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Abstract

Background: The resident gut flora is known to have significant impacts on the life history of the host organism.
Endosymbiotic bacterial species in the Anopheles mosquito gut are potent modulators of sexual development of the
malaria parasite, Plasmodium, and thus proposed as potential control agents of malaria transmission.
Results: Here we report a melanotic pathology in the major African malaria vector Anopheles gambiae, caused by
the dominant mosquito endosymbiont Elizabethkingia meningoseptica. Transfer of melanised tissues into the
haemolymph of healthy adult mosquitoes or direct haemolymph inoculation with isolated E. meningoseptica bacteria
were the only means for transmission and de novo formation of melanotic lesions, specifically in the fat body tissues
of recipient individuals. We show that E. meningoseptica can be vertically transmitted from eggs to larvae and that E.
meningoseptica-mono-associated mosquitoes display significant mortality, which is further enhanced upon
Plasmodium infection, suggesting a synergistic impact of E. meningoseptica and Plasmodium on mosquito survival.
Conclusion: The high pathogenicity and permanent association of E. meningoseptica with An. Gambiae through
vertical transmission constitute attractive characteristics towards the potential design of novel mosquito/malaria
biocontrol strategies.
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Introduction

The resident gut microbial flora is known to have significant
impacts on the general physiology of the host organism that
bears it [1,2]. Amongst metazoan, insect species contain a
diversity of commensal microbial species interacting with the
intestinal epithelium in distinct manners, from mutualism to
opportunistic infections. Within the Anopheles-Plasmodium
vector-parasite system, the involvement of the mosquito
microbial flora in controlling malaria development was
described decades ago, and current in-depth molecular
mechanisms and identification of resident microbial species are
gradually unveiled [3-12]. Malaria transmission relies on
fertilisation and differentiation of Plasmodium within the
mosquito gut, into motile zygotic stages i.e. ookinetes, which
suffer major losses while dwelling for 18-24 hours in the gut

lumen. Parasite losses are thought to be due to mosquito
immune effectors [13-16], immune priming of the gut epithelium
responding to the microbial flora [8,9] or direct anti-parasitic
activities of resident species [11].

Culture-dependent and independent molecular analyses
have led to the identification of the Anopheles microbial
diversity from field-caught to insectary-derived mosquito
colonies, and revealed the dominance in major malaria vectors
of a few genera, including Enterobacter, Pantoea,
Pseudomonas, Serratia, Asaia and Elizabethkingia
[6,8,11,12,17,18]. The acquisition of most of these commensal
bacteria by Anopheles mosquitoes remains unclear; however,
Asaia spp. was shown to be vertically transmitted by egg-
smearing in An. gambiae and An. stephensi, whereas
Elizabethkingia spp. relies on horizontal and transstadial
transmission [19-21].
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In the present study, we investigated a chronic melanotic
pathology in An. gambiae laboratory-reared mosquitoes and
demonstrated that this is associated with the presence of the
dominant gut commensal Elizabethkingia meningoseptica in
the mosquito body cavity. We show that, in the absence of
other gut flora, E. meningoseptica is highly virulent and
synergizes with invading malaria parasite in rapidly killing the
mosquito host. Finally, in addition to previous studies showing
horizontal and transstadial transmission, we reveal that E.
meningoseptica is enriched in mosquito ovarian tissues and
can be transmitted to embryos. These features, i.e.
pathogenicity and vertical transmission, could be utilised in the
development of novel symbiont-based mosquito control
strategies.

Results

Melanotic pathology throughout the mosquito
development

A striking phenotype was observed in two independent
laboratory colonies of the Afrotropical malaria mosquito An.
gambiae sensu stricto (namely, the long-time colonised G3
strain and the more recently colonised Ngousso strain),
whereby diseased individuals displayed melanotic aggregates
underneath the cuticle at different stages of their lifecycle
(Figure 1). Focusing on the G3 strain, this pathology was
observed in over 10 generations at similar prevalence: 13.7%
(+/- 6.7) in larvae, 12.4% (+/- 6.2) in pupae and 8.9% (+/-4.4) in
adults, regardless of the mosquito density and rearing
conditions (i.e. larval food, fructose solution for adults or
rearing equipment handling). Mass counting was made out of 4
randomly chosen larval trays with over 2000 larvae per tray
(2nd-4th developmental instars), over 1000 pupae per tray and
out of 3 cages with over 3000 adults per cage examined.
Although being macroscopic observations, which do not
exclude asymptomatic lesion carriers, these data suggested a
stable association of mosquitoes and the putative lesion-
inducing agent, which may have reach equilibrium between
pathogen virulence and mosquito tolerance.

Dissection of affected individuals revealed that the lesions
were specific to the fat body, regardless of life stage or
phenotype distribution (Figure 1A, left panel). The severity of
symptoms varied between individuals, but in most cases large
melanotic aggregates with surrounding smaller foci were
observed (Figure 1). In some instances, trails of melanotic cells
could be noticed, inferring dissemination of the putative
pathology inducing factor through fat body cells (Figure 1A,
right panel).

Melanotic lesions could be classified into 3 distinct types
according to their spatial distribution within the larval body
cavity: diffused (Figure 1B, upper panels), abdominal (8th
and/or 7th abdominal segments; Figure 1B, middle panels),
and thoracic (Figure 1B, lower panels), the former two being
the most prevalent types (Figure 1C). The pupal stage also
showed distinct distribution of lesions with diffused and
abdominal phenotypes predominating (Figure 1C, 1D). These
two phenotypes did not appear to represent disease
progression during development, but persisted without

noticeable differences throughout the larval and pupal stages.
The thoracic lesion phenotype was minor in larvae and pupae.
In the adult mosquito, most if not all lesions were abdominal
(Figure 1C, 1E), suggesting that throughout pupation the
diffused phenotype was either removed or individuals with this
phenotype died. Indeed, monitoring of diffused lesion-affected
pupae revealed that they all died prior to adult emergence.

The insect fat body tissue is involved in critical metabolic
processes, including resource storage, hormonal regulation
and systemic immune responses. We therefore examined
whether the melanotic pathology affects mosquito physiology.
Although the life span of lesion-bearing mosquitoes was similar
to healthy individuals (over 3 weeks in standard rearing
conditions), thoracic injuries in these mosquitoes led to high
mortality rates, as all mosquitoes died within 3 to 6 days post-
traumatism, whereas healthy control mosquitoes fully
recovered (Figure 1F). This suggests that the melanotic
pathology reduces mosquito tolerance to injury.

Induction of melanotic lesions and associated
virulence

To gain a better understanding of the transmission mode of
the melanotic pathology, we examined potential horizontal
transmission by either feeding affected tissues to non-diseased
individuals (i.e. larval water or fructose supplied to adults) or
mixing lesion-bearing and lesion-free adults. None of the
mosquito stages developed melanotic lesions suggesting that
horizontal transmission is unlikely.

Since potential external sources did not induce lesion
formation by ingestion or contact, we hypothesized that the
lesions may develop by exposure of fat body tissues to the
pathology factor within the mosquito body cavity. We therefore
carried out transfer of melanotic fat body lysates via injections
into the body cavity of non-affected adult mosquitoes.

Mosquito survival was strongly reduced upon transfer of
affected tissues, while non-affected tissue injections did not
have any impact on mosquito lifespan (Figure 2A). Importantly,
mosquitoes injected with diseased tissues displayed de novo
formation of melanotic lesions specifically in their fat bodies,
suggesting direct transmission of potential pathogens (Figure
2B). The distribution of induced melanotic lesions was diffused
throughout the mosquito body in more than 68% (+/- 5.13) of
individuals, whereas 17% (+/- 1.28) showed a major aggregate
at the point of injection and 20% (+/-1.5) died without apparent
lesions, whereas injection of healthy fat body tissues did not
have any impact on mosquito life span, even at the highest
concentration (Figure 2A). A similar induction of lesions was
observed in the Asian mosquito vector An. stephensi
suggesting broad specificity of the putative pathology factor to
mosquitoes (Figure 2B).

We examined whether antibiotic treatment applied to the
aquatic larval environment affects the prevalence of the
pathology phenotype. The use of a cocktail of penicillin and
streptomycin did not affect the overall phenotype prevalence in
larvae (Figure S1). A noticeable antibiotic effect was a
developmental delay indicating a tight relationship between the
mosquito development and the bacterial flora present in the
breeding environment (Figure S2). However, treatment of
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Figure 1.  Melanotic phenotypes throughout An gambiae developmental stages.  (A) Melanotic lesions in the mosquito fat
body throughout the developmental stages (left panels; scale bar ~1mm). Variation in shape and size of lesions with clusters and
multiple melanised cells in a trail-like progression (right panel; scale bar ~0.5mm) (B) Phenotypic larval lesions. Light micrographs
(left panels) and fixed samples (right panels). Melanotic lesions diffused throughout the larval body (upper panels; arrows). Lesions
specific to abdominal segments (middle left panel; white arrow head) visible through the cuticle below the siphon (S). Fixed
abdominal segments showing complete melanisation of the 8th segment (middle left panel; dotted area). Thoracic melanotic lesions
(T) (lower left panel; white arrows), and a fixed larva with four lesions (lowest right panel) (black white arrows); H, head; T, thorax.
Scale bar ~1mm. (C) Prevalence of melanotic phenotypes throughout the mosquito development is indicated as bars corresponding
to the mean value +/- SD of 3 experiments. Abdominal, Abd; Diffused, Diff; Thoracic, Thorax. (D) Diffused phenotype in pupae. A
light micrograph of a non-affected pupa (upper panel) and a fixed affected pupa with the diffused phenotype (lowest panel) showing
melanotic lesions throughout the thorax (T) and abdomen (A) (black arrowheads). Scale bar ~1mm. (E) Lesions in adult mosquitoes.
Melanotic abdominal lesions are observed at the junction between the 7th and 8th abdominal segments of female and male
mosquitoes (upper panels; white arrows). Partially dissected abdominal segments from the same specimens (lowest panels)
revealing melanotic aggregates (white arrows). Scale bar ~1mm. (F) Lesion-bearing mosquitoes survive poorly after thoracic injury.
Groups of 40-60 female mosquitoes with lesions (L1, L2, L3) and corresponding controls without lesions (C1, C2, C3) were injured
in the thorax below the base of the wing. Survival rate was monitored at 1, 3 and 6 days post-injury. Points indicated by *** are
statistically very highly significant (P<0.05) between L and C.
doi: 10.1371/journal.pone.0077619.g001
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Figure 2.  Induction of lesions by injection of melanotic
tissues in Anopheles species.  (A) Melanotic fat body tissues
induce lethality in injected mosquitoes. Adult females were
injected with abdomen-derived fat body tissues of melanotic
lesion-bearing or of control adult females. Melanotic fat body
extracts (FBE) were injected using two dilutions (1XFBE crude
extract or 10-fold diluted extract 0.1XFBE). Survival rate was
monitored daily, and represented as bars with standard error,
as a percentage for each group. Three biologically independent
injection assays were performed with 15-20 mosquitoes per
condition. Points indicated by *** are very highly significantly
different (P<0.05) between FBE control and 1XFBE or
0.1XFBE values.(B) Light micrographs of fat body tissues
derived from FBE-injected female mosquitoes. Melanotic
lesions in An. gambiae (upper panel; scale bar 0.05mm), and
An. stephensi (lower panel; scale bar 0.5mm) mosquito
species, resembling melanotic aggregates in the fat body of the
affected ‘donor’ mosquito (see Figure 1).
doi: 10.1371/journal.pone.0077619.g002

mosquito embryos with an antiseptic solution (0.3% Virkon®
v/v) with large antimicrobial spectrum against fungi and
bacteria dramatically reduced the phenotype prevalence in
larvae from approximately 20% to a near complete absence;
one affected individual was observed in over 3000 larvae,
suggesting vertical transmission from adult female mosquitoes
to embryos. Resulting adults from treated eggs did not show
any lesions.

Taken together, these results led us to hypothesize the
involvement of causative microorganisms in the observed fat
body pathology through embryo contamination.

Characterization of Elizabethkingia meningoseptica as
the causative agent

Plating of melanotic fat body tissue homogenates in rich-
medium agar plates revealed the presence of white/yellow
bacterial colonies that were absent from control tissues within
the limits of our extraction and plating procedures.

Gram and Giemsa staining revealed that all colonies were
gram-negative rod-shaped cells (Figure S3) that were highly
resistant to ampicillin and less albeit also resistant to penicillin/
streptomycin treatments.

We carried out sequencing of 16s ribosomal DNA from
several of these isolates using degenerate primers and in all
cases identified Elizabethkingia meningoseptica as the only
bacterial species present, with sequence identity up to 99%
with E. meningoseptica strains and 98% with the previously
isolated An. gambiae midgut-derived strain E. anophelis
[22,23]. E. meningoseptica is a known multi-antibiotic resistant
species, first isolated from infants suffering from meningitis,
and causing nosocomial infections in neonates and immune-
compromised patients [24,25]. Interestingly, this bacterium was
also frequently described as a dominant gut endosymbiont of
both field-caught and laboratory-reared anophelines
[8,12,17,20,26,27].

We assessed the association of the isolated E.
meningoseptica bacteria with the observed melanotic
pathology by direct injection of bacterial suspensions into the
body cavity of adult female mosquitoes. Mosquito survival was
severely affected following injection with live E.
meningoseptica, while injection with heat-inactivated bacterial
suspension had limited impact on the mosquito lifespan (Figure
3A, 3B). Dissection of live bacteria-injected mosquitoes
revealed the presence of numerous melanotic aggregates as
well as single melanised cells throughout their body cavity
(Figure 3C), whereas control mosquitoes (injected with heat-
inactivated bacteria suspension or PBS) did not present any
melanotic lesions even after death.

These data suggested that the melanisation pathology
observed in bacteria-injected mosquitoes is a direct
consequence of E. meningoseptica infections. The impact of E.
meningoseptica infection on mosquito survival rates and
melanotic lesion development in fat body tissues was
reproduced with all available adult- and larval-derived isolates
fully substantiating our findings and conclusions.
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Figure 3.  Pathogenicity, lesion induction and vertical transmission of E. meningoseptica.  (A) Virulence of E.
meningoseptica toward mosquitoes. Independent isolates of E meningoseptica (isolates 0 to 4) were injected in adult females.
Survival rate is shown as percentage with standard error (n=120 per isolate) from 3 independent assays. Sterile PBS and heat-killed
(HK) bacterial cultures were injected as controls. Points indicated by *** are statistically very highly significant (P<0.05) between HK
and isolate injected samples. (B) Mosquito survival rate after injection of serial dilutions of E. meningoseptica (isolate 0) as
indicated; n=180 from 3 independent assays. Values of HK and live bacterial samples were very highly significantly different
(P<0.05). (C) Induced melanotic lesions in the fat body by E. meningoseptica; (Ci) Partially dissected 6-8th abdominal segments
after bacterial injection showing massive melanisation of fat body tissues; (Cii) Dissemination of melanotic spots throughout the
abdominal fat body; (Ciii) Trail-like melanisation; (Civ) An aggregate with disseminated spots; (Cv) Melanised individual fat body
cells (Cvi). A major melanotic thoracic aggregate. Scale bar 0.5mm (Ci, Ciii-Cvi), 0.2mm (Cii). (D) Enrichment of E. meningoseptica
in An. gambiae ovaries. E. meningoseptica fed to germ-free females shows colonization of ovaries (E.m), whereas aseptic adults
did not show any colony. (E) Mosquito lethality upon bacterial recolonisation. E. meningoseptica (E.m) or whole microbiota (WM)
suspensions were fed to germ-free mosquitoes (GF) and survival was assessed 24h later. Non-supplemented GF mosquitoes were
used as control. Bars show distribution as percentage (mean value in red with standard error) of dead (black area) and alive (grey
area) mosquitoes (n=80) from 2 independent experiments. (F) Plasmodium berghei development is not affected by bacterial
reconstitution. E.m, WM and GF mosquitoes were infected with malaria 24h post-reconstitution, and oocyst load monitored 7 days
post-infection, represented as oocyst number per midgut (green dot) with mean values as red dotted bar. Mosquitoes were blood-
fed on the same infective host (n=120) from 2 independent experiments. No statistical difference was found in between all oocyst
load mean values. (G) Synergistic effect on mosquito survival upon bacterial reconstitution and Plasmodium infection. Mosquito
survival of malaria infected-Em, -WM and -GF was assessed 24h post-infection.
doi: 10.1371/journal.pone.0077619.g003
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Vertical transmission of E. meningoseptica
The chronic melanotic pathology associated with E.

meningoseptica in the An. gambiae mosquito colony prompted
us to investigate a potential vertical transmission from females
to offspring.

We generated E. meningoseptica-mono-associated adult
females from the affected G3 colony by treating mosquitoes
with an antibiotic cocktail of penicillin, kanamycin, streptomycin
and ciprofloxacin administered with the fructose solution,
mosquitoes being germ-free at this stage by checking microbial
depletion of their gut extracts plated on nutrient media (not
shown). We then reconstituted their gut flora with E.
meningoseptica or whole microbiota. We first confirmed
efficient invasion and establishment of E. meningoseptica in
the mosquito gut by aseptic dissection of guts from E.
meningoseptica-mono-associated adult females and plating on
nutrient media (Figure S4). E. meningoseptica-mono-
associated females were then blood-fed and their ovaries were
dissected. Strikingly, a high enrichment of E. meningoseptica
was observed in mosquito ovaries (with more than 4.104 colony
forming units per pair of ovaries) (Figure 3D). F1 Larvae
derived from the E. meningoseptica-mono-associated females
also showed high abundance of the bacterium (Figure S4).
Microbial analysis on conventionally-reared larvae raised in the
very same aquatic environment as E. meningoseptica-mono-
associated-F1 larvae, showed high bacterial diversity with
some instances of E. meningoseptica not being detected
(Figure S5). Moreover, E. meningoseptica-reconstituted F1
larvae solely harbour E. meningoseptica, whereas they were
exposed to the same water-borne microbial diversity (Figure
S5).

Taken together, these results indicate, on the one hand, a
poor microbial acquisition from the rearing water, and on the
other hand, an efficient vertical transmission of E.
meningoseptica by ovarian infection and subsequent
transmission to embryos and larvae, which may explain the
persistence of the melanotic pathology associated with E.
meningoseptica.

Negative synergistic impact of E. meningoseptica and
Plasmodium berghei on mosquito survival

Next, we investigated the impact of E. meningoseptica on
adult mosquito survival using three groups of adult female
mosquitoes: germ-free mosquitoes (GF), antibiotic-treated
mosquitoes of which the gut flora was reconstituted (WM) with
facultative or obligate aerobic bacteria prepared from gut
extracts of 3-day old females, and E. meningoseptica-mono-
associated mosquitoes (E.m). E. m mosquitoes showed a high
mortality rate of 55% within 24h post-reconstitution, whereas
WM mosquitoes had a 31% mortality rate (Figure 3E). The
mortality on GF mosquitoes was 15%. These data suggest that
virulence of E. meningoseptica upon feeding is higher in the
absence of other gut commensals. To assess the impact of E.
meningoseptica on Plasmodium development, we carried out
infections of E. m-, WM- and GF-mosquitoes with the rodent
malaria parasite Plasmodium berghei. The intensity of infection
was similar between all mosquito groups, suggesting that E.
meningoseptica does not have a significant impact on

Plasmodium development in the mosquito gut (Figure 3F).
However, bacterial reconstitution led to high mortality in WM-
reconstituted mosquitoes, which was further enhanced in
infected-E.m mosquitoes (Figure 3G). These data may indicate
a synergistic negative impact of this dominant gut bacterium,
as well as whole microbiota and Plasmodium on mosquito
survival, which is in line with previous studies showing that co-
infections with Plasmodium and bacteria result in increased
mosquito mortality [8,9].

Discussion

Here, we report that E. meningoseptica, a major Anopheles
gut endosymbiont, is highly virulent to adult An. gambiae
mosquitoes and is associated with chronic melanotic lesions of
fat body tissues. We show that transfer of E. meningoseptica or
melanotic tissues in lesion-free mosquitoes trigger de novo
formation of lesions specifically in the fat body tissue, fulfilling
Koch’s postulate of reproducibility of disease in otherwise non-
affected individuals.

Moreover, this is the first report on induction of tissue
melanisation by a bacterial infection in mosquitoes.

Melanisation represents one of the major immune defence
responses unique to arthropods, leading to the production of
melanin and its deposition on the surface of invading
microorganisms, as well as being involved in wound healing,
egg hardening and cuticle pigmentation [28,29]. It can be a
cellular–mediated process induced by immune cells in
response to injury or to the presence of a parasitic agent, or
humoral responses through pathogen recognition and
activation of the prophenoloxidase pathway [30-33]. Whether
the melanotic pathology is due to a mosquito melanisation
response against this virulent bacterium or the bacterium
inducing tumour formation and melanisation specifically in fat
body cells remains to be investigated.

It has been previously shown that non-gut resident gram
negative Escherichia coli or gram positive Staphylococcus
aureus bacteria injected into the mosquito body cavity are
melanised [34,35]; however, this reaction does not spread to
host tissues. These, in conjunction with the finding that live E.
meningoseptica are present in melanotic lesions and can
induce tissue melanisation upon transplantation, support the
latter hypothesis.

Melanotic lesions, intuitively referred to as melanotic tumours
or metastases, have been previously reported in insects [36].
Development of human malignant melanoma and formation of
“tumor” like or melanotic aggregates in insects showed striking
similarities in term of biochemical steps involving enzymatic
reactions leading to melanin production [37]. In the fruitfly
Drosophila melanogaster, mutants generated by random
mutagenesis or through targeted gene disruption display
melanotic tumours and transplantation experiments triggered
lesions in recipient tumour-free individuals [38-41]. A wide
range of melanisation phenotypes was observed in several
insect species where major insect immune pathways were
over-activated [42,43].

Compiled microbiome descriptions in Anopheles mosquitoes
clearly reveal the strong symbiotic nature of E. meningoseptica,
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which has been isolated from several independent sources
including semi-field An. gambiae females in Kenya, field
sampled mosquitoes in Cameroon [12,44] and laboratory
colonies where it is the predominant species [8,12,20].
Moreover, although rearrangement of the microbial
communities occurs after mosquito bloodfeeding, E.
meningoseptica remains a dominant resident bacterium in both
blood-fed and non-blood-fed females [26,27]. Given the
dominance of only a few genera in the mosquito microbiome, it
has been suggested that a core gut microbiota may be
associated with Anopheles mosquitoes [12], to which E.
meningoseptica may belong.

Impact of commensal species within the microbiome
community on insect species is relatively unknown. A few
studies give details on specific species regarding their impact
on host life traits. Isolation of bacterial symbionts from field-
collected Anopheles arabiensis has identified a gut resident
Enterobacter with anti-plasmodial activities both in vitro and in
vivo due to production of reactive oxygen species [11]. Studies
on germ-free versus conventionally-reared insects have shed
light into numerous physiological interactions between the host
and commensal bacteria, especially host development,
immune tolerance and protection from pathogenic infections
[45-49]. Notably, dysregulation of the gut homeostasis in D.
melanogaster by altering bacterial communities has revealed a
cryptic resident bacterium, Gluconobacter spp. (G707), which
in the absence of antagonist bacteria over-proliferates
triggering gut cell apoptosis and eventually host death [46]. Fly
lethality was prevented by supplying beneficial commensals
counteracting G707 virulence. Similarly, we have shown that,
by supplying E. meningoseptica to bacteria-free mosquitoes,
these had compromised survival compared to whole
microbiota-reconstituted individuals, suggesting that bacterial
community shift toward E. meningoseptica proliferation in the
mosquito gut exacerbates Elizabethkingia virulence.

It is noteworthy to mention that, one the one hand, E.
meningoseptica is widespread in mosquitoes, and on the other
hand, is able to cause human diseases [8,12,25,27]. This
suggests that this bacterial species is able to inhabit diverse
niches and is clearly well-adapted to mosquito gut
environments.

Historically, vector control remains the most cost-effective
and health-efficient measure against disease transmission
[50,51]. Besides current and efficient insecticide-based control
programs [52-54], alternative approaches such as vector
biocontrol have been encouraged to anticipate and mitigate the
emergence of insecticide resistance [55,56]. In addition,
insecticide susceptibility and susceptibility to microbial agents
have been frequently shown to negatively correlate, suggesting
that biocontrol, although not yet assessed at a large scale,
could become part of malaria integrated management control
programs [57,58].

Microbial symbiont-based strategies are a novel approach
toward vector control [44,59-65], and can be divided into two
main categories: vector population suppression exploiting
symbiont virulence and paratransgenesis, whereby symbionts
are genetically modified to express molecules that render the
host refractory to pathogen transmission [11,17,44]. In view of

malaria transmission control using mosquito commensals, such
microorganisms should display either of two broad
characteristics, respectively: a degree of virulence towards the
mosquito host that is either inherent or genetically engineered
and/or permanent association with the targeted vector
population, ideally through vertical transmission or through
prompt acquisition from the environment [6,60,65]. To date,
three bacterial genera, Asaia, Panteoa and Wolbachia, fulfil
these critical parameters. Indeed, proof-of-principle
paratransgenesis approaches have been validated in An.
gambiae and An. stephensi using the two vertically-transmitted
symbionts, Asaia spp. and Pantoea agglomerans [19,44].
Wolbachia stable association with Anopheles stephensi was
recently established [66]. Our discoveries about vertical
transmission, stable host association and virulence in mono-
association with mosquitoes make E. meningoseptica an
attractive candidate symbiont to be added to this list.
Modulating the bacterial community in the Anopheles gut in
order to favour pathogenic species, such as E. meningoseptica
may lead to high mortality in the mosquito host. The high
prevalence of E meningoseptica in several disease vector
mosquitoes is an additional advantage in view of developing
control approaches that require constant contact and high
abundance of the symbiont in the target species.

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the

United Kingdom Animals (Scientific Procedures) Act 1986. The
protocols for maintenance of mosquitoes by blood feeding and
for infection of mosquitoes with Plasmodium berghei by blood
feeding on parasite-infected mice were approved and carried
out under the UK Home Office License PLL70/7185 awarded in
2010. The procedures are of mild to moderate severity and the
numbers of animals used are minimized by incorporation of the
most economical protocols. Opportunities for reduction,
refinement and replacement of animal experiments are
constantly monitored and new protocols are implemented
following approval by the Imperial College Ethical Review
Committee.

Mosquitoes
Mosquito colonies of An. gambiae sensu stricto strains G3

colonised for decades (http://www.mr4.org/) and Ngousso
recently colonised, and An. stephensi Liston were reared at a
temperature of 27-28°C and 70-75% relative humidity with a
12-hour light/dark cycle. Larvae were reared in plastic trays
filled with 0.1% salt water (w/v) and fed daily on ground cat
food. Pupae were collected and pooled from approximately
10-15 larval trays. Emerging adults were fed ad libitum on a
10% fructose solution in sterile water (w/v).

Phenotypic characterisation
Screening of lesion-bearing individuals was carried out

visually in larval trays for larvae (estimated n=2000 per tray,
with 4 rearing trays examined) and pupae (n=1000 per tray,
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with 4 rearing trays examined), and under light microscopy for
adults after slight immobilisation on ice (n=3000 per cage, with
3 cages examined). In some instances, lesion-bearing
individuals were washed in sterile PBS and fixed in 4%
paraformaldehyde for 30 min. Once washed in PBS, samples
were mounted in 50% glycerol (v/v water) on glass slides and
visualized under light microscopy.

Transmission assays in embryos and larval stages
In an attempt to trigger the melanotic phenotype in non-

diseased individuals, melanotic fat body tissues were dissected
from 10 An. gambiae adult females harbouring the abdominal
lesion phenotype, and supplied to embryos and larval stages of
an independent An. gambiae colony that did not present lesion-
bearing individuals throughout the mosquito development. Fat
body tissues were homogenised in a minute amount of PBS
using a plastic pestle to obtain the fat body extract (FBE).

Embryos.  Gravid females (n=2-3) were forced to lay their
eggs (n>30) onto FBE resuspended in 100 µL 0.1% salt water
in 1.5 mL microfuge tubes for 30 min. Larvae were observed on
the day of hatching or the day after under light microscopy. The
remaining larvae were transferred to a 90 mm-diameter petri
dish, and allowed to develop further into pupae, which were
observed under light microscopy for presence of lesions.

Larvae.  IInd and IIIrd instar larvae (n=50-60) were placed in a
droplet of FBE resuspended in 1 mL 0.1% salt water in a 90
mm-diameter petri dish, and observed daily with appropriate
supply of water and food, until pupation. The pupae were then
visualized.

Transmission assay of melanotic lesions in the adult
mosquito stage

All infection and injection assays were performed with newly
emerged or 1 day old An. gambiae s.s. G3 females with
melanotic lesions and non-diseased females from an
independent G3 colony without any lesions.

Thoracic Injury.  Adult females either harbouring the
melanotic abdominal phenotype or non-affected (collected from
the non-diseased colony) were pricked below the base of the
wing, with a microcapillary glass needle. Groups of 40-60
females in triplicates were used, and survival rate post-injury
was monitored.

Adult feeding.  A 1 mL FBE solution (as described above)
was mixed 1:1 with 10% fructose solution (w/v), and provided
to non-affected adult females on a cotton pad. Adults were
allowed to feed for 4-5 days and were partially dissected to
expose and observe fat body tissues.

Injection of fat body extracts.  Lesion-free individuals were
injected with ~37 nL of FBE resuspended in 10 µL sterile PBS,
in the thorax using microcapillary glass needles and a nano-
injector (Nanoject II, Drummond Sci.). Different FBE
concentrations were injected into 2 different groups of
mosquitoes: 1X FBE.µL-1 for Group 1 (n=45 over 3 independent
assays); 0.1X FBE.µL-1 for Group 2 (n=60 over 3 independent
assays). Control specimens (n=45) were injected with 0.1X
FBE, with FBE produced from abdomens of non-affected
females. An. stephensi mosquitoes from a distinct insectarium
facility were also injected with 0.1X FBE. Mosquitoes were

immobilised with a constant CO2 flux during the procedure, and
were immediately returned to the insectarium after injection.
Injected mosquitoes generally recovered within 20 min, and
remained under insectarium conditions until collection for
phenotypic analysis. Survival rate post-injection was monitored
regularly and dead individuals were promptly dissected to verify
the presence of lesions. Dissected mosquitoes were then
classified into three categories according to the distribution of
melanotic lesions observed: diffused throughout the mosquito
fat body, aggregated in the thoracic area, or no apparent
lesions.

Antimicrobial treatment of mosquito stages
Larvae.  Antibiotic treatment of An. gambiae larval stages

was carried out using a solution of penicillin-streptomycin (5000
units-5000 µg.mL-1, Gibco) as follows: Ist to IIIrd larval instars
collected from rearing pans containing melanotic lesion-bearing
individuals, were submerged in two antibiotic dilutions (25 mL
in 1 L of 0.1% salted water [Full antibiotic condition]; 5 mL in 1
L [Partial antibiotic condition]). The daily collection of lesion-
bearing larvae, as well as the counting of moulting larval
instars, pupae and emerging adults was conducted.

Embryos.  Embryos originating from the lesion-bearing
colony were soaked in 0.3% Virkon® in salt water (w/v), a
potent antimicrobial agent for 3 minutes. Treated embryos were
rinsed several times in water, and then maintained under
standard conditions (as stated above), and the visual
observation of any lesion-bearing individuals was carried out
daily throughout the mosquito development.

Bacterial isolation and infection assays
Microbial isolation.  To isolate endogenous mosquito

microorganisms from the melanotic lesions, two independent
pools of 10 An. gambiae adult females harbouring the
abdominal phenotype were briefly immersed in absolute
ethanol and sterile PBS, and their melanotic fat body tissues
were dissected as described above, in sterile conditions. Two
additional independent extractions using 4th instar larvae
displaying the diffused melanotic lesions, were also processed;
larvae were washed in sterile PBS, briefly immersed in
absolute ethanol and washed in PBS once more. Slight
opening of abdominal segments without disruption of the gut
was carried out on a droplet of sterile PBS. Collection of fat
body tissues was performed by careful pipetting near the
wound, and homogenisation of tissues in 100µL sterile PBS.

The melanotic tissues were plated onto LB agar for standard
bacterial growth, and malt-agar supplemented with peptone.
Non-melanotic fat body tissues from adult females and larvae
were used as controls, and treated as above. Plates were
incubated at room temperature until the appearance of
colonies. Yellowish-white colonies specific to melanotic tissues
were further used in transmission assays.

Five randomly selected lesion-specific individual colonies (1
derived from adult, and 4 derived from larvae affected with the
diffused phenotype) were inoculated in LB broth and grown
overnight at 37°C on a shaker. Aliquots of bacterial cultures
pre-treated for 2 h with ampicillin (10 mg/mL) or penicillin/
streptomycin (5000 units-5000 µg.mL-1) were plated onto LB
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agar plates, and incubated overnight at 37°C to test for
antibiotic susceptibility.

Gram staining was carried out. Briefly, bacterial aliquots
were smeared and allowed to dry. Samples were successively
covered with crystal violet for 1 min, washed with water,
immersed in iodine solution for 1 min, washed with water, and
decolorized with acetone-alcohol solution. Samples were then
covered with safranine for 1 min and washed with water before
microscopic observation. All solutions were purchased from
Sigma-Aldrich.

Giemsa staining for morphological observations was carried
out by brief methanol fixation of a droplet of bacterial culture on
glass slide, and incubated for 5 min in Giemsa solution, prior to
wash in water.

Bacterial DNA extraction and species identification.  For
genomic DNA extraction, yellowish-white individual colonies
randomly selected were inoculated in LB liquid for 4h at 37°C.
Cells were pelleted and washed once with sterile PBS.
Genomic DNA extraction was carried out using the Wizard®
Genomic DNA Purification Kit (Promega), according to
manufacturer’s instructions. Purified genomic DNA was
resuspended in 50µL sterile water prior to PCR amplification.

16S rRNA gene specific primers, 1492r and 27f as described
in [67] were used to amplify partial sequences (>750bp) of 16S
ribosomal gene from bacterial isolates.

PCR products were gel-extracted using a Qiaquick Gel
extraction kit (Qiagen) according to manufacturer’s instructions.
Sequencing of the purified PCR products was conducted at
Natural History Museum, London using the PCR primers.
ClustalW and NCBI blast softwares were used to recover 16S
rRNA sequences from the sequenced isolates, resulting in the
identification of Elizabethkingia meningoseptica. Additionally,
conventionally-reared larvae raised in the same water as
individuals derived from Elizabethkingia-reconstituted females,
were processed as described above, and 16S PCR,
sequencing and Blast alignments identified Asaia sp., Cedecea
sp., Elizabethkingia sp., Gibbsiella sp., Klebsiella sp.,
Plesiomonas sp., Rahnella sp. and Serratia sp (Figure S3).

Bacterial injection in adult mosquitoes.  Using five
randomly isolated E. meningoseptica colonies, overnight
bacterial cultures [LB supplemented with ampicillin (10
µg.mL-1); 37°C] were twice pelleted at 5,000g for 15 min, and
resuspended in sterile PBS to appropriate concentrations i.e.
optical density at 600nm (OD600nm) described on figures.
Groups of 40-60 adult females per bacterial concentrations
were injected, as described above for FBE injections. Sterile
PBS and heat-inactivated (10 min incubation at 95°C) bacterial
cultures were used as controls. The heat-inactivated solution
contains equal volumes of each isolate at OD 0.1. Survival rate
post-injection was monitored daily. Both dead and living
mosquitoes were processed for tissue dissection and
microscopy.

Bacterial transmission assays.  For oral infections, a
culture grown overnight at 37°C was pelleted and adjusted to
O.D.600nm 2 in sterile PBS. Embryos and larvae were
submerged in the bacterial culture, and adults were fed the
culture with 10% fructose on a cotton pad supplied twice daily
with bacterial culture to ensure constant exposure and feeding.

All stages were monitored for 2 weeks prior to the dissection
and microscopic examination of fat body tissues.

Bacterial reconstitution and malaria infection
Whole microbiota and E. meningoseptica

reconstitution.  Newly emerged An. gambiae females were
supplied with an antibiotic cocktail of penicillin (10 units/mL),
kanamycin (25 mg/mL), streptomycin (25 mg/mL) and
ciprofloxacin (25 mg/mL), mixed in sterile 10% fructose
solution. Antibiotics were provided for 2 days and added twice
daily on a cotton pad for constant exposure to mosquitoes.
Once antibiotic removed, mosquitoes were supplied for 24h
with sterile fructose solution to wash out antibiotic remnants. A
culture of E. meningoseptica or total cultivable midgut-derived
bacteria (O.D600nm=15) isolated from 3-days old females were
supplied to antibiotic-treated mosquitoes (n=40 per experiment
from 2 biologically independent assays) in sterile fructose
solution for 24h. Surviving/dead mosquitoes were counted 24h
post- reconstitution to assess impact of gut recolonisation with
bacteria.

Plasmodium infection and mosquito survival post-
infection.  Antibiotic-treated mosquitoes reconstituted with E.
meningoseptica or whole microbiota (n=60 surviving
mosquitoes per experiment from 2 biologically independent
assays), were either fed with Plasmodium berghei-infected
blood meal 24h after reconstitution. The mosquito survival
post-malaria infection was monitored 24h post-blood meal,
when malaria ookinetes develop and breach through the
mosquito gut epithelium For Plasmodium-fed mosquitoes,
oocyst load in the mosquito midgut was assessed 7 days post-
infection in antibiotic-treated non-reconstituted (i.e. germ-free),
whole-microbiota- and E. meningoseptica-reconstituted
mosquitoes in two biologically independent infection
experiments.

E. meningoseptica colonisation of mosquito tissues
and vertical transmission

Germ-free mosquitoes were produced as described above.
In order to determine the efficacy of reconstitution and the
transmission mode of Elizabethkingia in the mosquito, 10
individual E. meningoseptica-reconstituted females were
surface-sterilised by successive washes in 75% ethanol and
sterile PBS, and their midguts were dissected in aseptic
conditions. Pooled gut extracts were homogenised with a
sterile pestle in liquid LB medium, and spread on ampicillin-
containing LB agar. Plates were incubated at 37°C, and colony
forming units were counted 24h after extract plating. 10
additional females were allowed to feed on blood and kept for 3
days on sterile 10% fructose solution until aseptic dissection,
serial dilution and plating of ovaries, as described for midgut
processing.

Moreover, a set of blood-fed females (n=5 from 2 biologically
independent assays) was allowed to egg-lay in sterile petri
dishes lined with filter paper impregnated with water supplied
with an antibiotic cocktail (as described above). Eggs were left
to hatch in the petri dish and, surface-sterilised one day-old
larvae were homogenised in liquid LB. Extracts were plated on
solid LB agar containing ampicillin and maintained at 37°C.
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Colony forming units were quantified 24h after plating. In all
plating, colonies were processed for 16S PCR identification,
which, in all cases (midgut/ovary/F1 larvae) identified E.
meningoseptica.

Supporting Information

Figure S1.  Antibiotic treatment does not affect recovery of
lesion-bearing larvae. Antibiotic solutions were applied to
larval stages 7-8 days post-egg laying (n=300), from 3
biological replicates. Larval instars harbouring melanotic
lesions were counted daily until pupation (None). Normal diet
without antibiotics; (Partial) Intermediate antibiotic
concentration [5mL streptomycin/Penicillin (200X dilution in 1L
rearing water)]; (Full) Concentrated antibiotic treatment [25mL
Pen/Strep (40X dilution in 1L rearing water)]. Mean value of
relative numbers of larvae showing lesions is represented as
bar with standard for each condition.
(TIFF)

Figure S2.  Mosquito developmental delay after antibiotic
treatment. Antibiotic treatment was applied to larval stages as
described in Figure S1 (black line). Control normal diet without
antibiotics; (dark grey) Partial treatment; (light grey) Full
treatment. (A) Adult emergence; Note that most adults
appeared at day 9 in control, whereas antibiotic-treated groups
showed 65-70% emergence on the same day. (B) Pupation
peaks at day 4 in normal diet, whereas a 5 days-delay occurred
in treated groups for pupation to proceed. (C) Larval
developmental rate; a severe developmental slow-down
appeared in treated larvae, since 50% of all moulting (from Ist to
IVth instars) occurred 4-5 days later compared to controls,
showing the strong impact of antibiotics at the larval feeding
stages.
(TIFF)

Figure S3.  Identification of E. meningoseptica. Micrographs
of ampicillin-LB plates with bacterial colonies derived from

control (Healthy; top left panel) and lesion-affected (Lesion-
derived; top right panel) fat body tissues from larvae. Note
major bacterial colonies (white arrows) specifically recovered
from lesion-affected tissues. These colonies were Gram-
stained-negative rod-shaped cells (Gram; lower left panel) with
individual (black arrows) and dividing cells (white arrowheads)
visible on Gram- and Giemsa-stained bacterial culture
(Giemsa; lower right panel) identified by 16S PCR as E.
meningoseptica species.
(TIFF)

Figure S4.  Efficient colonization of E. meningoseptica in
mosquito tissues and F1-larvae. E. meningoseptica fed to
germ-free females shows massive colonization of the mosquito
gut (E.m) compared to common microbial flora in
conventionally-reared mosquitoes (CR). F1 larvae from E.m-
reconstituted females show high abundance of E.
meningoseptica distinct from microbial flora from CR larvae, as
evidenced on plating. Randomly picked colonies on E.m plates
were all identified as E. meningoseptica.
(TIFF)

Figure S5.  Relative distribution of bacterial species in
Anopheles gambiae larvae reared with E. meningoseptica-
derived F1 larvae. The bacteria species were determined to
be closely related to Asaia sp., Cedecea sp., Elizabethkingia
sp., Gibbsiella sp., Klebsiella sp., Plesiomonas sp., Rahnella
sp. and Serratia sp. Relative distribution in percentage is
shown per individual mosquito. Note that some samples
(3,5,6,8) do not harbour detectable Elizabethkingia colonies.
(TIFF)
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