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Abstract

Some bacteria species found in the mosquito midgut have demonstrated their role in inter-

rupting the development of Plasmodium within the midgut of the Anopheles mosquito and

have been identified as potential candidates for novel bacteria-mediated disease control.

However, to use these bacteria successfully in biocontrol mechanisms their effect on the fit-

ness of the vector into which they have been introduced has to be evaluated. This study

investigated the effect of two such bacteria candidates, Enterobacter cloacae and Serratia

marcescens, on Anopheles gambiae s.l. fitness. Pupae and larvae of Anopheles gambiae s.

l. mosquitoes were collected by dipping method and reared to adults. The effect of these

bacteria on mosquito fitness was assessed by reintroducing isolates of each bacteria sepa-

rately into antibiotic-treated female adult mosquitoes through sugar meal. Wild type (non-

antibiotic-treated) mosquitoes and those antibiotic-treated with no bacteria reintroduction

were used as controls. The mosquitoes were monitored on longevity/survival, fecundity,

hatch rate, and larval survival. The antibiotic-treated adult mosquitoes had reduced life span

with median survival of 14 days while the bacteria-reintroduced groups and the wild type sur-

vived to day 22 (p< 0.0001). Treatment with Enterobacter and Serratia did not affect the

average egg deposition (p>0.05) but they affected hatch rates positively (p = 0.008). There

was, however, some evidence that suggests Enterobacter could have a positive effect on

larval development (p < 0.0001). With no observed negative effect on survival/longevity of

Anopheles gambiae, introducing E. cloacae and S. marcescens in future bacteria-associ-

ated control strategies is unlikely to result in mosquitoes that will be outlived by the wild pop-

ulation. This, however, requires evaluations under field conditions.

Introduction

Mosquito-borne diseases are a major concern in many parts of the world, malaria being the

most critical with more than 400,000 death every year [1]. In 2018, malaria alone caused 405,
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000 deaths [1]. The WHO African Region was home to 93% of malaria cases and a similarly

high percentage of malaria deaths [1]. Mosquito vector control programmes have been shown

to significantly reduce mosquito-borne diseases [2]. Despite control efforts, mosquito-borne

diseases remain significantly high and continue to increase worldwide due to increased global

travel [3] and adaptation of the vectors to new niches [4–6]. Resistance of parasites to existing

drug therapies, mosquito-insecticide resistance and poor health facilities in disease endemic

settings have contributed to the increasing prevalence of mosquito-borne diseases [7–9]. As

vector control remains an effective method to reduce vector-borne disease prevalence, new

control approaches that depend on transforming mosquitoes and/or their symbionts to

increase vector refractoriness have been suggested [10].

The gut microbiota of mosquito is a heterogeneous and variable network of organisms. Sev-

eral species of bacteria have been found associated with the mosquito midgut lumen using both

culture-dependent and culture-independent methods [11–16]. These methods have also been

used to demonstrate the acquisition of these bacteria from the mosquito larval aquatic environ-

ment [17] and trans-stadial transmission to the adult gut [18]. Microbial diversity in the mos-

quito midgut reduces after blood feeding with proliferation of some bacteria species [15]. The

benefits of bacteria to the physiological well-being of insect vectors are varied and include nutri-

tion, reproduction, metabolism, and immunity [19]. Gut microbiota can secrete compounds

which are absorbed by mosquitoes or they may enhance digestion through the release of diges-

tive enzymes which facilitates the absorption of nutrients [20]. Serratia and Enterobacter species,

for example produce haemolytic enzymes which enhance blood digestion in blood-feeding dip-

terans [21]. Mosquito gut bacteria can also impact pathogen development by stimulating the

host immune system [22]. The naturally acquired microflora regulate mosquito vector compe-

tence by suppressing the maturation of Plasmodium and other mosquito transmitted parasites

[23]. An example is observed with re-introduction of an Enterobacter strain isolated from Zam-

bian Anophelesmosquitoes (Esp_Z) into experimental mosquitoes which led to suppressed

development of Plasmodium parasites and disruption of the midgut epithelium invasion by

exerting oxidative pressure [24]. ‘Sterile’ mosquitoes are more susceptible to Plasmodium infec-

tion while co-infection with gametocytes and bacteria results in low levels of infection [14, 22].

It remains unclear whether the increased susceptibility results from weakened immunity due to

the absence of the bacteria or a lack of bacteria-secreted anti-parasitic molecules.

There is increasing interest in investigating symbionts of malaria vectors because their anti-

parasitic mechanisms may offer novel control techniques. To use bacteria-mediated control

strategies effectively requires comprehensive understanding of how naturally occurring candi-

date bacteria species affect elements of vector capacity. In this study, we isolated Enterobacter
cloacae and Serratia marcescens, two bacterial species which have potential to be used for novel

bacteria-mediated control, from female Anopheles gambiae s.l. and determined their effect on

the mosquito fitness by assessing longevity, fecundity, fertility and larval survival.

Methods

Mosquito collection and maintenance

The Anophelesmosquitoes, from which the bacteria used in this study were isolated, were col-

lected from dugouts and water puddles on an urban agricultural site in Accra, Ghana (Latitude

5˚ 35054.54@N and Longitude 0˚10053.60@E). Pupae and larvae of Anophelesmosquitoes were

sourced from mosquito breeding ponds and returned to the laboratory in samples of water

from the breeding ponds. In the laboratory, mosquito samples were emptied into larval trays.

Pupae were transferred into plastic cups and kept in labelled cages cleaned with 70% ethanol.

Remaining larvae were reared without adding fish meal, and pupae were picked and

PLOS ONE Enterobacter and Serratia affect mosquito fitness

PLOS ONE | https://doi.org/10.1371/journal.pone.0238931 September 18, 2020 2 / 11

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: LSV, log score value; MALDI-TOF-

MS, Matrix-assisted laser desorption and ionization

time-of-flight mass spectrometry; TSA, Tryptone

soya agar.

https://doi.org/10.1371/journal.pone.0238931


transferred into cages daily. All remaining larvae were discarded 5 days after the field collec-

tion. The rearing temperature conditions for larvae and adults were 36 ± 1˚ C and 25 ± 1˚ C

respectively. All samples were maintained at 78 ± 2% relative humidity, and 12:12 (dark:light)

photoperiod. Cotton balls containing 10% sugar solution were placed in the cages after taking

out 20 “unfed” 1-day old adult female mosquitoes for dissection. Similarly, 20 female mosqui-

toes were dissected after sugar feeding for 3 days, and another 20 mosquitoes 24 hours after

being blood fed. Anophelesmosquitoes were identified based on their morphology to species

level with taxonomic keys [25].

Ethics statement

The vegetable farm owners gave verbal permission to sample mosquitoes from their farms.

Mosquito dissection

Dissections were performed with the aid of a Leica stereomicroscope (EZ4 HD) and with sterilized

apparatus according to a procedure depicted by Pidiyar et al. [26] with slight modifications. Before

dissection, female mosquitoes were aspirated from the cage into paper cups and placed on ice to

immobilize them. They were washed with 75% ethanol for 5 min and then four times in sterile 1X

Phosphate Buffered Saline (PBS) to wash out nonattached bacteria, thereby lessening the contami-

nation of sample with cuticle bacteria during mosquito dissection. Each mosquito was dissected

in a drop of filtered 1X PBS on a microscope slide wiped with 0.5% bleach and 70% ethanol. The

tips of dissecting pins and forceps were cleaned with 0.5% bleach, absolute ethanol and 70% etha-

nol between each dissection to prevent contamination between sample midguts [27]. The midgut

sections were dropped singly in 100μL of 1X PBS. Sham dissections (drop of PBS on a cleaned

slide with no mosquito) were prepared as negative controls.

Bacteria isolation and identification

Three replicates, each containing five midguts were prepared for unfed, sugar fed and blood

fed mosquitoes. The guts were homogenized in 1X PBS and diluted serially (10 folds) up to

10−2. 100μL of each dilution was pour-plated on MacConkey agar, blood agar mixed with 5%

sheep blood, tryptone soya agar (TSA) and with 10% sodium chloride (NaCl). The latter was
incubated at 27˚C and remaining agar plates at 37˚C for 24–48 hrs. An empty plate and

another with sterile 1X PBS were prepared in two replicates as negative controls. Continuous

subcultures of bacteria colonies were carried out to isolate pure bacteria colonies. The single

pure colonies of bacteria were identified using Matrix-assisted laser desorption and ionization

time-of-flight mass spectrometry (MALDI-TOF-MS). Bacteria identification at the species

level was considered to be accurate and significant when the spectrum in question had a log

score value (LSV)� 1.9 [28]. The bacteria identities were also confirmed by PCR amplification

of ~1500bp region of the bacterial small subunit ribosomal ribonucleic acid (SSU rRNA) using

universal bacteria primers, sequencing and performing a Megablast search in Geneious v11.0.5

(S1 Table). Sequences of the isolate have been deposited in NCBI (Genbank submission:

SUB7865016). Only one isolate each of Enterobacter cloacae (Mu2b) and Serratia marcescens
(Tu2bii) were used in subsequent experiments.

Mosquito antibiotic treatment and bacteria reintroduction

Anopheles gambiae s.l. mosquitoes aged 2–3 days were placed into twelve rearing cages; each

cage containing 80 females and 80 males. Nine mosquito cages were maintained on cotton

balls soaked in a mixture of antibiotic cocktail (75μg/mL gentamicin, 100 units/mL Penicillin
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and 100μg/mL of streptomycin in 10% sugar solution) for 4 days [24]. The soaked cotton balls

were changed daily to prevent bacterial contamination. Three cages were maintained on a ster-

ile 10% sugar solution only and were used as positive controls (wild type). The treated mosqui-

toes were allowed to feed for 24 hours on sterile 10% sugar solution after antibiotic treatment

to reduce the effect of any residual antibiotics. The efficiency of bacteria clearing was tested by

dissecting the midguts of 5 mosquitoes from each of the treated cages, and culturing their gut

homogenate on MacConkey agar, tryptone soya agar and blood agar, as previously described.

No growth was recorded. Three (3) antibiotic-treated cages each were used for Enterobacter
cloacae and Serratia marcescens reintroduction. The remaining three (3) were kept without

bacteria reintroduction.

An isolate of E. cloacae and S.marcescens were grown separately in nutrient broth for 24

hours at 37˚C. Each culture was centrifuged for 10min at 3000rpm to obtain pellets. The super-

natant was discarded and pellets were diluted in 3% sugar solution to a final OD600nm of 3 [29].

Mosquitoes were starved for 6 hours before feeding with bacteria-sugar solution. Cotton balls

were soaked with the bacteria-spiked sugar solution and placed in mosquito cages. Cotton

balls were changed daily, and bacteria-sugar solutions were prepared fresh to use. Bacteria

reintroduction was done for 48 hours.

To confirm that the introduced bacteria colonized the mosquito gut, five adult female mos-

quitoes were removed from each cage and dissected. The midguts were homogenized in 100μL

of 1X PBS, diluted serially to 10−4 and plated on TSA and MacConkey agar. Plates were incu-

bated for 24 hours at 37˚C, and bacteria colonies were identified using the MALDI-TOF-MS

as previously described. All treatment groups were blood-fed 4 days after bacteria reintroduc-

tion. Mosquitoes that did not feed were removed from the cages.

Adult longevity assay

Three (3) independent replicates of 60 female and 60 male antibiotic-treated mosquitoes per

cage were set-up to investigate the impact of each of the two bacteria on mosquito lifespan E.

cloacae and S.marcescens were reintroduced separately. Two control groups were set-up as

previously described. All cages were provided with a blood meal 4 days post bacteria reintro-

duction, and non-fed mosquitoes were removed from the cages. Mosquitoes were maintained

on cotton balls soaked with 10% sugar solution and blood-fed twice a week until all the mos-

quitoes died. Female mosquitoes that did not feed were not removed from the cages. Dead

female mosquitoes were removed from the cages and counted (S2 Table). Survival percentages

were calculated across three biological replicates for each treatment group.

Fecundity and fertility assay

Oviposition cups (filter paper submerged in water holding cups) were placed inside the mos-

quito cages used for survival assay 24 hours after blood feeding. Eggs laid on the filter paper

were collected after 3–4 days and counted [24]. The mean number of eggs was calculated as

the total number of eggs laid fractioned by the number of female mosquitoes in the cage. This

was repeated after the 2nd blood meal (S3 Table).

Egg viability was determined by submerging the eggs laid by mosquitoes into plastic trays

with dechlorinated water and allowed to hatch under standard larval rearing conditions.

Hatch rate was assessed by counting first instar larvae (S4 Table).

Larval survival assay

The 1st instar larvae from the fertility assay above were maintained under standard rearing

conditions to assess their developmental success. The larvae were fed daily on Tetrafin1 fish
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meal (food). The number of larvae at each developmental stage was counted and recorded

daily. Pupae were removed and placed in adult cages to emerge. The number of adults that

emerged was recorded (S5 Table).

Data analysis

Data collected were analyzed using GraphPad Prism 7.04 software. Kaplan–Meier survival

analysis was performed, and p-values defined by log-rank test (Mantel-Cox). Sidak method

was used to correct for multiple comparisons. Significance for fecundity, hatch rate and per-

centage larval development was determined using Analysis of Variance (ANOVA).

Results

Bacteria species identification

All 14 bacterial samples were submitted to identification by MADI-TOF-MS. Two bacterial

species were predominant among the bacteria isolated, Enterobacter cloacae and Serratia mar-
cescens with LSV� 1.9 (Table 1). S.marcescens represented 57% (8) of the 14 isolates, while

28.6% (4) were identified as E. cloacae. Two (2) samples were not identified with MALDI-TOF

but 16S sequence blast search for these isolates showed >99% identity with E. cloacae complex

and Serratia sp (Table 1 and S1 Table). An average length of 1344bp of bacterial 16S ribosomal

subunit sequence was obtained for all the isolates. There was generally good sequence agree-

ment (length and percentage identity) between our sequences and those retrieved as ‘hits’

Table 1. A summary of Bruker MALDI Biotyper and 16SrDNA identification results. MALDI-TOF bacteria identity was significant if LSV� 1.9.

MALDI-TOF 16SrDNA sequencing

Bacteria identification

number

Organism best match Log score value

(LSV)

Query sequence

length

Hit sequence

length

%identity with MALDI-TOF best match

organism

Mu1bi No identification

possible

1.54 1430 1425 99.3✢

Mu1bii Enterobacter cloacae 2.14 1434 1428 97.4

Mu2b Enterobacter cloacae 1.91 1083 1079 98.2

Ms1a Enterobacter cloacae 2.11 1460 1369 99.1

Ms1b Enterobacter cloacae 1.99 1430 1430 99.8

Mb1a No identification

possible

1.65 1430 1430 99.7✤

Mb1b Serratia marcescens 2.02 1429 1426 99.9

Bu1b Serratia marcescens 2.04 1430 1430 99.8

Bs2aii Serratia marcescens 2.11 1414 1409 99.7

Bb1b Serratia marcescens 1.9 1433 1426 99.2

Tu2bi Serratia marcescens 2.03 1429 1429 99.7

Tu2bii Serratia marcescens 2.03 1418 1416 99.4

TNu1b Serratia marcescens 2.21 1429 1426 99.7

TNs1b Serratia marcescens 2.06 570 568 98.2

BTS (+ control) Escherichia coli 2.35

NEG C (standard) no peaks found 0

Agar plates: M stands for MacConkey agar, B stands for blood agar, T stands for TSA, TN stands for TSA + 10% NaCl.

Midgut: u stands for unfed, s stands for sugar fed, b stands for blood fed.
✢ Highest hit organism was Enterobacter hormaechei, a member of the E. cloacae complex.
✤ Similarly identical to Serratia surfactantfaciens and S.marcescens.

https://doi.org/10.1371/journal.pone.0238931.t001
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from Genbank (Table 1 and S1 Table). The two bacteria identification results generally

matched with significant LSV (� 1.9) and sequence identity.

Effect of Enterobacter cloacae and Serratia marcescens on the longevity of Anopheles
gambiae s.l. Antibiotic-treated mosquitoes with no bacteria reintroduced had reduced life-

span compared to the wildtype, Enterobacter-fed and Serratia-fed group (p< 0.0001). Approxi-

mately, 50% of antibiotic-treated mosquitoes died by the 14th day post blood feeding, with the

rate of mortality increasing steeply. By day 20 only 15% of mosquitoes were still alive (Fig 1).

The survival rate of Enterobacter-fed and Serratia-fed mosquitoes was comparable to the wild-

type (Enterobacter vs wildtype: p = 0.83; Serratia vs wildtype: p = 0.70) and there was no differ-

ence between the bacteria reintroduced groups (Enterobacter vs Serratia: p = 0.83). Among

these, 50% of mosquitoes remained 18–20 days after blood meal (Fig 1).

Effect of E. cloacae and S. marcescens on the fecundity and fertility of Anopheles gam-
biae s.l. Eggs laid by experimental group of mosquitoes were collected on filter papers,

counted and hatched. Enterobacter-fed, Serratia-fed and the antibiotic-treated groups laid eggs

after each blood meal while the wild type laid eggs only after the second blood meal (S3 Table).

The average number of eggs laid was similar between treatment after each blood meal (p =
0.81) (Fig 2) but hatch rates differed significantly (p = 0.008) (Fig 3). The mean number of eggs

(p = 0.0001) and hatch rate increased following the second blood meal (p = 0.04).

Effect of Enterobacter cloacae and Serratia marcescens on survival of larval Anopheles
gambiae s.l. We observed the effect of Enterobacter and Serratia on mosquito survival from

eggs to adults (Fig 4). There was evidence of significant effect of treatment on the percentage

number of mosquitoes that reached 2nd instar larvae (p<0.0001). The developmental successes

Fig 1. Survival analysis of An. gambiae s.l. following antibiotic treatment and bacteria reintroduction. The group, antibiotic-treated are

antibiotic-treated with no bacteria reintroduction and wild type are non-antibiotic-treated.

https://doi.org/10.1371/journal.pone.0238931.g001
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were however similar between groups from 3rd instar to adults. Enterobacter-fed group had the

highest percentage of 1st and 2nd instar larvae and these differed from those observed in other

treatments, except with 2nd instars from antibiotic-treated adult mosquitoes (S5 Table).

Discussion

Enterobacter cloacae and Serratia marcescens are two bacteria species within the midgut of

mosquitoes that have shown promising results in reducing parasite development in the vector

host [22–24]. Their use as potential bio-agents for control of disease transmission from mos-

quito to human host has been of scientific interest. In this study, we investigated the effects of

E. cloacae and S.marcescens on adult An. gambiae s.l survival and fertility and eggs to adult

developmental success. The effect of two bacteria species were compared with antibiotic-

treated’ mosquitoes and wildtype (non antibiotic-treated). Our results show evidence that

E. cloacae and S.marcescensmay contribute to mosquito survival fertility and fecundity.

Fig 2. Mean number of eggs laid by Anopheles gambiae s.l. following antibiotic treatment and reintroduction of E. cloacae and S.

marcescens. Error bars show the standard error of mean.

https://doi.org/10.1371/journal.pone.0238931.g002

Fig 3. Average percentage hatch rate of An. gambiae s. l. eggs after antibiotic treatment and bacteria reintroduction of E. cloacae and S.

marcescens. Error bars show the standard error of mean.

https://doi.org/10.1371/journal.pone.0238931.g003
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Microorganisms resident in the midgut of insects are important in many physiological pro-

cesses in the host [30]. The bacteria family Enterobacteriacae, of which E. cloacae and S.mar-
cescens belong, show increased abundance in the mosquito midgut following a blood meal [31,

32]. They may be playing immune functions [22], digesting food [21] to support the mosqui-

toes physiological well-being. Antibiotic treatment of mosquitoes is not efficient to remove all

bacteria within the midgut [31]. It, however, allows specific bacteria of interest to be studied

for their physiological effects by reintroduction into antibiotic-treated mosquitoes. We have

demonstrated the importance of E. cloacae and S.marcescens to the survival of adult mosqui-

toes. The reduced longevity in antibiotic-treated mosquitoes may have resulted from reduced

bacterial abundance [14, 33] or the removal of some specific bacteria which have significant

roles in keeping the mosquitoes healthy. The absence of the two bacteria of interest was con-

firmed, after antibiotic treatment. Therefore, the rescue of longevity after reintroduction of

Enterobacter and Serratia into antibiotic-treated mosquitoes demonstrated that the two bacte-

ria species were independently important in the general survival of adult Anopheles gambiae s.

l. mosquitoes. This is in agreement with similar longevity studies with E. cloacae strain (Esp_Z)

isolated from Anophelesmosquito population [24, 34].

We observed no difference in fecundity for Enterobacter or Serratia-treated mosquitoes

compared to antibiotic-treated or the wildtype, but they differed significantly compared in fer-

tility compared to the wildtype. There is however evidence to suggest that removal of Entero-

bacteriacae in mosquitoes by addition of antibiotics to blood meal have positive effect on

fecundity and fertility [31]. This supports our results because the presence of either of the two

bacteria species prior to blood feeding did not offer any fecundity advantage and mosquitoes

laid similarly to the antibiotic-treated. Enterobacter-treated mosquitoes show some evidence of

increased ability of their eggs surviving better to the 2nd instar, but this advantage disappeared

in the subsequent developmental stages.

Fig 4. Developmental successes of An. gambiae from eggs to adults following bacteria reintroduction. Percentages were calculated based on the number of eggs

laid.

https://doi.org/10.1371/journal.pone.0238931.g004
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Conclusions

Enterobacter cloacae and Serratia marcescens are candidates for use in potential Plasmodium
blocking strategies. The implication of our findings to this suggests that increase of abundance

of the two bacteria species in the midgut of Anophelesmosquitoes [29] does not confer a fitness

disadvantage.
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val habitats in a medium-sized town of Côte d’Ivoire. J Vector Ecol. 2006; 31(2):319–333. https://doi.

org/10.3376/1081-1710(2006)31[319:ualuac]2.0.co;2 PMID: 17249350

7. Hargreaves K, Hunt RH, Brooke BD, Mthembu J, Weeto MM, Awolola TS, et al. Anopheles arabiensis

and An. quadriannulatus resistance to DDT in South Africa. Med Vet Entomol. 2003; 17(4):417–22.

https://doi.org/10.1111/j.1365-2915.2003.00460.x PMID: 14651656

8. Hargreaves K, Koekemoer LL, Brooke BD, Hunt RH, Mthembu J, Coetzee M. Anopheles funestus resis-

tant to pyrethroid insecticides in South Africa. Med Vet Entomol. 2000; 14(2):181–9. https://doi.org/10.

1046/j.1365-2915.2000.00234.x PMID: 10872862

9. White NJ. Review series Antimalarial drug resistance. Trends Parasitol [Internet]. 2004; 113(8):1084–

92. Available from: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=

Citation&list_uids=15085184%5Cnhttp://www.jci.org/cgi/content/abstract/113/8/1084

10. Ricci I, Damiani C, Capone A, Defreece C, Rossi P, Favia G. Mosquito / microbiota interactions: from

complex relationships to biotechnological perspectives. Curr Opin Microbiol [Internet]. 2012; 15(3):278–

84. Available from: https://doi.org/10.1016/j.mib.2012.03.004 PMID: 22465193

11. Dong Y, Manfredini F, Dimopoulos G. Implication of the mosquito midgut microbiota in the defense

against malaria parasites. PLoS Pathog. 2009; 5(5):e1000423. https://doi.org/10.1371/journal.ppat.

1000423 PMID: 19424427

12. Chouaia B, Rossi P, Montagna M, Ricci I, Crotti E, Damiani C, et al. Molecular evidence for multiple

infections as revealed by typing of asaia bacterial symbionts of four mosquito species. Appl Environ

Microbiol. 2010; 76(22):7444–50. https://doi.org/10.1128/AEM.01747-10 PMID: 20851960

13. Gusmão DS, Santos AV, Marini DC, Bacci M Jr, Berbert-Molina MA L, FJA.: Culture-dependent and cul-

ture-independent characterization of microorganisms associated with Aedes aegypti (Diptera: Culici-

dae) (L.) and dynamics of bacterial colonization in the midgut.,. Acta Trop. 2010; 115.:275–281. https://

doi.org/10.1016/j.actatropica.2010.04.011 PMID: 20434424

14. Cirimotich CM, Dong Y, Clayton AM, Sandiford SL, Jayme A, Mulenga M, et al. Supporting Online Mate-

rial for. 2011; 855(May).

15. Boissière, Anne; Majoline T. Tchioffo, Dipankar Bachar, Luc Abate, Alexandra Marie, Sandrine E.

Nsango, et al. Midgut Microbiota of the Malaria Mosquito Vector Anopheles gambiae and Interactions

with Plasmodium falciparum Infection. In: https://doi.org/101371/journal.ppat1002742. 2012.

16. Osei-Poku J, Mbogo CM, Palmer WJ, Jiggins FM. Deep sequencing reveals extensive variation in the

gut microbiota of wild mosquitoes from Kenya. Mol Ecol. 2012; 21:5138–5150. https://doi.org/10.1111/j.

1365-294X.2012.05759.x PMID: 22988916

17. Straif SC, Mbogo CNM, Toure AM, Walker ED, Kaufman M, Toure YT, et al. Midgut Bacteria in Anophe-

les gambiae and An. funestus (Diptera: Culicidae) from Kenya and Mali. 1998;(January):222–6.

18. Lindha J.M., Borg-Karlsonb A.-K., Fayea I. Transstadial and horizontal transfer of bacteria within a col-

ony of Anopheles gambiae (Diptera: Culicidae) and oviposition response to bacteria-containing water.

Acta Trop. 2008; 107:242–250. https://doi.org/10.1016/j.actatropica.2008.06.008 PMID: 18671931

19. Jupatanakul N, Sim S, Dimopoulos G. The Insect Microbiome Modulates Vector Competence for Arbo-

viruses. Viruses. 2014; 6:4294–313. https://doi.org/10.3390/v6114294 PMID: 25393895

PLOS ONE Enterobacter and Serratia affect mosquito fitness

PLOS ONE | https://doi.org/10.1371/journal.pone.0238931 September 18, 2020 10 / 11

http://www.malariajournal.com/content/10/1/154
https://doi.org/10.3376/1081-1710%282006%2931%5B319%3Aualuac%5D2.0.co%3B2
https://doi.org/10.3376/1081-1710%282006%2931%5B319%3Aualuac%5D2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/17249350
https://doi.org/10.1111/j.1365-2915.2003.00460.x
http://www.ncbi.nlm.nih.gov/pubmed/14651656
https://doi.org/10.1046/j.1365-2915.2000.00234.x
https://doi.org/10.1046/j.1365-2915.2000.00234.x
http://www.ncbi.nlm.nih.gov/pubmed/10872862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15085184%5Cn
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15085184%5Cn
http://www.jci.org/cgi/content/abstract/113/8/1084
https://doi.org/10.1016/j.mib.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22465193
https://doi.org/10.1371/journal.ppat.1000423
https://doi.org/10.1371/journal.ppat.1000423
http://www.ncbi.nlm.nih.gov/pubmed/19424427
https://doi.org/10.1128/AEM.01747-10
http://www.ncbi.nlm.nih.gov/pubmed/20851960
https://doi.org/10.1016/j.actatropica.2010.04.011
https://doi.org/10.1016/j.actatropica.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20434424
https://doi.org/101371/journal.ppat1002742
https://doi.org/10.1111/j.1365-294X.2012.05759.x
https://doi.org/10.1111/j.1365-294X.2012.05759.x
http://www.ncbi.nlm.nih.gov/pubmed/22988916
https://doi.org/10.1016/j.actatropica.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18671931
https://doi.org/10.3390/v6114294
http://www.ncbi.nlm.nih.gov/pubmed/25393895
https://doi.org/10.1371/journal.pone.0238931


20. Minard G, Mavingui P, Moro CV. Diversity and function of bacterial microbiota in the mosquito holobiont.

Parasites & Vectors. 2013; 6(1):1.

21. De Gaio AO, Gusmão DS, Santos A V, Berbert-molina MA, Pimenta PFP, Lemos FJA. Contribution of

midgut bacteria to blood digestion and egg production in Aedes aegypti (diptera: culicidae) (L.). Para-

sites & Vectors 2011,. 2011; 4:105.

22. Gonzalez-ceron L, Santillan F, Rodriguez MH, Mendez D. Bacteria in Midguts of Field-Collected Anoph-

eles albimanus Block Plasmodium vivax Sporogonic Development. 2003;371–4.

23. Cirimotich CM, Dong Y, Garver LS, Sim S, Dimopoulos G. Mosquito immune defenses against Plasmo-

dium infection. Dev Comp Immunol. 2010; 34(4):387–95. https://doi.org/10.1016/j.dci.2009.12.005

PMID: 20026176

24. Dennison NJ, Saraiva RG, Cirimotich CM, Mlambo G, Mongodin EF, Dimopoulos G. Functional geno-

mic analyses of Enterobacter, Anopheles and Plasmodium reciprocal interactions that impact vector

competence. Malar J. 2016; 15:425. https://doi.org/10.1186/s12936-016-1468-2 PMID: 27549662

25. Gillies M.T. and De Meillion B. The Anopheline of South of Sahara. Public South African Inst Med Res.

1968; 55:143–52.

26. Pidiyar V. J., Jangid K., Patole M. S. and Shouche YS. Studies on cultured and uncultured microbiota of

wild Culex quinquefasciatus mosquito midgut based on 16s ribosomal RNA gene analysis. Am J Trop

Med Hyg,. 2004; 70:597–603. PMID: 15210998

27. Akorli J, Gendrin M, Pels NAP, Yeboah-Manu D, Christophides GK, Wilson MD. Seasonality and locality

affect the diversity of Anopheles gambiae and Anopheles coluzzii midgut microbiota from Ghana. PLoS

One. 2016; 11(6):e0157529. https://doi.org/10.1371/journal.pone.0157529 PMID: 27322614

28. Seng P et al. 2009. Ongoing revolution in bacteriology: routine identification of bacteria by matrix-assis-

ted laser desorption ionization time-offlight mass spectrometry. Clin Infect Dis. 2009; 49:543–551.

https://doi.org/10.1086/600885 PMID: 19583519

29. Riehle MA, Moreira CK, Lampe D, Lauzon C, Jacobs-lorena M. Using bacteria to express and display

anti- Plasmodium molecules in the mosquito midgut. Int J Parasitol. 2007; 37:595–603. https://doi.org/

10.1016/j.ijpara.2006.12.002 PMID: 17224154

30. Douglas AE. HHS Public Access. Annu Rev Entomol. 2015; 60:17–34. https://doi.org/10.1146/annurev-

ento-010814-020822 PMID: 25341109
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