with Mosquito Breeding Habitats and
Their Effects on Mosquito Larvae Available online: https://www.hindawi.com/journals/bmri/2020/4065315/ (accessed on 4 March
2021).

30. Coon, K.L,; Vogel, K.J.; Brown, M.R,; Strand, M.R. Mosquitoes Rely on Their Gut Microbiota for Development. Mol. Ecol. 2014,
23,2727-2739, d0i:10.1111/mec.12771.

31. Dada, N.; Jumas-Bilak, E.; Manguin, S.; Seidu, R.; Stenstrém, T.-A.; Overgaard, H.]. Comparative Assessment of the Bacterial
Communities Associated with Aedes Aegypti Larvae and Water from Domestic Water Storage Containers. Parasites & Vectors 2014,
7,391, doi:10.1186/1756-3305-7-391.

32.  Dickson, L.B,; Jiolle, D.; Minard, G.; Moltini-Conclois, I.; Volant, S.; Ghozlane, A.; Bouchier, C.; Ayala, D.; Paupy, C.; Moro,
C.V,; et al. Carryover Effects of Larval Exposure to Different Environmental Bacteria Drive Adult Trait Variation in a Mosquito
Vector. Science Advances 2017, 3, e1700585, doi:10.1126/sciadv.1700585.

33. Minard, G.; Tran, F.-H.; Van, V.T.; Fournier, C.; Potier, P.; Roiz, D.; Mavingui, P.; Moro, C.V. Shared Larval Rearing Environ-
ment, Sex, Female Size and Genetic Diversity Shape Ae. Albopictus Bacterial Microbiota. PLOS ONE 2018, 13, e0194521,
doi:10.1371/journal.pone.0194521.

34.  Alfano, N,; Tagliapietra, V.; Rosso, F.; Manica, M.; Arnoldi, D.; Pindo, M.; Rizzoli, A. Changes in Microbiota Across Develop-
mental Stages of Aedes Koreicus, an Invasive Mosquito Vector in Europe: Indications for Microbiota-Based Control Strategies. Front.
Microbiol. 2019, 10, doi:10.3389/fmicb.2019.02832.

35. Nilsson, L.KJ.; de Oliveira, M.R.; Marinotti, O.; Rocha, E.M.; Hakansson, S.; Tadei, W.P.; de Souza, A.Q.L.; Terenius, O. Char-
acterization of Bacterial Communities in Breeding Waters of Anopheles Darlingi in Manaus in the Amazon Basin Malaria-Endemic
Area. Microb Ecol 2019, 78, 781-791, d0i:10.1007/s00248-019-01369-9.

36. Nyasembe, V.O.; Torto, B. Volatile Phytochemicals as Mosquito Semiochemicals. Phytochem Lett 2014, 8, 196-201,
doi:10.1016/j.phytol.2013.10.003.

37.  Arbaoui, A.A.; Chua, T.H. Bacteria as a Source of Oviposition Attractant for Aedes Aegypti Mosquitoes. Trop Biomed 2014,
31, 134-142.

38.  Ponnusamy, L.; Xu, N.; Nojima, S.; Wesson, D.M.; Schal, C.; Apperson, C.S. Identification of Bacteria and Bacteria-Associated
Chemical Cues That Mediate Oviposition Site Preferences by Aedes Aegypti. PNAS 2008, 105 9262-9267,
doi:10.1073/pnas.0802505105.

39.  Ponnusamy, L.; Schal, C.; Wesson, D.M.; Arellano, C.; Apperson, C.S. Oviposition Responses of Aedes Mosquitoes to Bacterial
Isolates from Attractive Bamboo Infusions. Parasites & Vectors 2015, 8, 486, doi:10.1186/s13071-015-1068-y.

40. Sumba, L.A.; Guda, T.O,; Deng, A.L.; Hassanali, A.; Beier, ].C.; Knols, B.G.]. Mediation of Oviposition Site Selection in the
African Malaria Mosquito Anopheles Gambiae (Diptera: Culicidae) by Semiochemicals of Microbial Origin. International Journal of
Tropical Insect Science 2004, 24, 260-265, doi:10.1079/1JT200433.

41.  Lindh, ].M,; Kénnaste, A.; Knols, B.G.J.; Faye, I.; Borg-Karlson, A.-K. Oviposition Responses of Anopheles Gambiae s.s. (Dip-
tera: Culicidae) and Identification of Volatiles from Bacteria-Containing Solutions. ] Med Entomol 2008, 45, 1039-1049,
doi:10.1093/jmedent/45.6.1039.

42.  Herrera-Varela, M.; Lindh, J.; Lindsay, S.W.; Fillinger, U. Habitat Discrimination by Gravid Anopheles Gambiae Sensu Lato —
a Push-Pull System. Malar J 2014, 13, 1-15, doi:10.1186/1475-2875-13-133.

43.  Lindh, ].M.; Okal, M.N.; Herrera-Varela, M.; Borg-Karlson, A.-K.; Torto, B.; Lindsay, S.W.; Fillinger, U. Discovery of an Ovi-
position Attractant for Gravid Malaria Vectors of the Anopheles Gambiae Species Complex. Malaria Journal 2015, 14, 119,
do0i:10.1186/s12936-015-0636-0.

44.  Eneh, LK, Saijo, H.; Borg-Karlson, A.-K,; Lindh, ].M.; Rajarao, G.K. Cedrol, a Malaria Mosquito Oviposition Attractant Is
Produced by Fungi Isolated from Rhizomes of the Grass Cyperus Rotundus. Malaria Journal 2016, 15, 478, doi:10.1186/s12936-016-
1536-7.


https://doi.org/10.20944/preprints202106.0504.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0504.v1

45.  Fillinger, U.; Sombroek, H.; Majambere, S.; van Loon, E.; Takken, W.; Lindsay, S.W. Identifying the Most Productive Breeding
Sites for Malaria Mosquitoes in The Gambia. Malaria Journal 2009, 8, 62, doi:10.1186/1475-2875-8-62.

46. Ndenga, B.A,; Simbauni, ]J.A.; Mbugi, ].P.; Githeko, A.K; Fillinger, U. Productivity of Malaria Vectors from Different Habitat
Types in the Western Kenya Highlands. PLOS ONE 2011, 6, €19473, doi:10.1371/journal.pone.0019473.

47.  Gouagna, L.C.; Rakotondranary, M.; Boyer, S.; Lempériere, G.; Dehecq, J.-S.; Fontenille, D. Abiotic and Biotic Factors Associ-
ated with the Presence of Anopheles Arabiensis Immatures and Their Abundance in Naturally Occurring and Man-Made Aquatic
Habitats. Parasites & Vectors 2012, 5, 96, doi:10.1186/1756-3305-5-96.

48.  Lantova, L.; Volf, P. Mosquito and Sand Fly Gregarines of the Genus Ascogregarina and Psychodiella (Apicomplexa: Eugreg-
arinorida, Aseptatorina) - Overview of Their Taxonomy, Life Cycle, Host Specificity and Pathogenicity. Infect. Genet. Evol. 2014,
doi:10.1016/j.meegid.2014.04.021.

49.  Reeves, W.K. Oviposition by Aedes Aegypti (Diptera: Culicidae) in Relation to Conspecific Larvae Infected with Internal Sym-
biotes. J. Vector Ecol. 2004, 29, 159-163.

50.  Becnel, ].J.; Johnson, M.A. Mosquito Host Range and Specificity of Edhazardia Aedis (Microspora: Culicosporidae). ] Am Mosq
Control Assoc 1993, 9, 269-274.

51.  Becnel, J.].; Garcia, J.J.; Johnson, M. A. Edhazardia Aedis (Microspora: Culicosporidae) Effects on the Reproductive Capacity of
Aedes Aegypti (Diptera: Culicidae). ] Med Entomol 1995, 32, 549-553, doi:10.1093/jmedent/32.4.549.

52.  Agnew, P; Koella, J. Life History Interactions with Environmental Conditions in a Host-Parasite Relationship and the Para-
site’s Mode of Transmission. Evolutionary Ecology 1999, 13, 67-91, d0i:10.1023/A:1006586131235.

53.  Becnel, ].].; Johnson, M.A. Impact of Edhazardia Aedis (Microsporidia: Culicosporidae) on a Seminatural Population of Aedes
Aegypti (Diptera: Culicidae). Biological Control 2000, 18, 39-48, doi:10.1006/bcon.1999.0805.

54.  Grigsby, A.; Kelly, B.].; Sanscrainte, N.D.; Becnel, ].J.; Short, S.M. Propagation of the Microsporidian Parasite Edhazardia Aedis
in Aedes Aegypti Mosquitoes. JoVE (Journal of Visualized Experiments) 2020, 61574, doi:10.3791/61574.

55.  Zettel Nalen, C.M.; Allan, S.A.; Becnel, ].J.; Kaufman, P.E. Oviposition Substrate Selection by Florida Mosquitoes in Response
to Pathogen-Infected Conspecific Larvae. ] Vector Ecol 2013, 38, 182-187, d0i:10.1111/j.1948-7134.2013.12025.x.

56. Lowenberger, C.A.; Rau, M.E. Selective Oviposition by Aedes Aegypti (Diptera: Culicidae) in Response to a Larval Parasite,
Plagiorchis Elegans (Trematoda: Plagiorchiidae). Environmental Entomology 1994, 23, 1269-1276, d0i:10.1093/ee/23.5.1269.

57.  Zahiri, N.; Rau, M.E. Oviposition Attraction and Repellency of Aedes Aegypti (Diptera: Culicidae) to Waters from Conspecific
Larvae Subjected to Crowding, Confinement, Starvation, or Infection. Journal of Medical Entomology 1998, 35, 782-787,
doi:10.1093/jmedent/35.5.782.

58.  Schwab, A.E.; Lewis, D.J.; Rau, M.E. The Impact of Selective Oviposition and Infection with Plagiorchis Elegans on Aedes
Aegypti Pre-Imago Population Dynamics at Optimal Food Availability. ment 2003, 40, 830-840, doi:10.1603/0022-2585-40.6.830.

59. Ben-Dov, E. Bacillus Thuringiensis Subsp. Israelensis and Its Dipteran-Specific Toxins. Toxins 2014, 6, 1222-1243,
doi:10.3390/toxins6041222.

60.  Zahiri, N.S.; Mulla, M.S. Ovipositional and Ovicidal Effects of the Microbial Agent Bacillus Thuringiensis Israelensis on Culex
Quinquefasciatus Say (Diptera: Culicidae). ] Vector Ecol 2006, 31, 29-34, doi:10.3376/1081-1710(2006)31[29:0a0eot]2.0.co;2.

61.  Futami, K.; Kongere, ].O.; Mwania, M.S.; Lutiali, P.A.; Njenga, S.M.; Minakawa, N. Effects of Bacillus Thuringiensis Israelensis
on Anopheles Arabiensis. ] Am Mosq Control Assoc 2011, 27, 81-83, d0i:10.2987/10-5998.1.

62.  Stoops, C.A. Influence of Bacillus Thuringiensis Var. Israelensis on Oviposition of Aedes Albopictus (Skuse). ] Vector Ecol
2005, 30, 41-44.

63. Wasi Ahmad, N.; Lee, H.; Wan, R;; Lian, A.; Chee Dhang, C.; Azahari, A ; Sadiyah, I. Oviposition Behaviour of Aedes Albopic-
tus in Temephos and Bacillus Thuringiensis Israelensis-Treated Ovitraps. Dengue Bulletin 2009, 33, 209-217.

64. Sanders, M.L.; Jordan, H.R.; Serewis-Pond, C.; Zheng, L.; Benbow, M.E.; Small, P.L.; Tomberlin, ].K. Mycobacterium Ulcerans
Toxin, Mycolactone May Enhance Host-Seeking and Oviposition Behaviour by Aedes Aegypti (L.) (Diptera: Culicidae). Environ
Microbiol 2017, 19, 1750-1760, doi:10.1111/1462-2920.13629.

65.  Gripenberg, S.; Mayhew, P.J.; Parnell, M.; Roslin, T. A Meta-Analysis of Preference-Performance Relationships in Phytopha-
gous Insects. Ecology Letters 2010, 13, 383-393, doi:https://doi.org/10.1111/j.1461-0248.2009.01433.x.

66. Rejmankova, E.; Roberts, D.R.; Manguin, S.; Pope, K.O.; Komarek, J.; Post, R.A. Anopheles Albimanus (Diptera: Culicidae) and
Cyanobacteria: An Example of Larval Habitat Selection. Environmental Entomology 1996, 25, 1058-1067, d0i:10.1093/ee/25.5.1058.
67.  Vazquez-Martinez, M.G.; Rodriguez, M.H.; Arredondo-Jiménez, ].I.; Méndez-Sanchez, ].D. Phormidium Animalis (Cyanobac-
teria: Oscillatoriaceae) Supports Larval Development of Anopheles Albimanus. ] Am Mosq Control Assoc 2003, 19, 155-158.

68.  Beehler, ] W.; Millar, ].G.; Mulla, M.S. Protein Hydrolysates and Associated Bacterial Contaminants as Oviposition Attractants
for the Mosquito Culex Quinquefasciatus. Med Vet Entomol 1994, 8, 381-385, d0i:10.1111/j.1365-2915.1994.tb00103.x.

69.  Diaz-Nieto, L.M.; D Alessio, C.; Perotti, M.A.; Berén, C.M. Culex Pipiens Development Is Greatly Influenced by Native Bacteria
and Exogenous Yeast. PLoS ONE 2016, 11, e0153133, doi:10.1371/journal.pone.0153133.

70.  Souza, R.S; Virginio, F.; Riback, T.L.S.; Suesdek, L.; Barufi, ].B.; Genta, F.A. Microorganism-Based Larval Diets Affect Mosquito
Development, Size and Nutritional Reserves in the Yellow Fever Mosquito Aedes Aegypti (Diptera: Culicidae). Front. Physiol. 2019,
10, doi:10.3389/fphys.2019.00152.

71.  Roberts, D.M. Egg Hatching of Mosquitoes Aedes Caspius and Ae. Vittatus Stimulated by Water Vibrations. Medical and
Veterinary Entomology 2001, 15, 215-218, doi:https://doi.org/10.1046/j.0269-283x.2001.00303.x.

72.  Ebrahimi, B.; Foster, W. Water Agitation: A Stimulus for Egg Hatching of Anopheles Gambiae; 2008;

73.  Impoinvil, D.E.; Cardenas, G.A.; Gihture, J.I.; Mbogo, C.M.; Beier, J.C. Constant Temperature and Time Period Effects on
Anopheles Gambiae Egg Hatching. ] Am Mosq Control Assoc 2007, 23, 124-130.


https://doi.org/10.20944/preprints202106.0504.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0504.v1

74.  Walker, E.D.; Merritt, R.W. The Significance of Leaf Detritus to Mosquito (Diptera: Culicidae) Productivity from Treeholes.
Environmental Entomology 1988, 17, 199206, doi:10.1093/ee/17.2.199.

75.  Walker, E.D.; Lawson, D.L.; Merritt, RW.; Morgan, W.T.; Klug, M.]. Nutrient Dynamics, Bacterial Populations, and Mosquito
Productivity in Tree Hole Ecosystems and Microcosms. Ecology 1991, 72, 1529-1546, doi:https://doi.org/10.2307/1940953.

76.  Rozeboom, L.E. The Effect of Bacteria on the Hatching of Mosquito Eggs. American Journal of Hygiene 1934, 20.

77.  Ponnusamy, L.; Béroczky, K.; Wesson, D.M.; Schal, C.; Apperson, C.S. Bacteria Stimulate Hatching of Yellow Fever Mosquito
Eggs. PLoS ONE 2011, 6, €24409, doi:10.1371/journal.pone.0024409.

78.  Gjullin, C.M.; Hegarty, C.P.; Bollen, W.B. The Necessity of a Low Oxygen Concentration for the Hatching of Aedes Mosquito
Eggs. Journal of Cellular and Comparative Physiology 1941, 17, 193-202, doi:https://doi.org/10.1002/jcp.1030170205.

79.  Fallis, S.P.; Snow, K.R. The Hatching Stimulus for Eggs of Aedes Punctor (Diptera: Culicidae). Ecological Entomology 1983, 8,
23-28, doi:https://doi.org/10.1111/j.1365-2311.1983.tb00478.x.

80. Judson, C.L.; Hokama, Y.; Haydock, I. The Physiology of Hatching of Aedine Mosquito Eggs: Some Larval Responses to the
Hatching Stimulus. ] Insect Physiol 1965, 11, 1169-1177, doi:10.1016/0022-1910(65)90109-5.

81.  Flor-Weiler, L.B.; Rooney, A.P.; Behle, RW.; Muturi, E.J. Characterization of Tolypocladium Cylindrosporum (Hypocreales:
Ophiocordycipitaceae) and Its Impact Against Aedes Aegypti and Aedes Albopictus Eggs at Low Temperature. ] Am Mosq Control
Assoc 2017, 33, 184-192, doi:10.2987/16-6596R.1.

82.  Montalva, C,; Silva, J.].; Rocha, L.E.N.; Luz, C.; Humber, R.A. Characterization of Tolypocladium Cylindrosporum (Hypocre-
ales, Ophiocordycipitaceae) Isolates from Brazil and Their Efficacy against Aedes Aegypti (Diptera, Culicidae). Journal of Applied
Microbiology 2019, 126, 266-276, doi:https://doi.org/10.1111/jam.14093.

83.  Coon, K.L.; Valzania, L.; Brown, M.R.; Strand, M.R. Predaceous Toxorhynchites Mosquitoes Require a Living Gut Microbiota
to Develop. Proceedings of the Royal Society B: Biological Sciences 2020, 287, 20192705, d0i:10.1098/rspb.2019.2705.

84.  Correa, M.A.; Matusovsky, B.; Brackney, D.E.; Steven, B. Generation of Axenic Aedes Aegypti Demonstrate Live Bacteria Are
Not Required for Mosquito Development. Nat Commun 2018, 9, 1-10, d0i:10.1038/s41467-018-07014-2.

85.  Coon, K.L; Valzania, L.; McKinney, D.A.; Vogel, K.J.; Brown, M.R,; Strand, M.R. Bacteria-Mediated Hypoxia Functions as a
Signal for Mosquito Development. Proc. Natl. Acad. Sci. U.S.A. 2017, 114, E5362-E5369, d0i:10.1073/pnas.1702983114.

86.  Valzania, L.; Coon, K.L.; Vogel, K.J.; Brown, M.R.; Strand, M.R. Hypoxia-Induced Transcription Factor Signaling Is Essential
for Larval Growth of the Mosquito Aedes Aegypti. Proc Natl Acad Sci U S A 2018, 115, 457-465, doi:10.1073/pnas.1719063115.

87. Wang, Y.; Eum, ].H.; Harrison, R.E.; Valzania, L.; Yang, X.; Johnson, J.A.; Huck, D.T.; Brown, M.R.; Strand, M.R. Riboflavin
Instability Is a Key Factor Underlying the Requirement of a Gut Microbiota for Mosquito Development. Proc Natl Acad Sci U S A
2021, 118, doi:10.1073/pnas.2101080118.

88.  Valzania, L.; Martinson, V.G.; Harrison, R.E.; Boyd, B.M.; Coon, K.L.; Brown, M.R,; Strand, M.R. Both Living Bacteria and
Eukaryotes in the Mosquito Gut Promote Growth of Larvae. PLOS Neglected Tropical Diseases 2018, 12, 0006638, doi:10.1371/jour-
nal.pntd.0006638.

89.  Steyn, A, Roets, F.; Botha, A. Yeasts Associated with Culex Pipiens and Culex Theileri Mosquito Larvae and the Effect of
Selected Yeast Strains on the Ontogeny of Culex Pipiens. Microb Ecol 2016, 71, 747-760, d0i:10.1007/s00248-015-0709-1.

90. Bukhari, T.; Middelman, A.; Koenraadt, C.J.M.; Takken, W.; Knols, B.G.]. Factors Affecting Fungus-Induced Larval Mortality
in Anopheles Gambiae and Anopheles Stephensi. Malar J 2010, 9, 22, d0i:10.1186/1475-2875-9-22.

91.  Scholte, E.-J.; Knols, B.G.J.; Samson, R.A.; Takken, W. Entomopathogenic Fungi for Mosquito Control: A Review. J Insect Sci
2004, 4, 19, doi:10.1093/jis/4.1.19.

92.  Butt, T.M.; Greenfield, B.P.].; Greig, C.; Maffeis, T.G.G.; Taylor, ].W.D.; Piasecka, J.; Dudley, E.; Abdulla, A.; Dubovskiy, LM.;
Garrido-Jurado, L; et al. Metarhizium Anisopliae Pathogenesis of Mosquito Larvae: A Verdict of Accidental Death. PLoS One 2013,
8, doi:10.1371/journal.pone.0081686.

93.  Lovett, B,; Bilgo, E.; Millogo, S.A.; Ouattarra, A.K.; Sare, I.; Gnambani, E.]J.; Dabire, R.K; Diabate, A.; Leger, R.]J.S. Transgenic
Metarhizium Rapidly Kills Mosquitoes in a Malaria-Endemic Region of Burkina Faso. Science 2019, 364, 894-897, doi:10.1126/sci-
ence.aaw8737.

94.  Federici, B.A. Virus Pathogens of Culicidae (Mosquitos). Bull World Health Organ 1977, 55, 25-36.

95.  Johnson, R.M.; Rasgon, ]J.L. Densonucleosis Viruses (‘Densoviruses’) for Mosquito and Pathogen Control. Current Opinion in
Insect Science 2018, 28, 90-97, doi:10.1016/j.cois.2018.05.009.

96. Lacey, L.A. Bacillus Thuringiensis Serovariety Israelensis and Bacillus Sphaericus for Mosquito Control. ] Am Mosq Control
Assoc 2007, 23, 133-163, doi:10.2987/8756-971X(2007)23[133:BTSIAB]2.0.CO;2.

97.  Briihl, C.A; Després, L.; Fror, O.; Patil, C.D.; Poulin, B.; Tetreau, G.; Allgeier, S. Environmental and Socioeconomic Effects of
Mosquito Control in Europe Using the Biocide Bacillus Thuringiensis Subsp. Israelensis (Bti). Sci Total Environ 2020, 724, 137800,
doi:10.1016/j.scitotenv.2020.137800.

98.  Chen, ].; Aimanova, K.G.; Gill, S.S. Aedes Cadherin Receptor That Mediates Bacillus Thuringiensis Cry11A Toxicity Is Essential
for Mosquito Development. PLOS Neglected Tropical Diseases 2020, 14, €0007948, doi:10.1371/journal.pntd.0007948.


https://doi.org/10.20944/preprints202106.0504.v1

