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1. Introduction

An ecosystem is composed of a biological community and its physical environment. A unique
ecosystem is the metazoan digestive tract, which contains and interacts with many microor-
ganisms, e.g. a single human gut contains 10"*-10" bacteria belonging to hundreds of species
[4, 5]. These microorganisms are important for the host physiology, particularly in shaping the
mucosal immune system [6] and protecting the host against infections by colonization
resistance [7].

The term microbiota defines the microbial communities that live in contact with the body
epithelia. They are composed of bacteria, viruses, yeasts and protists. To date, the bacterial
component of the microbiota is the most studied and best characterized. Studies from
Drosophila to mice have revealed that the microbial flora is tightly regulated by the immune
system and that failures in this can have detrimental effects on the host [8, 9]. The microbiota
composition and numbers undergo significant changes during a host’s lifetime, in particular
upon changes of the environment and feeding habits.

Anopheles mosquitoes are of great importance to human health. They transmit pathogens
including malaria parasites, filarial worms and arboviruses (arthropod-borne viruses). These
pathogens infect the mosquito gut when ingested with a bloodmeal, disseminate through the
hemolymph (insect blood) to other tissues and are transmitted to a new human host upon
another mosquito bite some days later. The time pathogens spend in mosquitoes is known as
extrinsic incubation period. The malaria parasite, Plasmodium, undergoes sexual reproduction
in the midgut lumen and develops into a motile form that, approximately 24h after infection,
traverses the gut epithelium establishing an infection on the basal side that is bathed in the
hemolymph [10]. A week to 10 days later, parasites travel to the salivary glands where they
become infectious to man. Similarly, after shedding their protective sheath in the mosquito
midgut lumen, the elephantiasis nematodes Wuchereria and Brugia microfilariae migrate
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through the midgut epithelium to the thoracic muscles where they embark on larval devel-
opment [11]. Some 10-14 days later, infectious larvae emerge from the mosquito cuticle or the
proboscis and infect the human host via a skin wound, such as that caused by the mosquito
bite. The O’'Nyong Nyong virus (ONNV), the only arbovirus known to be transmitted
exclusively by Anopheles, mosquitoes infects the muscle bands of the midgut and other visceral
tissues after dissemination from infected gut cells [12, 13]. The next steps of the virus migration
through the mosquito are not well characterized but it is thought that, as shown for its cousin
Chikungunya virus, itinfects the salivary glands from where it can be transmitted to the human
host. Thus, for all three types of pathogens, the Anopheles mosquito midgut is an obligatory
gateway to infection and transmission.

The mosquito gut microbiota has recently emerged as an important factor of resistance against
pathogens. In particular, midgut bacteria have been shown to have a substantial negative
impact on malaria parasite burden through colonization mechanisms involving either direct
Plasmodium-microbiota interactions or bacteria-mediated induction of the mosquito immune
response [1, 2, 14]. Equivalent effects of the microbiota on infection with the Dengue virus and
Brugia microfilariae are shown in the mosquito Aedes aegypti [15-17]. Therefore, the research
field of mosquito microbiota has received great attention in the last years and new concepts
of microbiota-mediated transmission blocking are currently investigated. These studies face
an important challenge: the microbiota of a female mosquito changes considerably as the
mosquito shift environments during metamorphosis, from the aqueous developing larva to
an air-living adult, and yet during adulthood as its feeding behaviour alternates between
flower-nectar feeding and blood feeding [18, 19]. The diversity of the bacterial community is
shown to decrease during mosquito development and after the first bloodmeal, whereas
bacteria massively proliferate, with a 10 to 900-fold increase registered 24h to 30h after a
bloodmeal [18, 20, 21].

In this chapter, we provide an overview on the current knowledge of the composition of the
Anopheles mosquito microbiota, including important findings from recent high-throughput
sequencing studies. We then review studies about the impact of the microbiota on mosquito
physiology and infection, focusing in particular on resistance to infection by human pathogens.
Finally, we discuss the potential use of this knowledge toward reducing the mosquito vectorial
capacity and transmission blocking.

2. The diversity of the Anopheles microbiota

The microbiota composition has been studied in several anophelines mainly by culturing or
sequencing of the 165 rRNA [14, 18, 20, 22-41]. Together, studies on field-collected or labora-
tory-reared mosquitoes identified as many as 98 bacterial genera excluding genera of low
abundance identified by high-throughput sequencing analyses (Table 1). Of these, 41 genera
were found in more than one Anopheles species while 9 were reported in at least 7 of these 23
studies and thus appear to be frequently associated with Anopheles. Pseudomonas was the most
frequent of those genera, detected in 16 studies, followed by Aeromonas, Asaia, Comamonas,
Elizabethkingia, Enterobacter, Klebsiella, Pantoea and Serratia, detected in 7-10 studies. No single
bacterial genus was found in all the studies, even if culture-dependent studies are not consid-
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ered — as culturing techniques might be an issue. Thus, there is presumably no obligate
symbiont in the Anopheles genus, as is the case of some other blood-sucking insects such as the
Tsetse fly that hosts Wigglesworthia spp., an obligatory bacterial symbiont important for fly
fecundity [42] or the head louse that hosts Riesia pediculicola [43]. As the most frequent genera
are present in both laboratory and field-collected mosquitoes, it is suggestive that laboratory
colonies retain bacterial communities established prior to laboratory colonisation (Table 1 and
[18]). There are, however, substantial differences between field-collected and laboratory-
reared mosquitoes, as reflected by the loss of microbiota species richness in laboratory-reared

mosquitoes [18, 22].

Actinobacteria
Genus Family Class Example Condi- stag Anopheles  |Deep |6, 4, o (NOD-
tions species seq culture
Agromyces Microbacteriaceae |Actinobacteria [JX186590 [F* L gambiae [17]
Brevibacterium Brevibacteriaceae |Actinobacteria |FJ608062 |F L stephensi [38]
Corynebacterium | Coynebacteria- |y opacteria |GQ100703 |, F* [ |funestus, [17, 36]
ceae gambiae
Janibacter Intrasporangiaceae |Actinobacteria |NR_043218 |F A arabiensis [22]
Kocuria Micrococcaceae Actinobacteria [HQ591424 |F L stephensi [23]
Microbacterium Microbacteriaceae |Actinobacteria |HQ591431 |F, L L gamb/ae,' [11, 23]
stephensi
Micrococcus Micrococcaceae Actinobacteria |FJ608230 |F, L A gamb/ae,' [38, 37]
stephensi
Propionibacterium | roPionibacteria- | o pacteria |GQ003306 |F, F* | |funestus, [17, 36]
ceae gambiae
Rhodococcus Nocardiaceae Actinobacteria |AY837749 |F LA arab/enstg [22, 23]
stephensi
Bacteroidetes
coustani,
Chryseobacterium Flavobacteriaceae |Flavobacteriia |HQ591432 |F, F*, L LP funes{us, [17, 36] (11, 38, [38]
A gambiae, 23]
stephensi
Dysgonomonas 'sgg; hyromonada- Bacteroidia FJ608061 |F L stephensi [38]
Elizabethkingia Flavobacteriaceae |Flavobacteriia |EF426434 |F+ L |a  [92M088, 1147 541|122, 377 |138 27
stephensi 32]
albimanus,
Flavobacterium Flavobacteriaceae |Flavobacteriia F, L A funes{us, [19] [30]
gambiae,
stephensi
Flexibacteraceae Cytophagia FJ608195 [F stephensi [38]
Myroides Flavobacteriaceae |Flavobacteriia [HQ832872 |(F L, A |stephensi [23]
Prevotella Prevotellaceae Bacteroidia JN867317 [F* gambiae [21]
Sediminibacterium Chitinophagaceae gphmgp- FJ915158 |F* gambiae [21]
acteriia
Sphingobacterium | SPhingobacteria- | Sphingo- EF426436 |L P,A |gambiae [35]
ceae bacteriia
Firmicutes
arabiensis,
i . - funestus, [11, 38, |[38, 27,
Bacillus Bacillaceae Bacilli AY837746 |F, L LA gambiae (ss, 22,241 |30]
sl), stephensi
Clostridium Clostridiaceae Clostridia JN391577 |F* L gambiae [17]
funestus,
Enterococcus Enterococcaceae |Bacilli HQ591441 |F L, A |gambiae, [36] [23]
stephensi
. . Bacillales Family - .
Exiguobacterium XII. Incertae Sedis Bacilli HQ591439 |F L stephensi [38, 23]
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Lactobacillus Lactobacillaceae  |Bacilli FJ608053 |F,F* |[L, A |98Mbiae, 7] [38]
stephensi
Lysinibacillus Bacillaceae Bacilli GU204964 |F L |maculipennis, [24]
stephensi
Paenibacillus Paenibacillaceae  |Bacilli EF426449 |F A |2rabiensis, 138, 22]
stephensi
funestus,
gambiae, 25, 38
Staphylococcus Staphylococcaceae |Bacilli FJ608067 |F, F*, L|L, A [maculipennis, ([21, 36] 401’ ’ 1[38, 26]
quadrimacula-
tus, stephensi
funestus,
Streptococcus Streptococcaceae |Bacilli FJ608047 |F, F* |L, A |gambiae, [21, 36] [38]
stephensi
Proteobacteria
Acetobacter Acetobacteraceae Alpha- . L A |stephensi [26]
proteobacteria
Achromobacter Alcaligenaceae Beta- . |FJ608301 |F A stephensi [38]
proteobacteria
Acidovorax Comamonadaceae Beta- . |AY837725 |F A arabiensis [22]
proteobacteria
albimanus,
Acinetobacter Moraxellaceae Gamma- 08067 |F F* L|L, A |fUNeSIUS, (17,21, 119, 38] |[38, 26]
proteobacteria gambiae, 36]
stephensi
coustani, dar-
lingi, funes-
Aeromonas Aeromonadaceae Gamma- . |FJ608130 |F, F*, L|L, A |tus, gambiae, |[17, 36] 19, 38, [22, 33]
proteobacteria . ) 23, 24]
maculipennis,
stephensi
Agrobacterium Comamonadaceae Beta- . |FJ607997 |L A stephensi [38] [38]
proteobacteria
Alcaligenes Alcaligenaceae  |2°te" |Has32875 [F | [|lumestus, 23 |130]
proteobacteria stephensi
Anaplasma Anaplasmataceae Alpha- . |AY837739 |F A arabiensis [22]
proteobacteria
Burkholderiales Beta-
Aquabacterium Genera incertae . F A |gambiae [26]
" proteobacteria
sedis
coustani,
funestus,
Asaia Acetobacteraceae |/Pha- _ |FN821398 |F F*, L|L, A |gambiae, 121, 36] |1 267 126, 28]
proteobacteria ) . 28, 37]
maculipennis,
stephensi
Azoarcus Rhodocyclaceae  |P°t8- _ |FJs08071 |F L |stephensi [38]
proteobacteria
Bordetella Alcaligenaceae  |P°t@ _ |HQs32874 |F A |stephensi [23]
proteobacteria
Bradyrhizobium Bradyrhizobiaceae Alpha- . |AB740924 |F* A gambiae [21]
proteobacteria
Brevundimonas Caulobacteraceae |APha- _ |cuz204962 |F L, A |funestus, 241 1301
proteobacteria stephensi
Burkholderia Burkholderiaceae |B8- _|av3o1283 |F e L|a |92mbiae, 21] 126, 27]
proteobacteria stephensi
Buttiauxella Enterobacteriaceae Gamma- . F A darlingi [33]
proteobacteria
Gamma- funestus,
Cedecea Enterobacteriaceae . |DQ068869 |F, F*,L|A |[gambiae (ss, [[21] [19, 29] ([30]
proteobacteria .
sl), stephensi
Citrobacter Enterobacteriaceae | C2™™3 |Fi608234 |F A |deringi B8] |[33]
proteobacteria stephensi
dureni, funes-
Comamonas Comamonadaceae | 58" _|EFa26a40 |FF* |p A |lus gambiae, |5 54 1[38, 35, 14,
proteobacteria quadrimacula- 39, 40]

tus, stephensi
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Delftia Comamonadaceae |58 _ |EFazesa3s L P |gambiae 35]
proteobacteria
Ehrlichia Anaplasmataceae Alpha- . F A |arabiensis [22]
proteobacteria
albimanus,
~ darlingi, [11, 38,
Enterobacter Enterobacteriaceae Gamma . |HQ832863 |F, F*, L|L, A |funestus, [17] 23, 30, 38, 23,
proteobacteria . 26]
gambiae (ss, 31]
sl), stephensi
darlingi,
. . Gamma-
Erwinia Enterobacteriaceae . |FJ816023 |F, L A [funestus, [37] [30, 33]
proteobacteria .
gambiae
arabiensis,
Gamma- darling, [11, 38
Escherichia-Shigella |Enterobacteriaceae . |FJ608223 |F, F*, L|A funestus, [21, 36] » 77730, 33]
proteobacteria ) 30]
gambiae (ss,
sl), stephensi
Ewingella Enterobacteriaceae Gamma- " L A stephensi [25]
proteobacteria
Gluconacetobacter |Acetobacteraceae Alpha- . |[FN814298 |F*,L |A |gambiae [21] [27]
proteobacteria
Gluconobacter Acetobacteraceae Alpha- . F L A funestus,' [26, 30]
proteobacteria stephensi
Herbaspirillum Oxalobacteraceae |Bet@ _|Fusoste2 |F L |a [gambiae, M1 |38
proteobacteria stephensi
Beta- . gambiae (ss,
Hydrogenophaga Comamonadaceae proteobacteria FJ608063 |F, F L sl), stephensi [17] [38, 30]
Ignatzschineria Xanthomonada- |Gamma- ~ 1ci608103 |F |L  |stephensi 138]
ceae proteobacteria
darlingi,
. . Gamma- " funestus, [23, 30, |[38, 30,
Klebsiella Enterobacteriaceae proteobacteria HQ591433 |F, F*, L|L, A gambiae (ss, [17] 37,39] |33]
sl), stephensi
Kluyvera Enterobacteriaceae | S2Mma- F funestus, ror 1301
proteobacteria gambiae
Leminorella Enterobacteriaceae Gamma- . |FJ608283 |F A stephensi [38]
proteobacteria
Burkholderiales Beta-
Leptothrix Genera incertae . |FJ608083 |F L stephensi [38]
. proteobacteria
sedis
Morganella Enterobacteriaceae Gamma- . F A |gambiae s/ [30]
proteobacteria
Methylobacterium | Methylobacteria- | Alpha- | \pazao46 [F Fx [a  |funeStus, 21, 36]
ceae proteobacteria gambiae
. . Beta- . .
Methylophilus Methylophilaceae protecbacteria FJ517736 |F P gambiae [17]
Neisseria Neisseriaceae Beta- . |[JX010905 |F* A |gambiae [21]
proteobacteria
Novosphingobium | SPhingomonada- | Alpha- |Ux222980 |F*  |A  |gambiae 7]
ceae proteobacteria
albimanus™,
darlingi, funes-
Pantoea Enterobacteriaceae Gamma- . |JF690934 |F L L, A |tus, gambiae [11, 19, 1138, 30,
proteobacteria . 24, 35] |33]
(*) (ss, si),
stephensi (*)
Pelagibacter SART1 cluster (no |Alpha-  {x0340043 |F+ |A |gambiae 7]
family) proteobacteria
Phenylobacterium Caulobacteraceae Alpha- . F A |gambiae [26]
proteobacteria
Phytobacter Enterobacteriaceae Gamma- " L A gambiae [11]
proteobacteria
Porphyrobacter Erythrobacteraceae Alpha- JQ923889 |[F* L gambiae [17]

proteobacteria
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albimanus,
darlingi, dure- (11,19
ni, funestus, 22_’2 4 ’
Pseudomonas Pseudomonada- Gamma-  |eFazeaas | v L L, P, |[gambiae (ss, [17, 21, 29, 35, [38, 26,
ceae proteobacteria A sl), maculi- 36] 38 39 30, 33]
pennis, qua- 40i !
drimaculatus
stephensi
Rahnella Enterobacteriaceae | C2MMa" 16204974 |F L |stephensi [24]
proteobacteria
Ralstonia Burkholderiaceae Beta- . |AY191852 |F* A gambiae [21]
proteobacteria
Raoultella Enterobacteriaceae Gamma> . |HQ811336 |F* A |gambiae [17]
proteobacteria
Rhizobium Rhizobiaceae Alpha- _ |D@s14410 |F*  |L  |gambiae [17]
proteobacteria
Salmonella Enterobacteriaceae Gamma- . F funest‘us, [30]
proteobacteria gambiae sl
Schlegelella Comamonadaceae Beta- . |FR774570 |F* A |gambiae [21]
proteobacteria
albimanus,
dureni, (11,19
. . Gamma- " gambiae, o
Serratia Enterobacteriaceae . |FJ608101 |F, F*, L[L, A ) . |17, 21] |25, 31, |[38]
proteobacteria maculipennis,q| 37-40]
uadrimacula-
tus, stephensi
Shewanella Shewanellaceae  |C2™Ma  |os01421 |F L |stephensi [23]
proteobacteria
Sphingobium Sphingomonada- |Alpha- 511940735 |F+ |A  |gambiae 171
ceae proteobacteria
Sphingomonada- | Alpha- funestus,
Sphingomonas . |GU204960 |F, F*, L|L, A |gambiae, [21, 36] [[11, 24] ([26]
ceae proteobacteria .
stephensi
Xanthomonada- Gamma- arabiensis,
Stenotrophomonas . |EF426435 |F, F* |A funestus, [17, 21] |[35] [22, 30]
ceae proteobacteria !
gambiae
Thorsellia Enterobacteriaceae |C2MM8 INR 043217 |F, F* L, A |9ambiae, 171 |38, 221 |138, 34]
proteobacteria stephensi
Vibrio Vibrio Gamma- 608116 |F L, A |arabiensis 138, 22]
proteobacteria
. Gamma- .
Xenorhabdus Enterobacteriaceae . |FJ608329 |F A stephensi [38]
proteobacteria
Yersinia Enterobacteriaceae Gamma- . F A darlingi [33]
proteobacteria
Zymobacter Halomonadaceae Gamma- . |FR851711 |F A funestlus, [36]
proteobacteria gambiae
Others
Bacillariophyta " .
(Eukaryota: Diatom) JQ727029 (F L gambiae [17]
Chiorophyta (green EF114678 |F* |L |gambiae 7]
algae)
alothrix ivulariaceae no data 5 stephensi
Calothri; Rivulari d FJ60809 F L hensi 38
Deinococcus Deinococcaceae Deinococci FJ608089 = stephensi [38] [38]
Mycoplasma Mycoplasmataceae |Mollicutes AY837724 |F A arabiensis [22]
Spiroplasma Spiroplasmataceae |Mollicutes AY837733 |F A funestus [22]
Cyanobacteria-Gpl HM573452 |F* P gambiae [17]
Cyanobacteria-Gplla JQ305084 [F* L gambiae [17]
Cyanobacteria-GpV AB245143 |F* L gambiae [17]
Fusobacterium Fusobacteriaceae |Fusobacteriia |JX548360 |F* A gambiae [17, 21]

Table 1. List of bacterial genera associated with Anopheles mosquitoes reported in the following studies: [11, 17, 19,
and 21-40]. For high-throughput sequencing studies; only genera found to represent at least 1% of the total
population in at least one study/condition are listed. Genera are classified by phyla, which are indicated in bold. In
column “Conditions”, F, F* and L indicate field, semi-natural and laboratory conditions, respectively. In column
“Stage”, L, P and A indicate larvae, pupae and adults, respectively. Column “Example” shows NCBI accession number
of a sequence example for each genus (first hit after BLAST). Columns “Deep seq”, “Culture”, “Non culture” list studies
based on 16S rRNA gene deep sequencing, culture-dependent methods, conventional sequencing (including 16S
rRNA gene libraries and DGGE) and gas chromatography, respectively. In the line “Pantoea”, * refers to what was
identified in [19] as Enterobacter agglomerans, since then renamed Pantoea agglomerans.
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Three metagenomics studies were recently carried out using 16S RNA from bacteria found in
the Anopheles gut [18, 22, 37]. Wang and co-workers examined the microbiota composition
throughout the mosquito life cycle, using a laboratory colony of A. gambiae mosquitoes (the
main vector of malaria in sub-Saharan Africa) reared in semi-natural microcosms in Kenya
[18]. The microcosms contained local rainwater and topsoil and were kept outside to allow
microbial colonization. Boissiere and co-workers investigated the microbiota of adult A.
gambiae mosquitoes in Cameroon and how these microbiota may be related to Plasmodium
infection [22]. They collected larvae from the field, reared them to adulthood in the laboratory
and monitored the microbiota composition of individual mosquitoes 8 days after infection
with Plasmodium falciparum sampled directly from gametocytemic patients. Finally, Osei-Poku
and co-workers collected adult mosquitoes in Kenya and analysed the microbiota of individual
mosquitoes of 8 different species, including 3 species of Anopheles (A. coustani, A. funestus and
A. gambiae) [37].

These studies led to 5 main observations. First, the microbiota diversity is high: when defining
species as OTUy, vi.ys', Wang et al. detected more than 2,000 species in a pool of 30 adult A.
gambiae [18]. The highest diversity was registered in larvae and pupae, with an estimate of
4,000-8,000 species in a pool of 30 individuals of each stage. Diversity decreased during
adulthood to 2,000-4,000 species upon emergence and dropped further to 600-900 species after
a bloodmeal. As all of these high-throughput sequencing studies used bacterial DNA, which
is a very stable molecule, an important question is whether these results genuinely reflect the
Anopheles gut communities or include environmental contaminants. By direct sampling of the
larval aquatic environment, Wang et al. indeed showed that the microbial communities
differed from those in the larvae, suggesting that — at least in this study — bacteria were able
to persist in, if not colonise, the mosquito host (Figure 1A).

Second, this diversity is partially explained by significant diversity within a single mosquito
[22, 37], varying from 5 to 71 OTUsyy, v; per individual (median: 42 OTUsy,s, y3) [37]. Diversity
is higher than what observed by metagenomics studies in other insects such as the honeybee
which hosts 8 dominant species (OTUy;, vs.vs), the estimated species richness within a colony
being 9-10 [44], and Drosophila where 31 OTUsy,,, \,, were observed in a pool of 50 females [45].
Nevertheless, a single OTUg,, y; represents on average 67% of a mosquito bacterial community
and the median mosquito gut species richness is only 17% to that of humans, where an
individual hosts 150-300 OTUsggy, whole 165 [4, 37]-

Third, another component of the observed biodiversity lies within the high variability in
microbial communities between individuals. This is quantified by calculating the UniFrac
distance between mosquitoes. UniFrac varies from 0 when two mosquitoes have exactly
the same microbiota to 1 when there is no phylogenetic overlap between the microbiota of
two mosquitoes. The mean UniFrac distance between individuals is high, 0.72 and 0.74 in
A. funestus and A. gambiae, respectively [37]. This variability is almost as high between
Anopheles individuals of the same species as between mosquitoes of different species and/or
genera [37].

1 Asnot all the studies were based on the same region of 16S or the same threshold of differences, we refer here to OTU97%,
V1-V3 as the operational taxonomic unit with more than 97% identity in the V1-V3 regions of 165 rRNA gene sequences.
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Figure 1. Anopheles microbiota and environment. A: Abundance of bacterial genera in larval habitat and in larvae
found in [17]. B, C: Natural habitat of A. gambiae. Permanent habitats such as rice fields (B) are colonized with M mo-
lecular form of A. gambiae and temporary water ponds (C) with S plus M forms (mostly S). D, E: Mosquitoes feeding on
Senna siamea flowers (D) and papaya fruit-Carica papaya (E).

Fourth, the microbiota composition partly reflects the larval origin but bacteria acquired
during adulthood may affect the microbiota composition to the extent that the geographic
origin cannot be traced. Osei-Poku and co-workers did not observe any correlation between
geographic location and microbiota composition in their Kenyan adult collections [37]. This is
in sharp contrast to the Boissiére et al. observations that microbiota were more similar between
adults derived from larvae breading in the same pond than between adults derived from larvae
of different geographic origins [22]. These results are, however, not contradictory if we
consider differences in experimental designs of these studies. The latter study focused almost
exclusively on bacteria transmitted from larvae to adults since larvae from the field were
sampled and adults where fed with sterile sugar upon emergence, while the former study
additionally sampled bacteria acquired during adulthood, and related to presumably diverse
adultlife histories. Together, these studies suggest that the acquisition of new strains of bacteria
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during adulthood can potentially increase the inter-individual diversity and mask similarities
linked to the larval origin. However, this hypothesis requires further investigation, as mos-
quitoes from the two geographical origins reported in the Boissiere et al. study belonged to
the M and S molecular forms of A. gambiae, respectively, which are thought to be emerging
species breading in different types of aquatic environments, i.e. permanent and temporary
(rain-dependent) water pools, respectively (see Figures 1B, C) [22]. These environments are
likely to contain different microbiota that largely determine the mosquito enterotype. Addi-
tionally, genetic differences between the two molecular forms may also partly account for the
observed differences in microbiota composition.

Fifth, when considering the Plasmodium infection status, Boissiere and co-workers found that
the abundance of bacteria of the Enterobacteriaceae family was higher in P. falciparum-infected
mosquitoes than in non-infected mosquitoes fed with the same infectious bloodmeal. This
observation may indicate that Enterobacteriaceae favour P. falciparum infection or, conversely,
that P. falciparum infection influences the composition of microbiota to the benefit of Entero-
bacteriaceae [22].

3. Bacterial colonization of mosquitoes

In addition to metagenomics studies, factors determining the composition of the adult
mosquito microbiota were also investigated by conventional methods. Evidence that mosqui-
toes are colonized by bacteria both found in the environment and transmitted between
individuals or developmental stages was revealed, but the relative contribution of these
transmission routes to the microbiota diversity remains largely unknown. Laboratory studies
investigated the vertical (from parent to progeny), transstadial (between developmental
stages) and horizontal (between individuals of the same stage) transmission of specific
bacterial strains. In particular, horizontal transfer of Asaia sp. is found to occur both by feeding
and by mating (from male to female), but it is yet unclear whether vertical transmission occurs
via egg spreading or by contamination of the environment during egg-laying [27]. Transstadial
transmission of Pantoea stewartii is shown to occur from larvae to pupae but not from pupae
to adults [36]. This is likely due to gut sterilization during metamorphosis; bacterial counts are
high in the gut of fourth instar larvae, decrease after final larval defecation, increase again
during pupal development and are very low or null in newly emerged adults [46].

Two mechanisms are thought to be involved in gut sterilization during adult emergence [46].
Firstly, bacteria are enclosed in the degenerated larval midgut, the meconium, enveloped by
2 meconial peritrophic matrixes and egested during molting. Secondly, during emergence,
adults ingest exuvial liquid that has bactericidal properties. Nevertheless, sterilisation is
thought to be incomplete, thus allowing some direct transmission from pupae to adults [46]
and being responsible for the contribution of the larval/pupal breading sites to the adult
microbiota, as mentioned earlier [22]. Moreover, emerging adults have been reported to ingest
water and uptake bacteria during or shortly after emergence, with colonization efficiencies
depending on the bacterial strains, e.g. Elizabethkingia anophelis (previously thought to be E.
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meningoseptica) is more successful than Pantoea stewartii [33, 36]. During adulthood, mosquitoes
take sugar-meals of floral and extra-floral nectar, sap, ripe fruit and honeydew (Figure 1D,
E) [47-49]. These meals potentially provide new bacterial species and are likely to affect the
relative growth of existing species or strains depending on their properties, such as the
concentration of each sugar type, typically glucose, fructose or gulose [50]. This might well be
the case for Asaia and Gluconacetobacter, two genera usually found in flowers, and which have
been identified as part of the adult Anopheles microbiota [22, 27].

The Anopheles tissue specificity of Asaia sp. was studied using a bacterial strain expressing GFP
(green fluorescent protein) [27]. Asaia was found in the female gut and salivary glands, two
tissues of particular interest to vector biology, but also in the male reproductive tract and the
larval gut, which are potentially important tissues for the bacterial spread [27]. The microbiome
of Anopheles other tissues than the gut has not yet been characterized. Interestingly, Wolbachia
sp., a maternally transmitted intracellular bacterium able to colonize multiple tissues in other
insects, has not yet been found in any Anopheles species. This is of particular interest, as this
endosymbiont colonizes around half of the insect species including several Culex and Aedes
mosquito species [51]. Reasons for the apparent incompatibility between Anopheles and
Wolbachia are unknown, but the generation of Wolbachia-infected Anopheles colonies is currently
being pursued. Laboratory infection has been achieved for Ae. aegypti [52, 53], where Wolba-
chia is a promising candidate for reducing the vector competence (see below). To our knowl-
edge, no endosymbiont has been described in Anopheles to date.

Non-bacterial members of the Anopheles microbiota are poorly understood. Such studies are
of special interest, as these microorganisms can potentially interact directly with the
bacterial microbiota as well as the human pathogens and are likely to affect the mosquito
physiology. An initial study, based on sequencing a 18S-library, identified 6 fungal clones
related to Candida sp., Hanseniaspora wvarum, Pichia sp., Wallemia sebi, Wickerhamomyces
anomalus and uncultured fungi in laboratory-reared A. stephensi [54]. W. anomalus is also
found in wild and laboratory-reared A. gambiae [55]. TEM observation of mosquito tissues
revealed the presence of yeasts in the female midgut and of actively dividing yeasts in the
male gonoduct of A. stephensi [54, 55].

4. Impact of microbiota on Anopheles physiology and pathogen
transmission

The studies reviewed above suggest that Anopheles mosquitoes do not host any particular
obligate symbiont. However, bacteria as a whole appear to be essential for mosquito physiol-
ogy. In particular, it has not been possible to date to maintain Anopheles colonies on conven-
tional laboratory diet in axenic conditions. In addition, A. stephensi larval development is
slowed down in the presence of antibiotics and putatively blocked at the 3™ or 4" instar, but
an antibiotic-resistant strain of Asaia is sufficient to revert this effect [56]. Although the
mechanism involved in this dependence is unknown, several lines of experimental evidence
point to the important nutritional role of gut commensals. First, the development of aseptic
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A. stephensi mosquitoes was achieved from sterilized eggs to adults in a custom aseptic medium
[57], although no mention is made about adult fertility under these conditions. Second, a delay
in the development was also observed in Drosophila melanogaster raised in axenic conditions
under protein deprivation, which was rescued by the addition of live Lactobacillus plantarum
in the fly medium [58]. L. plantarum was shown to promote larval growth under poor dietary
conditions by enhancing nutrient sensing in a TOR-dependent manner, thus acting on
ecdysone and insulin-like-peptide pathways [58]. Third, larval mortality was reported in the
clothing louse deprived of its bacterial symbionts and can be avoided by supplementing the
blood with B-vitamins ({3-biotin, pantothenate and nicotinic acid) [59]. The Anopheles micro-
biota may also participate in metabolism, as adult mosquitoes fed with radiolabelled-Glycine
Pseudomonas displayed radioactive signal throughout their body [40]. Interestingly, Plasmodi-
um oocysts and sporozoites developing in these mosquitoes also contained radioactive
compounds, suggesting that bacteria also participate in parasite nutrition [40].

Anopheles females appear to also sense bacterial presence in the water, which influences
oviposition in a bacterial strain dependent manner [60]. The underlying stimuli are not known
but they are likely semiochemicals, i.e. messenger molecules produced by bacteria [60]. A
principal component analysis of volatiles emitted by 17 bacterial strains, including 6 oviposi-
tion-inducing strains, failed to identify compounds shared between all oviposition-inducing
bacterial strains, suggesting that such semiochemicals are acting as cocktails [60].

An aspect of the Anopheles microbiota that received great interest recently is the colonisation
resistance effect towards Plasmodium infection, as depicted in Figure 2. First, bacterial growth
after a bloodmeal is reported to trigger an immune response via the Inmune-deficiency (Imd)
pathway, which causes synthesis of antimicrobial peptides and other immune effectors [2].
These effectors target bacterial populations in the mosquito midgut and exert antiparasitic
effects. Second, an Enterobacter strain (EspZ) isolated from wild A. arabiensis mosquitoes is
shown to directly affect Plasmodium development in the mosquito gut via elevated synthesis
of ROS (reactive oxygen species) [1]. Third, microbiota-dependent immune priming is reported
upon Plasmodium infection. This effect protects mosquitoes from subsequent Plasmodium
infections and is likely to be mediated by hemocyte differentiation [3].

As mentioned above, Anopheles mosquitoes are also vectors of filarial worms and ONNV
(anophelines are also secondary vectors of West Nile virus). The effect of gut microbiota on
infection with these pathogens has not been thoroughly investigated to date, but feeding A.
quadriannulatus with an antibiotic/antimycotic mixture is shown to increase Brugia malayi
infection [61]. In Ae. aegypti, antibiotic treatment increases the susceptibility of mosquitoes to
Dengue virus via a decrease in antimicrobial gene transcription [53]. This can be reverted by
addition of bacterial strains such as Proteus sp. and Paenibacillus sp. [62]. The role of Anopheles
microbiota upon viral infections is still unclear, but our unpublished observations suggest that

antibiotic treatment of A. gambiae increases significantly the prevalence of infection with
ONNV.

Vertically-transmitted Wolbachia endosymbionts are under special focus as promising candi-
dates to stop pathogen transmission. Research in this field has advanced in Ae. aegypti, where
stable infections of Wolbachia strains have been established in laboratory colonies [52, 53]. The
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Figure 2. Mechanisms of colonization resistance conferred by Anopheles microbiota against Plasmodium infec-
tion. 1 — Direct effect via synthesis of ROS by the Enterobacter EspZ strain [1]. 2 — Indirect effect via induction of NF-
KB antibacterial responses that have antiparasitic effects [2]. This is likely to be the most general mechanism. 3 —
Induction of hemocyte differentiation by unknown soluble hemolymph factors during Plasmodium infection, which
has a priming effect against asubsequent Plasmodium infection [3].

fast growing wMelPop strain of Wolbachia halves the mosquito lifespan, thus potentially
affecting the capacity of mosquitoes to transmit pathogens with long extrinsic incubation
periods [52]. It also induces a constitutively elevated immune response that negatively impacts
on the infection prevalence and intensity of Brugia pahangi microfilariae, Chikungunya and
Dengue viruses and the avian parasite Plasmodium gallinaceum [15, 17]. wAlbB and wMel,
which naturally infect the Asian tiger mosquito Aedes albopictus and D. melanogaster, respec-

tively, also render Aedes mosquitoes resistant to Dengue virus when introduced into laboratory



The Anopheles Mosquito Microbiota and Their Impact on Pathogen Transmission
http://dx.doi.org/10.5772/55107

populations [16, 63, 64]. Moreover, wMel is shown to successfully spread into wild Ae.
aegypti populations in North-Eastern Australia [65] and is a strong candidate for Dengue
biocontrol. When injected into Anopheles mosquitoes, Wolbachia seems to positively or nega-
tively impact on Plasmodium infection depending on the Wolbachia/Plasmodium strain/species
combination [66-68].

The immune system of Anopheles is known to control the microbiota population, by both
resistance and tolerance mechanisms. On the one hand, the Imd pathway is shown to control
the midgut bacterial numbers, especially after a bloodmeal [2], together with the production
of ROS [21]. The melanization reaction might also contribute to limiting the bacterial numbers,
as shown in the hindgut of the silkworm Bombyx mori [69]. On the other hand, induction of the
Duox-IMPer (Dual oxidase - Immunomodulatory peroxidase) pathway after abloodmeal leads
to the formation of a dityrosine-linked mucus layer in the space between the peritrophic
membrane and the midgut epithelium that reduces the permeability to immune elicitors. This
tolerance mechanism leads to increased bacterial and Plasmodium loads [21]. Interestingly, such
protection from oxidative stress is also identified in Ae. aegypti, where blood heme induces a
protein kinase C-dependent mechanism leading to decreased ROS production and bacterial
proliferation [70]. In Drosophila, several negative regulators of the Imd pathway are involved
in tolerance to gut bacteria, but equivalent tolerance mechanisms have not yet been described
in Anopheles. In particular, PGRP-LB and PGRP-SC1A/B degrade peptidoglycan into non-
immunogenic fragments and Pirk downregulates the activity of the PGRP-LC and PGRP-LE
receptors [71-76]. Orthologs of these regulators PGRPs, but not of Pirk, are present in Anoph-
eles [77, 78].

In several insect species, microbiota are shown to also impact on host behavior. Notably,
Drosophila mating preference is influenced by the microbiota composition [79]. Klebsiella
oxytoca is proposed as a probiotic able to rescue the loss of copulatory performance that follows
male sterilization by irradiation in medfly (Ceratitis capitata), by restoring the Klebsiella/
Pseudomonas ratio to its normal levels [80]. In termites, a Rifampicin treatment is shown to
reduce the queen oviposition rate and to decrease longevity and fecundity of termite repro-
ductives [81]. As Anopheles mosquitoes are able to sense the presence of bacteria in water as
well as on human skin and modulate their oviposition rate and feeding behavior accordingly
[60, 82], the microbiota composition could also influence the mosquito social and/or repro-
ductive behavior and feeding preference. This may prove to be of particular importance to
vector control.

5. Potential exploitations to reduce Anopheles vector competence

Reduction of the Anopheles competence to transmit human pathogens, especially malaria, will
have great implications on public health. Any perspective of reducing vector competence
should affect at least one of the parameters of the Ross-McDonald model of disease transmis-
sion [83]. These parameters include the mosquito-to-man ratio, the mosquito biting rate, the
probability of successful man-to-mosquito and mosquito-to-man transmission, the mosquito
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daily survival probability, the days needed for the parasite in the mosquito to become infective
and the daily rate at which humans become non-infectious to mosquitoes. From studies carried
out to date and reviewed in preceding sections, it is evident that the mosquito microbiota can
potentially affect most of these parameters except those referring only to disease progression
in the vertebrate host. The most important of these parameters are mosquito longevity, feeding
behavior and capacity to support pathogen development and/or replication.

A direct way to reduce vector competence using our current knowledge of the Anopheles
microbiota would be to use bacterial strains that are naturally incompatible with pathogen
development and/or replication. Potential candidates are either natural microbiota such as the
EspZ strain of Enterobacter that causes resistance to Plasmodium [1] or artificially introduced
bacteria such as Wolbachia, which apparently induce a wide spectrum of resistance to human
pathogens [15]. The great advantage of the latter is its ability to spread into populations by
manipulating insect reproduction in several ways. In particular, Wolbachia induces death of
young embryos laid by Wolbachia-free females mated with infected males; Wolbachia-infected
females are always fertile independently of the male infection status [84]. This so-called
cytoplasmic incompatibility confers a reproductive benefit to Wolbachia-infected females and
leads to propagation of Wolbachia even if it bears small fitness cost to the host, including
reduced fecundity (discussed in [85, 86]). The challenge of this approach is the fact that
Wolbachia and Anopheles seem to be incompatible in nature and introduction of the endosym-
biont in laboratory colonies of Anopheles has not yet been achieved. Screening of Wolbachia
strains able to infect the Anopheles reproductive tissues, when cultured ex vivo, has been
reported [87]. Alternatively, preadaptation of Wolbachia strains by long-term culturing in
mosquito cell lines has been suggested as a strategy to infect new hosts, as shown successfully
for Aedes [52, 88]. As previously reported in Aedes [15-17], Wolbachia might impact both on
mosquito longevity and successful development and/or replication of all three taxa of
Anopheles-borne pathogens, i.e. Plasmodium, viruses and nematodes.

An alternative approach is paratransgenesis, the introduction of genetically modified
bacteria into the vector, which would confer resistance to pathogens. Pantoea agglomerans,
a natural Anopheles symbiont, is a candidate for this approach and has been successfully
engineered to express and secrete proteins that either inhibit midgut invasion by Plasmodi-
um, such as [EPIP], (Plasmodium enolase-plasminogen interaction peptide) that competes
with Plasmodium EPIP for plasminogen binding, or by directly targeting the parasite, such
as the scorpion-derived antiplasmodial scorpine [89, 90]. Green fluorescent protein (GFP)-
tagged P. agglomerans persists and grows in the Anopheles gut, while transgenic P. agglomer-
ans confers resistance against P. falciparum infection in both A. stephensi and A. gambiae
without affecting the mosquito lifespan [90]. Applicability to more than one mosquito
species is particularly advantageous for a transmission blocking approach. Asaia has also
been proposed as a candidate for paratransgenesis, as it is quite frequent in Anopheles
microbiota and can be successfully transformed [27]. Interestingly, this genus has been
found in all of the 30 individuals assessed in the metagenomics study of Boissiere et al.
suggesting that it can easily spread into field populations [22]. Asaia can be transmitted
both horizontally and vertically presenting an additional advantage for the spread of a
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transgenic strain into mosquito populations [27]. The introduction of such microbiota into
mosquito populations could be achieved by using baiting stations, i.e. clay jars containing
cotton balls soaked with sugar and bacteria, around malaria endemic villages, but this
approach requires further investigation [90].

Finally, transmission-blocking interventions could involve drugs or other interventions that
would impact on the microbiota, thus affecting mosquito homeostasis and efficiency of
pathogen development. For example, the effects of antibiotics in the human blood could
significantly impact the mosquito microbiota upon blood feeding, indirectly influencing
mosquito physiology and infection with pathogens. Depending on its spectrum, an antibiotic
could influence the microbiota composition and thus have a positive or negative impact on
pathogen development and/or replication.

6. Conclusion

Recent high-throughput sequencing studies of the Anopheles microbiota have revealed the
extent of the microbiota diversity, mostly in field or semi-natural conditions. A diverse range
of bacteria is able to colonize the Anopheles gut, and there is a vast diversity of microbiota
between mosquitoes. To some extent, this diversity needs to be considered at the bacterial
strain level, as different strains of one species may have diverse effects on the mosquito
physiology and other microbes of the gut ecosystem. Although bacteria may be the most
abundant and important members of the gut microbiota, characterization of the viral, fungal
and protist communities could prove insightful into the understanding of the homeostasis of
this complex biological system (e.g. phage predation is thought to regulate bacterial popula-
tions [91]) and its effects on pathogen transmission. An important question that may arise from
further studies is whether variability and/or discrepancies in experimental findings about the
interactions between mosquitoes and pathogens could be attributed to differences in the
microbiota between laboratories. Toward exploiting the knowledge on Anopheles microbiota
to reduce vector competence, research is currently at its infancy, but some bacteria such as
Pantoea and Asaia already emerge as promising candidates of paratransgenesis. The use of
Wolbachia to reduce Aedes vectorial capacity and fitness may be of particular importance, if this
technology can be effectively transferred to Anopheles. Finally, the possibility to use drugs such
as antibiotics to target specific mosquito microbiota and affect vector competence or fitness is
a new concept that merits further investigation.

Acknowledgements

We thank Jiannong Xu, Jewelna Osei-Poku, Anne Boissiere and Isabelle Morlais for providing
example sequences of some of the bacterial genera shown in Table 1 and Thierry Lefevre for
helping with mosquito pictures presented in Figure 1.

539



540 Anopheles mosquitoes - New insights into malaria vectors

Author details

Mathilde Gendrin and George K. Christophides’

*Address all correspondence to: g.christophides@imperial.ac.uk

Department of Life Sciences, Imperial College London, UK

References

[1]

(2]

[3]

[4]

Cirimotich CM, Dong Y, Clayton AM, Sandiford SL, Souza-Neto JA, Mulenga M, et
al. Natural microbe-mediated refractoriness to Plasmodium infection in Anopheles gam-
biae. Science. 2011 May 13;332(6031):855-8.

Meister S, Agianian B, Turlure F, Relogio A, Morlais I, Kafatos FC, et al. Anopheles
gambige PGRPLC-mediated defense against bacteria modulates infections with malar-
ia parasites. PLoS pathogens. 2009 Aug;5(8):e1000542. DOI: 10.1371/journal.ppat.
1000542.g006

Rodrigues J, Brayner FA, Alves LC, Dixit R, Barillas-Mury C. Hemocyte differentia-
tion mediates innate immune memory in Anopheles gambiae mosquitoes. Science. 2010
Sep 10;329(5997):1353-5.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diver-
sity of the human intestinal microbial flora. Science. 2005 Jun 10;308(5728):1635-8.

Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary perspec-
tive on human-microbe mutualism and disease. Nature. 2007 Oct 18;449(7164):811-8.

Bouskra D, Brezillon C, Berard M, Werts C, Varona R, Boneca IG, et al. Lymphoid
tissue genesis induced by commensals through NOD1 regulates intestinal homeosta-
sis. Nature. 2008 Nov 27;456(7221):507-10.

Stecher B, Hardt WD. Mechanisms controlling pathogen colonization of the gut. Cur-
rent opinion in microbiology. 2011 Feb;14(1):82-91.

Ryu JH, Kim SH, Lee HY, Bai JY, Nam YD, Bae JW, et al. Innate immune homeostasis
by the homeobox gene caudal and commensal-gut mutualism in Drosophila. Science.
2008 Feb 8;319(5864):777-82.

Saha S, Jing X, Park SY, Wang S, Li X, Gupta D, et al. Peptidoglycan recognition pro-
teins protect mice from experimental colitis by promoting normal gut flora and pre-
venting induction of interferon-gamma. Cell host & microbe. 2010 Aug 19;8(2):
147-62.



[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

The Anopheles Mosquito Microbiota and Their Impact on Pathogen Transmission
http://dx.doi.org/10.5772/55107

Yassine H, Osta MA. Anopheles gambiae innate immunity. Cell Microbiol. 2010 Jan;
12(1):1-9.

Manguin S, Bangs M], Pothikasikorn J, Chareonviriyaphap T. Review on global co-
transmission of human Plasmodium species and Wuchereria bancrofti by Anopheles
mosquitoes. Infection, genetics and evolution : journal of molecular epidemiology
and evolutionary genetics in infectious diseases. 2010 Mar;10(2):159-77.

Brault AC, Foy BD, Myles KM, Kelly CL, Higgs S, Weaver SC, et al. Infection pat-
terns of O'nyong nyong virus in the malaria-transmitting mosquito, Anopheles gam-
biae. Insect Mol Biol. 2004 Dec;13(6):625-35.

Waldock ], Olson KE, Christophides GK. Anopheles gambiae antiviral immune re-
sponse to systemic O'myong-nyong infection. PLoS neglected tropical diseases.
2012;6(3):e1565. DOI: 10.1371/journal.pntd.0001565.

Dong Y, Manfredini F, Dimopoulos G. Implication of the mosquito midgut microbio-
ta in the defense against malaria parasites. PLoS pathogens. 2009 May;5(5):e1000423.
DOI: 10.1371/journal.ppat.1000423.

Moreira LA, Iturbe-Ormaetxe I, Jeffery JA, Lu G, Pyke AT, Hedges LM, et al. A Wol-
bachia symbiont in Aedes aegypti limits infection with dengue, Chikungunya, and Plas-
modium. Cell. 2009 Dec 24;139(7):1268-78.

Bian G, Xu Y, Lu P, Xie Y, Xi Z. The endosymbiotic bacterium Wolbachia induces re-
sistance to dengue virus in Aedes aegypti. PLoS pathogens. 2010;6(4):e1000833. DOI:
10.1371/journal.ppat.1000833.g006.

Kambris Z, Cook PE, Phuc HK, Sinkins SP. Immune activation by life-shortening
Wolbachia and reduced filarial competence in mosquitoes. Science. 2009 Oct
2;326(5949):134-6.

Wang Y, Gilbreath TM, 3rd, Kukutla P, Yan G, Xu J. Dynamic gut microbiome across
life history of the malaria mosquito Anopheles gambiae in Kenya. PloS one.
2011;6(9):e24767. DOI: 10.1371/journal.pone.0024767.

Muller GC, Beier JC, Traore SF, Toure MB, Traore MM, Bah S, et al. Field experi-
ments of Anopheles gambiae attraction to local fruits/seedpods and flowering plants in
Mali to optimize strategies for malaria vector control in Africa using attractive toxic
sugar bait methods. Malaria journal. 2010;9:262.

Pumpuni CB, Demaio J, Kent M, Davis JR, Beier JC. Bacterial population dynamics in
three anopheline species: the impact on Plasmodium sporogonic development. The
American journal of tropical medicine and hygiene. 1996 Feb;54(2):214-8.

Kumar S, Molina-Cruz A, Gupta L, Rodrigues ], Barillas-Mury C. A peroxidase/dual
oxidase system modulates midgut epithelial immunity in Anopheles gambiae. Science.
2010 Mar 26;327(5973):1644-8.

541



542  Anopheles mosquitoes - New insights into malaria vectors

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[31]

Boissiere A, Tchioffo MT, Bachar D, Abate L, Marie A, Nsango SE, et al. Midgut mi-
crobiota of the malaria mosquito vector Anopheles gambiae and interactions with Plas-
modium falciparum infection. PLoS pathogens. 2012 May;8(5):e1002742. DOI: 10.1371/
journal.ppat.1002742.

Lindh JM, Terenius O, Faye I. 16S rRNA gene-based identification of midgut bacteria
from field-caught Anopheles gambiae sensu lato and A. funestus mosquitoes reveals new

species related to known insect symbionts. Applied and environmental microbiolo-
gy. 2005 Nov;71(11):7217-23.

Chavshin AR, Oshaghi MA, Vatandoost H, Pourmand MR, Raeisi A, Enayati AA, et
al. Identification of bacterial microflora in the midgut of the larvae and adult of wild
caught Anopheles stephensi: a step toward finding suitable paratransgenesis candi-
dates. Acta tropica. 2012 Feb;121(2):129-34.

Dinparast Djadid N, Jazayeri H, Raz A, Favia G, Ricci I, Zakeri S. Identification of the
midgut microbiota of An. stephensi and An. maculipennis for their application as a par-
atransgenic tool against malaria. PloS one. 2011;6(12):e28484. DOI: 10.1371/jour-
nal.pone.0028484.

Pumpuni CB, Beier MS, Nataro JP, Guers LD, Davis JR. Plasmodium falciparum: inhibi-
tion of sporogonic development in Anopheles stephensi by gram-negative bacteria. Ex-
perimental parasitology. 1993 Sep;77(2):195-9.

Favia G, Ricci I, Damiani C, Raddadi N, Crotti E, Marzorati M, et al. Bacteria of the
genus Asaia stably associate with Anopheles stephensi, an Asian malarial mosquito vec-

tor. Proceedings of the National Academy of Sciences of the United States of Ameri-
ca. 2007 May 22;104(21):9047-51.

Chouaia B, Rossi P, Montagna M, Ricci I, Crotti E, Damiani C, et al. Molecular evi-
dence for multiple infections as revealed by typing of Asaia bacterial symbionts of
four mosquito species. Applied and environmental microbiology. 2010 Nov;76(22):
7444-50.

Damiani C, Ricci I, Crotti E, Rossi P, Rizzi A, Scuppa P, et al. Mosquito-bacteria sym-
biosis: the case of Anopheles gambiae and Asaia. Microbial ecology. 2010 Oct;60(3):
644-54.

Noden BH, Vaughan JA, Pumpuni CB, Beier JC. Mosquito ingestion of antibodies
against mosquito midgut microbiota improves conversion of ookinetes to oocysts for
Plasmodium falciparum, but not P. yoelii. Parasitology international. 2011 Dec;60(4):
440-6.

Straif SC, Mbogo CN, Toure AM, Walker ED, Kaufman M, Toure YT, et al. Midgut
bacteria in Anopheles gambiae and An. funestus (Diptera: Culicidae) from Kenya and
Mali. Journal of medical entomology. 1998 May;35(3):222-6.



[32]

[33]

[34]

[35]

[36]

[38]

[39]

[40]

[41]

[42]

The Anopheles Mosquito Microbiota and Their Impact on Pathogen Transmission
http://dx.doi.org/10.5772/55107

Gonzalez-Ceron L, Santillan F, Rodriguez MH, Mendez D, Hernandez-Avila JE. Bac-
teria in midguts of field-collected Anopheles albimanus block Plasmodium vivax sporo-
gonic development. Journal of medical entomology. 2003 May;40(3):371-4.

Kampfer P, Matthews H, Glaeser SP, Martin K, Lodders N, Faye 1. Elizabethkingia ano-
phelis sp. nov., isolated from the midgut of the mosquito Anopheles gambiae. Int ] Syst
Evol Microbiol. 2011 Nov;61(Pt 11):2670-5.

Terenius O, de Oliveira CD, Pinheiro WD, Tadei WP, James AA, Marinotti O. 16S
rRNA gene sequences from bacteria associated with adult Anopheles darlingi (Diptera:
Culicidae) mosquitoes. Journal of medical entomology. 2008 Jan;45(1):172-5.

Briones AM, Shililu ], Githure J, Novak R, Raskin L. Thorsellia anophelis is the dom:i-
nant bacterium in a Kenyan population of adult Anopheles gambiae mosquitoes. The
ISME journal. 2008 Jan;2(1):74-82.

Lindh JM, Borg-Karlson AK, Faye I. Transstadial and horizontal transfer of bacteria
within a colony of Anopheles gambiae (Diptera: Culicidae) and oviposition response to
bacteria-containing water. Acta tropica. 008 Sep;107(3):242-50.

Osei-Poku ], Mbogo CM, Palmer W], Jiggins FM. Deep sequencing reveals extensive
variation in the gut microbiota of wild mosquitoes from Kenya. Molecular ecology.
2012 Sep 18. DOI: 10.1111/j.1365-294X.2012.05759.x.

Kajla MK, Andreeva O, Gilbreath TM, 3rd, Paskewitz SM. Characterization of ex-
pression, activity and role in antibacterial immunity of Anopheles gambiae lysozyme
c-1. Comparative biochemistry and physiology Part B, Biochemistry & molecular bi-
ology. 2010 Feb;155(2):201-9.

Rani A, Sharma A, Rajagopal R, Adak T, Bhatnagar RK. Bacterial diversity analysis
of larvae and adult midgut microflora using culture-dependent and culture-inde-
pendent methods in lab-reared and field-collected Anopheles stephensi-an Asian ma-
larial vector. BMC Microbiol. 2009;9:96.

Jadin J. [Role of bacteria in the digestive tube of insects, vectors of plasmodidae and
trypanosomidae]. Annales des sociétés belges de médecine tropicale, de parasitolo-
gie, et de mycologie. 1967;47(4):331-42.

Jadin J, Vincke IH, Dunjic A, Delville JP, Wery M, Bafort ], et al. [Role of Pseudomonas
in the sporogenesis of the hematozoon of malaria in the mosquito]. Bulletin de la So-
ciété de pathologie exotique et de ses filiales. 1966 Jul-Aug;59(4):514-25.

Aksoy S. Wigglesworthia gen. nov. and Wigglesworthia glossinidia sp. nov., taxa consist-
ing of the mycetocyte-associated, primary endosymbionts of tsetse flies. International
journal of systematic bacteriology. 1995 Oct;45(4):848-51.

Kirkness EF, Haas BJ, Sun W, Braig HR, Perotti MA, Clark JM, et al. Genome sequen-
ces of the human body louse and its primary endosymbiont provide insights into the

543



544 Anopheles mosquitoes - New insights into malaria vectors

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[54]

permanent parasitic lifestyle. Proceedings of the National Academy of Sciences of the
United States of America. 2010 Jul 6;,107(27):12168-73.

Moran NA, Hansen AK, Powell JE, Sabree ZL. Distinctive gut microbiota of honey
bees assessed using deep sampling from individual worker bees. PloS one.
2012;7(4):e36393. DOI: 10.1371/journal.pone.0036393.

Wong CN, Ng P, Douglas AE. Low-diversity bacterial community in the gut of the
fruitfly Drosophila melanogaster. Environmental microbiology. 2011 Jul;13(7):1889-900.

Moll RM, Romoser WS, Modrzakowski MC, Moncayo AC, Lerdthusnee K. Meconial
peritrophic membranes and the fate of midgut bacteria during mosquito (Diptera:
Culicidae) metamorphosis. Journal of medical entomology. 2001 Jan;38(1):29-32.

Gary RE, Jr., Foster WA. Anopheles gambiae feeding and survival on honeydew and
extra-floral nectar of peridomestic plants. Medical and veterinary entomology. 2004
Jun;18(2):102-7.

Muller G, Schlein Y. Plant tissues: the frugal diet of mosquitoes in adverse condi-
tions. Medical and veterinary entomology. 2005 Dec;19(4):413-22.

Gouagna LC, Poueme RS, Dabire KR, Ouedraogo JB, Fontenille D, Simard F. Patterns
of sugar feeding and host plant preferences in adult males of An. gambiae (Diptera:
Culicidae). Journal of vector ecology : journal of the Society for Vector Ecology. 2010
Dec;35(2):267-76.

Manda H, Gouagna LC, Foster WA, Jackson RR, Beier JC, Githure ]I, et al. Effect of
discriminative plant-sugar feeding on the survival and fecundity of Anopheles gam-
biae. Malaria journal. 2007;6:113.

Wiwatanaratanabutr I. Geographic distribution of Wolbachia infection in mosquitoes
from Thailand. Journal of invertebrate pathology. 2012 May 23. DOI: 10.1016/j.jip.
2012.04.010.

McMeniman CJ, Lane RV, Cass BN, Fong AW, Sidhu M, Wang YF, et al. Stable intro-
duction of a life-shortening Wolbachia infection into the mosquito Aedes aegypti. Sci-
ence. 2009 Jan 2;323(5910):141-4.

Xi Z, Ramirez JL, Dimopoulos G. The Aedes aegypti toll pathway controls dengue vi-
rus infection. PLoS pathogens. 2008 Jul;4(7):e1000098. http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd=Retrieve&db=PubMed &dopt=Citation&list_uids=18604274.

Ricci I, Damiani C, Scuppa P, Mosca M, Crotti E, Rossi P, et al. The yeast Wickerhamo-
myces anomalus (Pichia anomala) inhabits the midgut and reproductive system of the
Asian malaria vector Amnopheles stephensi. Environmental microbiology. 2011 Apr;
13(4):911-21.



[55]

[56]

[57]

[58]

[61]

[62]

[64]

[65]

The Anopheles Mosquito Microbiota and Their Impact on Pathogen Transmission
http://dx.doi.org/10.5772/55107

Ricci I, Mosca M, Valzano M, Damiani C, Scuppa P, Rossi P, et al. Different mosquito
species host Wickerhamomyces anomalus (Pichia anomala): perspectives on vector-borne
diseases symbiotic control. Antonie van Leeuwenhoek. 2011 Jan;99(1):43-50.

Chouaia B, Rossi P, Epis S, Mosca M, Ricci I, Damiani C, et al. Delayed larval devel-
opment in Anopheles mosquitoes deprived of Asaia bacterial symbionts. BMC Micro-
biol. 2012 Jan 18;12 Suppl 1:52.

Lyke KE, Laurens M, Adams M, Billingsley PF, Richman A, Loyevsky M, et al. Plas-
modium falciparum malaria challenge by the bite of aseptic Anopheles stephensi mosqui-
toes: results of a randomized infectivity trial. PloS one. 2010;5(10):e13490. DOI:
10.1371/journal.pone.0013490.

Storelli G, Defaye A, Erkosar B, Hols P, Royet ], Leulier F. Lactobacillus plantarum pro-
motes Drosophila systemic growth by modulating hormonal signals through TOR-de-
pendent nutrient sensing. Cell metabolism. 2011 Sep 7;14(3):403-14.

Puchta O. Experimentelle Untersuchungen ueber die Symbiose der Kleiderlaus Pedi-
culus vestimenti Burm. Die Naturwissenschaften. 1954 1954;41(3):71-2.

Lindh JM, Kannaste A, Knols BG, Faye I, Borg-Karlson AK. Oviposition responses of
Anopheles gambiae s.s. (Diptera: Culicidae) and identification of volatiles from bacte-
ria-containing solutions. Journal of medical entomology. 2008 Nov;45(6):1039-49.

Nayar JK, Knight JW. Nutritional factors and antimicrobials on development of in-
fective larvae of subperiodic Brugia malayi (Nematoda: Filarioidea) in Anopheles quad-
rimaculatus and Aedes aegypti (Diptera: Culicidae). Journal of medical entomology.
1991 Mar;28(2):275-9.

Ramirez JL, Souza-Neto ], Torres Cosme R, Rovira ], Ortiz A, Pascale JM, et al. Recip-
rocal tripartite interactions between the Aedes aegypti midgut microbiota, innate im-
mune system and dengue virus influences vector competence. PLoS neglected
tropical diseases. 2012;6(3):e1561. DOI: 10.1371/journal.pntd.0001561.

Blagrove MS, Arias-Goeta C, Failloux AB, Sinkins SP. Wolbachia strain wMel induces
cytoplasmic incompatibility and blocks dengue transmission in Aedes albopictus. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2012
Jan 3;109(1):255-60.

Walker T, Johnson PH, Moreira LA, Iturbe-Ormaetxe I, Frentiu FD, McMeniman C]J,
et al. The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti popu-
lations. Nature. 2011 Aug 25;476(7361):450-3.

Hoffmann AA, Montgomery BL, Popovici J, Iturbe-Ormaetxe I, Johnson PH, Muzzi
F, et al. Successful establishment of Wolbachia in Aedes populations to suppress den-
gue transmission. Nature. 2011 Aug 25;476(7361):454-7.

545



546  Anopheles mosquitoes - New insights into malaria vectors

[66]

[67]

[68]

[69]

[71]

[72]

[73]

[75]

[76]

Hughes GL, Koga R, Xue P, Fukatsu T, Rasgon JL. Wolbachia infections are virulent
and inhibit the human malaria parasite Plasmodium falciparum in Anopheles gambiae.
PLoS pathogens. 2011 May;7(5):e1002043. DOI: 10.1371/journal.ppat.1002043.

Hughes GL, Vega-Rodriguez ], Xue P, Rasgon JL. Wolbachia strain wAIlbB enhances
infection by the rodent malaria parasite Plasmodium berghei in Anopheles gambiae mos-
quitoes. Applied and environmental microbiology. 2012 Mar;78(5):1491-5.

Kambris Z, Blagborough AM, Pinto SB, Blagrove MS, Godfray HC, Sinden RE, et al.
Wolbachia stimulates immune gene expression and inhibits Plasmodium development
in Anopheles gambige. PL0oS pathogens. 2010;6(10):e1001143. DOI: 10.1371/jour-
nal.ppat.1001143.

Shao Q, Yang B, Xu Q, Li X, Lu Z, Wang C, et al. Hindgut innate immunity and regu-
lation of fecal microbiota through melanization in insects. The Journal of biological
chemistry. 2012 Apr 20;287(17):14270-9.

Oliveira JH, Goncalves RL, Lara FA, Dias FA, Gandara AC, Menna-Barreto RF, et al.
Blood meal-derived heme decreases ROS levels in the midgut of Aedes aegypti and al-
lows proliferation of intestinal microbiota. PLoS pathogens. 2011 Mar;7(3):e1001320.
DOI: 10.1371/journal.ppat.1001320.

Bischoff V, Vignal C, Duvic B, Boneca IG, Hoffmann JA, Royet J]. Downregulation of
the Drosophila Immune Response by Peptidoglycan-Recognition Proteins SC1 and
SC2. PLoS pathogens. 2006 Feb;2(2):e14. DOI: 10.1371/journal.ppat.0020014.sg002.

Zaidman-Remy A, Herve M, Poidevin M, Pili-Floury S, Kim MS, Blanot D, et al. The
Drosophila amidase PGRP-LB modulates the immune response to bacterial infection.
Immunity. 2006 Apr;24(4):463-73.

Paredes JC, Welchman DP, Poidevin M, Lemaitre B. Negative regulation by amidase
PGRPs shapes the Drosophila antibacterial response and protects the fly from innocu-
ous infection. Immunity. 2011 Nov 23;35(5):770-9.

Aggarwal K, Rus F, Vriesema-Magnuson C, Erturk-Hasdemir D, Paquette N, Silver-
man N. Rudra interrupts receptor signaling complexes to negatively regulate the
IMD pathway. PLoS pathogens. 2008;4(8):e1000120. DOI: 10.1371/journal.ppat.
1000120.t001.

Kleino A, Myllymaki H, Kallio J, Vanha-aho LM, Oksanen K, Ulvila J, et al. Pirk is a
negative regulator of the Drosophila Imd pathway. ] Immunol. 2008 Apr 15;180(8):
5413-22.

Lhocine N, Ribeiro PS, Buchon N, Wepf A, Wilson R, Tenev T, et al. PIMS modulates
immune tolerance by negatively regulating Drosophila innate immune signaling. Cell
host & microbe. 2008 Aug 14;4(2):147-58.



[77]

[78]

[79]

[81]

[82]

[83]

[86]

[87]

[88]

[89]

The Anopheles Mosquito Microbiota and Their Impact on Pathogen Transmission
http://dx.doi.org/10.5772/55107

Waterhouse RM, Kriventseva EV, Meister S, Xi Z, Alvarez KS, Bartholomay LC, et al.
Evolutionary dynamics of immune-related genes and pathways in disease-vector
mosquitoes. Science. 2007 Jun 22;316(5832):1738-43.

Waterhouse RM, Zdobnov EM, Tegenfeldt F, Li ], Kriventseva EV. OrthoDB: the hi-
erarchical catalog of eukaryotic orthologs in 2011. Nucleic acids research. 2011 Jan;
39(Database issue):D283-8.

Sharon G, Segal D, Ringo JM, Hefetz A, Zilber-Rosenberg I, Rosenberg E. Commen-
sal bacteria play a role in mating preference of Drosophila melanogaster. Proceedings of
the National Academy of Sciences of the United States of America. 2010 Nov
16;107(46):20051-6.

Ben Ami E, Yuval B, Jurkevitch E. Manipulation of the microbiota of mass-reared
Mediterranean fruit flies Ceratitis capitata (Diptera: Tephritidae) improves sterile male
sexual performance. The ISME journal. 2010 Jan;4(1):28-37.

Rosengaus RB, Zecher CN, Schultheis KF, Brucker RM, Bordenstein SR. Disruption
of the termite gut microbiota and its prolonged consequences for fitness. Applied
and environmental microbiology. 2011 Jul;77(13):4303-12.

Verhulst NO, Beijleveld H, Knols BG, Takken W, Schraa G, Bouwmeester HJ, et al.
Cultured skin microbiota attracts malaria mosquitoes. Malaria journal. 2009;8:302.

Smith DL, Battle KE, Hay SI, Barker CM, Scott TW, McKenzie FE. Ross, macdonald,
and a theory for the dynamics and control of mosquito-transmitted pathogens. PLoS
pathogens. 2012;8(4):e1002588. DOI: 10.1371/journal.ppat.1002588.

Engelstadter J, Telschow A. Cytoplasmic incompatibility and host population struc-
ture. Heredity. 2009 Sep;103(3):196-207.

Douglas AE. The microbial dimension in insect nutritional ecology. Funct Ecol. 2009
Feb;23(1):38-47.

Walker T, Moreira LA. Can Wolbachia be used to control malaria? Mem I Oswaldo
Cruz. 2011 Aug;106:212-7.

Hughes GL, Pike AD, Xue P, Rasgon JL. Invasion of Wolbachia into Anopheles and oth-
er insect germlines in an ex vivo organ culture system. PloS one. 2012;7(4):e36277.
DOI: 10.1371/journal.pone.0036277.

McMeniman CJ, Lane AM, Fong AW, Voronin DA, Iturbe-Ormaetxe I, Yamada R, et
al. Host adaptation of a Wolbachia strain after long-term serial passage in mosquito
cell lines. Applied and environmental microbiology. 2008 Nov;74(22):6963-9.

Bisi DC, Lampe D]J. Secretion of anti-Plasmodium effector proteins from a natural Pan-
toea agglomerans isolate by using PelB and HlyA secretion signals. Applied and envi-
ronmental microbiology. 2011 Jul;77(13):4669-75.

547



548 Anopheles mosquitoes - New insights into malaria vectors

[90] Wang S, Ghosh AK, Bongio N, Stebbings KA, Lampe D], Jacobs-Lorena M. Fighting
malaria with engineered symbiotic bacteria from vector mosquitoes. Proceedings of
the National Academy of Sciences of the United States of America. 2012 Jul
31;109(31):12734-9.

[91] Rohwer F, Prangishvili D, Lindell D. Roles of viruses in the environment. Environ-
mental microbiology. 2009 Nov;11(11):2771-4.



