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| 1. Introduction

Amongst arthropods, mosquitoes (Diptera: Culicidae) form a highly diversified family with more than 3601 different
species divided into two different sub-families: Anophelinae (482 species) and Culicinae (3119 species) L. Mosquitoes
are the major disease vectors worldwide with some species being able to transmit pathogens of public and veterinary
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 2. 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 . Therefore, limiting the density of vector populations below the transmission threshold (i.e., the
critical level of vector density above which the introduction of a few infectious individuals 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 Prevention (Atlanta, GA, USA) recommends their
use inside housing in order to limit malaria transmission. Such a strategy has led to a 21% decrease of malaria cases over
the world between 2012 and 2015 2. 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 pyrethroids, (iii) led to health issues, in particular when they are used indoor &
(B8], 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 [IEI10LL]

Mosquitoes are holometabolous insects meaning that they will proceed to a complete metamorphosis. After the egg has
hatched in aquatic environment, individuals will follow a post-embryonic development starting with a larval stage and a
pupal stage to finally emerge as an imago. Each stage but imago colonizes aquatic habitats. Larvae use different feeding
strategies such as filtering, suspension feeding, grazing, interfacial feeding, or predation, to acquire organic matters within
their aquatic habitats [12. They developed into four different 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 vertebrate host in order to acquire essential
amino acids required for egg maturation 3l Conversely, 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 in mosquito life cycles. Since a single mosquito female lays multiple clutches during its whole life
and since each clutch is ranging from tens to hundreds of eggs without no parental care, it is of primary importance to
manage larval habitats. For instance, An. gambiae females can delay egg laying up to 50 days in absence of suitable
breeding sites 14l 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...) 2315 As an example, the
mosquito species Aedes taeniorhynchus and Anopheles crucians tend to prefer domestic habitats and lay eggs in artificial
containers while other species such as Culiseta melanura prefer sylvatic sites and freshwater swamps 18],



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 12, Mosquitoes detect olfactory signals with their antennae, maxillary palps, and
proboscis 8. Tarsal segments of the legs, the labellum and Iabrum of the mouthparts, and the cibarium, an internal
organ, are rather important for tasting and sensing the breeding site [12. These organs contain multiporous sensory hairs
called sensilla that house olfactory sensory neurons expressing chemosensory receptors that are detecting specific
Referersdhenotypic 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
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Figure 1. Behavioral responses of mosquitoes to microbial communities within breeding sites. Gravid female mosquitoes
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7. 7. phenylethanol,
Comamonas spp [a.2x é‘;ul?ntx 101] - - attractivity/stimulation - - phenylmethanol, [40]
alkyl-pyrazines,
3

methylbutanoic

Retrieved from https://encyclopedia. pub/entry/h|story/show/30249 acid

Enterobacter asburiae [10%;107] CFUIML no resp - - - [49]

Enterobacter cancerogenus [105;107] CFU/ML ivi i i no resp - - - [49]

Enterobacter gergoviae 106 CFU/mML ivity/sti i no resp - - - [49]
108 CFU/mL no - - -

Enterobacter ludwigii 10° CFUImL vitylsti i no resp - - - 149]
107 CFU/mL no ivity/sti i - - -

2-Methyl-3-
decanol, methyl-

1-butanol, 2-
7. 7; phenylethanol,
Exiguobacterium spp [5.2x (1:(; dls.i x107] _ - attractivity/stimulation - - phenylmethanol, [40]
m! alkyl-pyrazines,
3-

methylbutanoic
acid

Lactococcus lactis 10° CFU/mL ivity/sti i no resp - - - [49]
107 CFU/mL ivitylsti i ivity/sti i - - -
2-Methyl-3-
decanol, methyl-
1-butanol, 2-
5. 7 phenylethanol,
Micrococcus. spp [7.7x (1:1:: Lyul-ix 107 - - attractivity/stimulation - - phenylmethanol, [40]
m alkyl-pyrazines,
3-

methylbutanoic
acid



Mosquito Species

Microorganisms  Species Condition/Concentration Semiochemicals References
Aedes aegypti Aedes albopictus Anopheles gambiae B N Cu!ex "
arabiensis  quinquefasciatus
2-Methyl-3-
decanol, methyl-
1-butanol, 2-

henylethanol
.9 x 107: 3.2 x 109 phenyl 3
Proteus spp [6:9x 107 3.2 x 107] - - attractivity/stimulation - - phenylmethanol, 40]
CFUImL alkyl-pyrazines,
3-

methylbutanoic

acid
Pseudomonas fulva 107 CFU/mL ivil i i no resp - - - [49]
Pseudomonas plecoglossicida 10° CFUImL no - - - [49]
107 CFUImL no resp ivity/sti i - - -

Rhizobium huautlense 10° CFUImL no resp - - - [49]
Shigella dysenteriae [10%107] CFUIML ivity/sti i no resp - - - [49]

2-Methyl-3-

decanol, methyl-
1-butanol, 2-

[2 x 108; 4 x 108] phenylethanol,
Vibrio metschnikovii . - - attractivity/stimulation - - phenylmethanol, [40]

CFU/mL N
alkyl-pyrazines,
3-
methylbutanoic
acid
Fungi Fusarium fujikuroi complex - - attractivity/stimulation - - Cedrol [43]
Fusarium falciforme - - attractivity/stimulation - -
Smittium morbosum infected larvae repellency/deterrence - - - - [48]
Candidatus near pseudoglaebosa infected larvae attractivitylstimulation - - - -
Edhazardia aedis repellency/deterrence - - - - [54]
. . . . infected larvae (12-97 . " .
Protist Ascogregarina taiwanensis trophozoites) attractivity/stimulation [48]
Trematode Plagiorchis elegans infected larvae repellencyl/deterrence - - - - [55,56]

“Attractivity” means that microorganisms elicit insect-oriented movement toward the source; “stimulation” means that
microorganisms elicit oviposition; “repellency” means that microorganisms induce insect-oriented movement away from
the source; “deterrence” means that microorganisms prevent oviposition.

Those results point out that variation in microbial communities’ composition and density shape mosquito oviposition
behavior by impacting the diversity and concentration 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.

3. Influence of Microorganisms Colonizing Water Habitats on Mosquitoes’
Premature Life History Traits

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 consequences on adult traits (see an example here [23)). In this section, we will more specifically comment the
impact of microorganisms on larval nutrition, mosquito development (including egg hatching and post-embryonic
development), and immature (eggs and larvae) survival.

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



All in 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.

Those results highlighted the major influence of microorganisms on the signal leading to larval development with
consequences on the adult traits. However, most of those effects are not specific enough and further studies are
necessary to determine to which extent microbial composition and density modulate the development of larvae.



