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Abstract

Aedes aegypti and Ae. albopictus are among the most important vectors of arboviral dis-

eases, worldwide. Recent studies indicate that diverse midgut microbiota of mosquitoes sig-

nificantly affect development, digestion, metabolism, and immunity of their hosts. Midgut

microbiota has also been suggested to modulate the competency of mosquitoes to transmit

arboviruses, malaria parasites etc. Interestingly, the midgut microbial flora is dynamic and

the diversity changes with the development of vectors, in addition to other factors such as

species, sex, life-stage, feeding behavior and geographical origin. The aim of the present

study was to investigate the midgut bacterial diversity among larva, adult male, sugar fed

female and blood fed female Ae. albopictus collected from Tezpur, Northeastern India.

Based on colony morphological characteristics, we selected 113 cultivable bacterial isolates

for 16S rRNA gene sequence based molecular identification. Of the 113 isolates, we could

identify 35 bacterial species belonging to 18 distinct genera under four major phyla, namely

Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes. Phyla Proteobacteria and Fir-

micutes accounted for majority (80%) of the species, while phylum Actinobacteria consti-

tuted 17% of the species. Bacteroidetes was the least represented phylum, characterized

by a single species- Chryseobacterium rhizoplanae, isolated from blood fed individuals. Dis-

section of midgut microbiota diversity at different developmental stages of Ae. albopictus

will be helpful in better understanding mosquito-borne diseases, and for designing effective

strategies to manage mosquito-borne diseases.

Introduction

Among the insects, mosquitoes play a significant role in transmission of various diseases like

Dengue, Zika fever, Chikungunya, Yellow fever, Malaria, Japanese encephalitis, lymphatic fila-

riasis etc. Of the medically important mosquito species, Aedes aegypti and Ae. albopictus are

the most important vectors of arboviruses, including Zika virus (ZIKV), Dengue virus

(DENV), Yellow fever virus (YFV), and Chikungunya virus (CHIKV) [1–6]. In the recent
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decades, the burden of Dengue has dramatically increased and approximately 40% of the pop-

ulation in 100 countries is estimated to be affected. The incidences are very high, especially in

the developing nations of South-East Asia, Western Pacific, and Americas [7]. The recent out-

breaks of Zika fever and associated comorbidities have attested to the increasing risk of vector-

borne emerging and re-emerging diseases, worldwide [8–9].

Recent metagenomic studies on mosquito midgut have revealed the presence of a diverse

microbiota, which can significantly affect the development, digestion, metabolism, immunity

and other physiological functions of their hosts. This midgut microbiota have also been sug-

gested to alter the competency of mosquitoes to transmit pathogens like arboviruses, malaria

parasite etc [10–12]. A number of bacterial species isolated from the mosquito midguts have

also been utilized for manipulating their midgut microbiota (paratransgenesis), to modulate

the vector competency of the mosquitoes, as a potent strategy for vector management [13–15].

Interestingly, the midgut microbial flora is dynamic and the diversity changes with the devel-

opment of the vectors, in addition to other factors such as species, sex, life-stage, feeding

behavior and geographical origin [16–22]. As a conventional assumption, midgut bacterial

population is thought to be acquired from the environment, in which the said species develops.

The first acquisition of bacteria occurs during the larval stages and the subsequent acquisition

occurs during the adult stages [11]. Apart from the environment, the feeding habit also signifi-

cantly influences the microbial diversity of the vectors. Adult mosquitoes prefer nectar as their

first meal, resulting in increase of carbohydrate in the midgut, while the level of protein

increases significantly after the blood meal in female mosquitoes. This change from high car-

bohydrate levels to protein dramatically modulates the midgut environment, inducing a shift

in the midgut microbiome [23–28]. Very interestingly, microbial diversity reduces post-blood

meal, signified by increase in enteric bacterial population, to counter the increased oxidative

and nitrosative stresses associated with the metabolism of blood [28]. Although, midgut micro-

biota have been studied in a number of different vector mosquito species, but the literature on

microbial diversity in different developmental stages of Aedes is particularly scanty. In this

study, we attempted to explore the midgut microbial diversity of larvae, sugar fed female,

blood fed female and male of Ae. albopictus, collected from Tezpur, a town situated in north-

eastern India, considered as an important biodiversity hot-spot.

Materials and Methods

Sample collection

We collected fourth instar larvae and pupae of Ae albopictus mosquitoes from waste tyres, plas-

tic & metal pots from Solmara, Tezpur [26.63˚N 92.8˚E], India, and transported to the labora-

tory in pre-sterilized plastic bottles. Collection was done during post monsoon season when

the mosquito breeding was at its peak. In the laboratory, field collected samples were sorted

and pupae were transferred to pre-sterilized net cages for emergence of adult. Larvae and

pupae were incubated in water, collected from the breeding sites.

The samples used in this study were collected from public land, which do not come under

the categories of national parks/ protected areas. Furthermore, there was no involvement of

collection or disturbance to endangered or protected species, during collection of samples.

Therefore, no specific permission was required for samples collection.

Dissection and isolation of midgut

In the present study, we selected the larvae and adults (males, sugar fed females and blood fed

females) for dissection and isolation of midgut bacteria. Initially, we separated 30 fourth instar

larvae from the pool for dissection and isolation of bacteria. Subsequently, after emergence, all
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the adults were provided with 10% sucrose solution [Sigma Aldrich, St. Louis, USA] as a food

source. After 24 hrs, we segregated 30 male and female mosquitoes for dissection and isolation

of midgut bacteria. To the remaining mosquitoes, we fed blood through biting of rabbit and

after 24 hrs, we took out 30 blood fed mosquitoes for dissection. We identified the mosquitoes

based on their macroscopic morphological characteristics prior to dissection [29].

All the dissections were performed under Leica stereomicroscope (Model: Leica EZ4 HD)

using sterilized apparatus, according to a protocol described elsewhere [30]. Prior to dissec-

tion, all the adult and larvae samples were surface sterilized with 75% ethanol for 5 min, fol-

lowed by washing with phosphate buffered saline (PBS) twice. All the dissections were carried

out in sterile conditions and midgut sections were separately homogenized in 100 μl of PBS

[30–31].

Isolation and purification of midgut bacteria

Gut homogenates were serially diluted (10 folds) with PBS and 100 μl of each dilution was

pour-plated on nutrient agar media (Himedia, India) and incubated at 37˚C for 24–48 hrs.

The last wash (PBS) of larvae and adults was taken as a control, pour plated and incubated as

the homogenate of dissected midgut. All the microbiological procedures were carried out in a

sterile environment, strictly following aseptic laboratory practices and negative controls (ster-

ile PBS) were included throughout the experiment. We selected morphologically distinct bac-

terial colonies for subculture on nutrient agar plates and for isolation of pure colonies.

Genomic DNA isolation and PCR amplification of 16S rRNA gene

For amplification of 16S rRNA gene, genomic DNA was isolated, as mentioned previously

[30,32]. In brief, genomic DNA was isolated from freshly cultured bacterial cells, and re-sus-

pended in Tris-EDTA buffer (pH-8). For efficient lysis of bacterial cells, a freezing-thawing

step (freezing at -80˚C and thawing at 75˚C, for 3 cycles) was incorporated, followed by lyso-

zyme and proteinase-K treatment. Genomic DNA was precipitated in isopropanol, DNA pel-

lets were air dried and re-suspended in TE buffer. An amplicon of approximately 1.5 kb was

amplified from the small subunit of 16S rRNA gene using primer set 16S1 (5’-GAGTTTGAT
CCTGGCTCA-3’) and 16S2 (5’-CGGCTACCTTGTTACGACTT-3’) and an automated ther-

mal cycler (BioRad, USA) [33].

Sequencing and phylogenetic analysis

PCR products were purified (Chromous Biotech, India) and both the strands were directly

sequenced on an ABI 3500xlGenetic Analyzer (Applied Biosystems Inc. Foster City, CA).

Sequences were manually checked, edited, analyzed, and aligned using BioEdit software (ver.
7.2) and Chromas Lite (ver. 2.1) and were submitted to the GenBank under the accession num-

bers (KU550135 to KU550185). The sequences obtained in our study were compared with

GenBank database using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST) and the

EzTaxon server (http://www.ezbiocloud.net/eztaxon) to search the homologous sequences

[34–35]. The homologous sequences were retrieved from the Genbank, and aligned using

ClustalW program. Phylogenetic relatedness among 87 sequences (including 36 reference) was

determined by tree reconstructed using Neighbor-Joining method (Kimura-2 parameter for

distance calculation), incorporated in MEGA 6.0 package [36]. Robustness of the phylogenetic

tree was examined through 1000 bootstrap replicates, and the consensus tree was used for

analysis.
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Statistical analysis

A non-parametric, Friedman test was performed to estimate the differences in prevalence of

bacterial species between sugar fed, blood fed, male and larvae samples of Ae. albopictus mid-

guts (p< 0.05, 95% confidence interval). Diversity of isolated bacterial species from the mid-

gut of all samples was analyzed using various indices i.e. Simpson Index [37], Shannon Index,

and Evenness [38]. The biodiversity was studied for the determination of diversity richness,

evenness and dominance of obtained bacterial species from each sample categories [31].

Good’s coverage was calculated by using the formula (1-n/N)� 100, where n represents a single

bacterial isolate and N denotes total bacterial isolates from one mosquito species [39].

Results

With an aim to examine the diversity of midgut microbiota in various life stages of Ae. albopic-
tus, we collected and isolated cultivable bacteria from the midgut of larvae, male, sugar fed

female and blood fed female mosquitoes, collected from Tezpur, Assam. Based on colony mor-

phological characteristics, we selected 113 bacterial isolates for 16S rRNA gene sequence based

identification. From all the categories of individuals, we could identify 35 distinct bacterial spe-

cies from 18 genera, which belonged to four major phyla namely Proteobacteria (40.0%), Fir-

micutes (40.0%), Actinobacteria (17.14%), and Bacteroidetes (2.86%) (Fig 1 and S1 Table).

All identified bacterial species from all the categories of individuals were classified in 14 dif-

ferent families in which, Staphylococcaceae (20.00%) was most abundant, followed by Entero-

bacteriaceae (17.14%), Bacillaceae (14.29%), Pseudomonadaceae (8.57%), Micrococcaceae

(8.57%), Microbacteriaceae (5.71%), Xanthomonadaceae (5.71%), Aerococcaceae (2.86%),

Aeromonadaceae (2.86%), Clostridiaceae (2.86%), Comamonadaceae (2.86%), Flavobacteria-

ceae (2.86%), Intrasporangiaceae (2.86%), Moraxellaceae (2.86%) (S1 Table). The bacterial spe-

cies belonging to families Micrococcaceae, Pseudomonadaceae, Staphylococcaceae were

identified from all the categories of the individuals (Larvae, male, sugar fed and blood fed)

while, species belonging to family Aerococcaceae could be isolated only from sugar fed indi-

viduals, Flavobacteriaceae from blood fed and Microbacteriaceae, Aeromonadaceae, Clostri-

diaceae, Intrasporangiaceae from larvae.

The most abundant bacterial species in the sugar fed females and larvae individuals was Aci-
netobacter pittii with an abundance of 22.22% and 14.71% respectively, while Pseudomonas
monteilii (19.35%) was the most abundant species in the blood fed individuals, and Pantoea
dispersa (19.04%) in the adult males. All these bacterial species belonged to the phylum Proteo-

bacteria. The phylum Bacteroidetes was represented by only a single bacterial species, Chryseo-
bacterium rhizoplanae, isolated and identified only from blood fed individuals.

Distribution of bacterial species in different stages

Bacterial isolates from midgut of sugar fed Ae. Albopictus. A total of 13 different bacte-

rial species from 10 genera were identified from the midgut of sugar fed Ae. albopictus, which

belonged to three major phyla namely, Proteobacteria (46.15%), Firmicutes (30.77%) and Acti-

nobacteria (23.08%). Among the phylum Proteobacteria, bacterial species belonging to the

class Gamma Proteobacteria was dominant (38.46%), followed by Beta Proteobacteria (7.69%)

(Figs 1 and 2). All the bacterial species of sugar fed individuals were classified under nine differ-

ent families in which Micrococcaceae (23.08%) was the most abundant, followed by Enterobac-

teriaceae, Staphylococcaceae, Aerococcaceae, Bacillaceae, Comamonadaceae, Moraxellaceae,

Pseudomonadaceae, and Xanthomonadaceae (Fig 3). Among all bacterial isolates from the

sugar fed mosquitoes, Acinetobacter pittii was the dominant species followed by Enterobacter
asburiae,Micrococcus endophyticus, Aerococcus viridians, Staphylococcus cohnii, Pseudomonas
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Fig 1. Phylogenetic analysis of bacterial isolates from midgut of Ae. albopictus. Phylogenetic tree

based on partial 16S rRNA gene sequences, reconstructed through neighbor joining algorithm using Kimura 2

distance parameter method. The percentage bootstrap values obtained with 1000 replications are denoted at

branch node.

doi:10.1371/journal.pone.0167409.g001
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monteilii, Delftia lacustris,Kocuria palustris,Micrococcus yunnanensis, Bacillus subtilis, Staphy-
lococcus haemolyticus, Klebsiella michiganensis and Pseudomonas geniculata (Fig 4A).

Bacterial isolates from midgut of blood fed Ae. Albopictus. A total of ten different

bacterial species from six genera were isolated and identified from the midgut of blood fed Ae.
albopictus, which belonged to four phyla, Proteobacteria (50.00%), Firmicutes (30.00%), Acti-

nobacteria (10.00%) and Bacteroidetes (10.00%). As in sugar fed individuals, Firmicutes was

the second largest phylum with three representative species. Among the phylum Proteobac-

teria, Gamma Proteobacteria (40.00%) was the dominant class, followed by Beta Proteobacteria

(10.00%). Only single species ofMicrococcus yunnanensis and Chryseobacterium rhizoplanae
were identified from Phyla Actinobacteria and Bacteroidetes, respectively (Figs 1 and 2). All

the bacterial species identified in the blood fed individuals belonged to 6 different families, in

which Staphylococcaceae (30.00%) constituted most of the species, followed by Pseudomona-

daceae, Xanthomonadaceae, Comamonadaceae, Flavobacteriaceae and Micrococcaceae (Fig 3).

Two genera Staphylococcus and Pseudomonas were dominant, accounting for 60% species, rest

belonged toMicrococcus, Chryseobacterium, Stenotrophomonas andDelftia. Among all the bac-

terial isolates, Pseudomonas monteilii was the dominant bacterial species followed by Staphylo-
coccus cohnii, Staphylococcus pasteuri, Chryseobacterium rhizoplanae, Stenotrophomonas
maltophilia, Delftia lacustris, Staphylococcus saprophyticus, Pseudomonas mosselii, Micrococcus
yunnanensis and Pseudomonas geniculata (Fig 4B).

Bacterial isolates from midgut of male Ae. Albopictus. A total of 12 bacterial species of

eight distinct genera were identified from male adult mosquitoes. Similar to the sugar fed mos-

quitoes, all isolates belonged to three phyla, namely Proteobacteria (41.67%), Firmicutes

(41.67%), and Actinobacteria (16.67%). However, unlike sugar fed mosquitoes, in the male

individuals, about 83.33% species (10 out of 12 species) belonged to only two major Phyla

Fig 2. Abundance of identified bacterial species belonging to their respective phylum isolated from the midgut of adult

sugar fed female, blood fed female, male, and larvae of Aedes albopictus.

doi:10.1371/journal.pone.0167409.g002
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Proteobacteria and Firmicutes. Only two bacterial species,Micrococcus yunnanensis and

Kocuria palustris were represented by phylum Actinobacteria (Figs 1 and 2). Similar to the

blood fed individuals, the bacterial species of the adult males were also classifiable within 6 dif-

ferent families, in which the Enterobacteriaceae (25.00%) and Staphylococcaceae (25.00%)

were the most abundant, followed by representatives from four different families namely Bacil-

laceae, Micrococcaceae, Moraxellaceae and Pseudomonadaceae (Fig 3). With three different

species, genus Staphylococcus (25.00%) was most abundant, followed by Bacillus (16.67%) and

Enterobacter (16.67%). Of the eight genera, these three genera cover about 58.33% species and

rest 41.67% species belonging to five other genera. Among all isolated bacterial species, the

Pantoea dispersa was dominant followed by Enterobacter xiangfangensis, Staphylococcus war-
neri, Staphylococcus hominis, Pseudomonas aeruginosa, Acinetobacter pittii, Micrococcus yunna-
nensis, Kocuria palustris, Bacillus subtilis, Staphylococcus arlettae, Bacillus aerophilus and

Enterobacter asburiae (Fig 4C).

Bacterial isolates from midgut of larvae of Ae. Albopictus. Among all categories of

individuals, maximum numbers of species (16 species) were identified from larvae of Ae.

Fig 3. Abundance of identified bacterial species belonging to their respective family isolated from the midgut of adult sugar fed female,

blood fed female, male and larvae of Aedes albopictus.

doi:10.1371/journal.pone.0167409.g003
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albopictus. A total of 34 bacterial isolates were identified from larvae samples, which

belonged to 11 different genera under three phyla, Proteobacteria, Firmicutes and Actino-

bacteria. Unlike in other categories, in larvae, phylum Firmicutes was the most prominent

accounting for 7 of 16 (43.75%) bacterial species belonging to two different classes: Bacilli
(37.5%) and Clostridia (6.25%). Phylum Proteobacteria was the second largest phylum with

five species (31.25%). With four species (25.00%), phylum Actinobacteria was the least abun-

dant phylum (Figs 1 and 2). Total identified bacterial species were classified in 11 different

families and Bacillaceae (25%) with 4 species was the most abundant, followed by Microbac-

teriaceae, Staphylococcaceae, Pseudomonadaceae, Aeromonadaceae, Clostridiaceae, Entero-

bacteriaceae, Intrasporangiaceae, Micrococcaceae, Moraxellaceae and Xanthomonadaceae

(Fig 3). Among 11 different genera, Bacillus was the largest genera (25.00% species) followed

by Staphylococcus (12.5%) and Pseudomonas (12.5%). Remaining eight genera were repre-

sented by single bacterial species. In larvae, Acinetobacter pittii (14.7%) was dominate bacte-

rial species followed by Janibacter hoylei, Clostridium sporogenes, Pseudomonas geniculata,

Klebsiella pneumoniae, Microbacterium paraoxydans, Bacillus subtilis subsp. subtilis, Bacillus
cereus, Staphylococcus cohnii, Pseudomonas monteilii, Aeromonas veronii, Leucobacter
kyeonggiensis, Kocuria palustris, Bacillus aryabhattai, Bacillus subtilis subsp. inaquosorum
and Staphylococcus pasteuri (Fig 4D).

Fig 4. Occurrence of identified bacterial species from the midgut of A. sugar fed female, B. blood fed female, C. male and D. larvae Ae.

albopictus.

doi:10.1371/journal.pone.0167409.g004
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Statistical analysis

Bacterial species prevalence in all the four groups of Ae. albopictus individuals were compared

using Friedman test. No statistically significant difference in bacterial species prevalence

between the sugar fed, blood fed, adult male and larval samples were observed (p = 0.62). Bio-

diversity indices like Simpson, Shannon, Evenness, Good’s coverage of total isolated bacteria

from different individuals were estimated and summarized in Table 1. In the present study,

the value of Simpson’s diversity index ranged from 0.87 to 0.92 (maximum in larvae and mini-

mum in blood fed individuals). The value of Shannon diversity index ranged from 2.17 to 2.66

(maximum in larvae and minimum in blood fed individuals), indicating an intermediate level

of diversity. The values of evenness in this study were from 0.82 (Sugar fed) to 0.89 (larvae).

The maximum value of Good’s coverage was recorded from the blood fed Ae. albopictus
(93.55) and minimum from male individuals (71.43).

Discussion

Aedes aegypti and Ae. albopictus are important vectors, and are responsible for transmission of

arboviruses, globally [40]. Specifically, Ae. albopictus mosquitoes have been demonstrated to

rapidly expand their territory, worldwide [41]. Due to its sturdy nature and tolerance to a

broader temperature range, it is an ideal species for different climatic conditions [42]. The

midgut microbiota has been shown to affect the host-pathogen interaction, ultimately influ-

encing the potency of disease transmission of the vectors [43–47]. In this study, we aimed to

explore the varying diversity of midgut microbiota of Ae. albopictus at different stages of the

life cycle.

In this study, using a combination of culture and 16S rRNA sequence based methods, we

could isolate and identify a total of 113 midgut bacterial isolates, belonging to four major phyla

of bacteria, namely Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes. Interestingly,

representatives from phyla Proteobacteria, Firmicutes, and Actinobacteria could be isolated

from all the life stages of the sampled individuals, but bacterial species belonging to the phylum

Bacteroidetes were isolated from the blood fed mosquitoes only.

It is thought that the midgut bacteria is generally acquired through vertical inheritance as

well as from the surrounding environments [11,17,48–49]. Recently, Buck and colleagues,

based on their studies, proposed that the diversity of mosquito-associated microbiota is a

reflection of acquisition through various environments [49]. Additionally, diversity of the mid-

gut microbiota is known to vary according to the life stages of the mosquitoes [11]. A large

number of bacterial genera identified in this study, such as Acinetobacter, Microbacterium,

Micrococcus, Stenotrophomonas, Klebsiella, Pseudomonas, Enterobacter, Aeromonas, Clostrid-
ium and Bacillus have already been reported to be common in environments, where

Table 1. Diversity indices, total taxa, and Good’s coverage of midgut bacterial isolates of Ae. albopictus from different life stages.

Sugar fed Blood fed Male Larvae

Number of identified bacterial species in their respective category 13 10 12 16

Total number of bacteria isolated (N) 27 31 21 34

Bacterial species represented by single isolate (n) 6 2 6 5

Dominance 0.11 0.13 0.11 0.08

Simpson 0.89 0.87 0.89 0.92

Shannon 2.37 2.17 2.36 2.66

Evenness 0.82 0.87 0.88 0.89

Good’s coverage 77.78 93.55 71.43 85.29

doi:10.1371/journal.pone.0167409.t001
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mosquitoes breed and have also been reported to be ingested by the larvae and passed on to

the adults [19,50,51]. Moreover, additional bacterial inoculation of the midgut could happen at

the adult stages through the horizontal transfer from breeding sites [10,51].

Among the bacterial species isolated from the larvae, a number of species were common to

adult mosquitoes, such as A. pittii, B. subtilis subsp. subtilis, K. palustris, P. geniculata, P.mon-
teilii, S. cohnii in the sugar fed adult females, P. geniculata, P.monteilii, S. cohnii, S. pasteuri in

blood fed adult females while A. pittii, B. subtilis subsp. subtilis, K. palustris in the adult males.

However, more than half of the species such as A. veronii, B. aryabhattai, B. cereus, B. subtilis
subsp. inaquosorum, C. sporogenes, J. hoylei, K. pneumonia, L. kyeonggiensis, M. paraoxydans
were specific to larval individuals. This difference in the midgut microbiota diversity at differ-

ent life stages may be attributable to a complex interplay between the environment and feeding

habits, which in turn plays an important role in the metabolism and development of the life

stages [11,17,28,49,52].

Of the bacterial isolates identified in the present study, several genera such as the Enterobac-
ter, Klebsiella, Pantoea, Acinetobacter, Pseudomonas, Bacillus, Staphylococcus, Micrococcus, and

Aeromonas, have commonly been isolated from the midgut of different mosquito species

[17,18,21,27,28,31,52–61]. Specifically, A. pittii, A. veronii, B. aerophilus, B. aryabhattai, B.

cereus, E. asburiae, E. cloacae, E. xiangfangensis, K.michiganensis, K. pneumoniae, M. yunna-
nensis, P. dispersa, P. aeruginosa, P. geniculata, P.monteilii, P.mosselii, S. hominis, and S.malto-
philia identified in the present study have also been isolated from the midgut of Ae. aegypti
and Ae. albopictus, collected from a geographically distant location during in our previous

study [30], suggesting that many of the constituent microbes have established themselves as

commensal, and have important roles in vector life cycle [31,52,62].

Apart from the above mentioned bacterial species, during the study we isolated Leucobacter
kyeonggiensis, Janibacter hoylei, Chryseobacterium rhizoplanae, Microbacterium paraoxydans,
Clostridium sporogenes, which, to the best of our knowledge, have not been previously reported

from mosquito’s midgut. L. kyeonggiensis is a Gram-positive bacterium and was reported by

Kim and Lee in 2011, as a novel species from dye waste water in Korea [63]. Although, till date

L. kyeonggiensis has not been reported in insect gut, but a related species, L. holotrichiae was

very recently reported from the gut of the scarab beetle larvae [64]. Another isolate, J. hoylei, a

Gram-positive bacterium was identified and reported by Shivaji and colleagues, and was iso-

lated from atmospheric samples, collected at very high altitudes (27–41 km) India [65]. C. rhi-
zoplanae, a Gram-negative bacterial species, isolated from present blood fed individuals, was

identified by Kämpfer and colleagues from rhizoplane of maize [66].M. paraoxydans (isolated

from larvae in this study) was initially reported in an acute lymphoblastic leukemia patient

from Belgium and has subsequently been reported from clinical samples, as well as from fishes

[67,68,69]. The bacterial species C. sporogenes (isolated from larvae in the present study) was

first isolated from human faeces [70], and was subsequently reported from the gastrointestinal

tract of the human and other mammalians [71–73].

In addition to other factors, the midgut microbiota diversity has also been shown to be

related to the genders of the mosquitoes [17,20]. The results of our study tend to support this

observation too. We could identify a number of bacterial species in the female mosquitoes

exclusively (A. viridians,D. lacustris, C. rhizoplanae E. asburiae, K.michiganensis, M. endophy-
ticus, P.mosselii, S. haemolyticus and S.maltophilia) and some other bacterial species specifi-

cally from males (B. aerophilus, E. cloacae, E. xiangfangensis, P. dispersa, P. aeruginosa, S.

arlettae, S. hominis, S. warneri). It is well known that the midgut microbiota plays an important

role in the digestion of food [57,74–75]. Males solely depend upon plant sugars [52]. On the

other hand, in addition to plant sugars, female adults require blood meal for development of

their ovaries, signifying a shift from carbohydrate rich diet to protein rich diet [23–26]. This
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shift consequently results in increased levels of enteric bacteria, while reduction in the overall

microbiota diversity [28,75–76]. In our present study too, we documented the least diversity of

midgut microbiota in the blood fed individuals, as compared to all the other category of indi-

viduals, supporting the previous findings.

The biodiversity index is used to quantify the number of different individuals and their dis-

tribution in any community. Simpson index is used to measure the probability of randomly

drawn species of any two individuals from infinitely large community of different species

[31,37]. The Simpson index is directly proportional to diversity. In the present study, the value

of Simpson’s diversity index ranged from 0.87 to 0.92 (maximum in larvae and minimum in

blood fed individuals). Another widely used index for comparing the diversity between various

habitats is the Shannon and the values ranged from 1.5 to 3.5. Values greater than 3, indicate

rich and stable diversity of habitat, whereas values less than 1.5, indicate unstable diversity,

due to the pollution and degradation of habitat structure [77]. In the present study, the value

of Shannon diversity index ranged from 2.17 to 2.66 (maximum in larvae and minimum in

blood fed individuals). In the previous study, lowest bacterial diversity was calculated from the

blood-fed mosquitoes [28] and the value of Simpson and Shannon index in our study indicate

the minimum bacterial diversity from the blood fed individuals and maximum from larvae

individuals. Evenness index is used to estimate the closeness of the species and determines

how well they are evenly distributed among any habitat. The values of evenness in the present

study ranged from 0.82 (Sugar fed) to 0.89 (larvae), which indicated that bacterial species were

evenly distributed among the larvae individuals as compared to other categories of individuals.

The maximum value of Good’s coverage was recorded from blood fed Ae. albopictus (93.55)

and lowest from male individuals (71.43), indicating that an additional 6 and 29 operational

taxonomic units (OTUs) would be found if 100 additional colonies were sequenced in these

two categories [78].

It is now well understood that midgut microbiota of any species is involved in various

important function including digestion of food, development, providing immunity etc [11,61–

62,74–75,79–80]. In vectors, specifically, midgut bacterial populations have also been shown to

be involved in host-parasites interaction, resulting changes in the vectorial capacity

[11,31,52,79]. Recent evidences also suggest a prominent role of the midgut microbiota in

modulating the sporogonic development of parasites, augmentation of immunity against

invading parasites, resulting in altered vectorial capacity [27,46,59–60,79–80]. In case of Aedes
mosquitoes, susceptibility to Dengue viruses has been demonstrated to increase significantly

in the presence Aeromonas culicicola and Escherichia coli in the midgut [48,81], while Serratia
odorifera has been shown to enhance the susceptibility of Aedes mosquitoes to Dengue and Chi-

kungunya viruses [48,82]. Interestingly, a recent study showed three bacteria isolated from Ae.
albopictus i.e, Enterobacter ludwigii, Pseudomonas rhodesiae, and Vagococcus salmoninarium
inhibit La Crosse virus in vitro, suggesting an anti-viral effect of these bacterial species [83].

In the recent years, the interest in midgut-associated bacteria has increased manifolds.

Although many studies have been done on different mosquito species, diversity, functions and

genetic potential of bacteria associated with Aedes mosquitoes is poorly understood. In recent

years the population density and geographic expansion of Aedes mosquitoes has increased

worldwide, posing significant threat of transmitting viruses such as Dengue, Chikugunya, Zika

etc. Therefore, the understanding of diversity of symbiotic bacteria is essential for better

understanding the adaptation and vectorial capacity, as well as to develop effective vector man-

agement strategies. The midgut microbial flora of the mosquitoes is a dynamic niche changing

rapidly with the development of the vectors. Thus, understanding of bacterial communities at

different life stages of vectors is important to control the vectors at different developmental

stages. The findings of our present work gives a glimpse of the midgut associated microbiota
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of the Asian Tiger mosquito Ae. albopictus, and this information could be helpful in investigat-

ing disease transmission, and control of disease outbreaks.
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66. Kämpfer P, McInroy JA, Glaeser SP. Chryseobacterium rhizoplanae sp. nov., isolated from the rhizo-

plane environment Antonie van Leeuwenhoek. 2015; 107:533. doi: 10.1007/s10482-014-0349-3 PMID:

25515412

67. Laffineur K, Avesani V, Cornu, Charlier J, Janssens M, Wauters G, Delme0e M. Bacteremia Due to a

Novel Microbacterium Species in a Patient with Leukemia and Description of Microbacterium paraoxy-

dans sp. nov. J. Clin. Microbiol. 2003; 41(11):2242–2246.

68. Soto-Rodriguez SA, Cabanillas-Ramos J, Alcaraz U, Gomez-Gil B, Romalde JL. Identification and viru-

lence of Aeromonas dhakensis, Pseudomonas mosselii and Microbacterium paraoxydans isolated from

Nile tilapia, Oreochromis niloticus, cultivated in Mexico. J Appl Microbiol. 2013; 115(3):654–62. doi: 10.

1111/jam.12280 PMID: 23758410

Midgut Microbial Diversity at Different Stages of the Asian Tiger Mosquito, Aedes albopictus

PLOS ONE | DOI:10.1371/journal.pone.0167409 December 12, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/9599327
http://dx.doi.org/10.1371/journal.pone.0153133
http://dx.doi.org/10.1371/journal.pone.0153133
http://www.ncbi.nlm.nih.gov/pubmed/27055276
http://dx.doi.org/10.1186/1471-2180-9-96
http://dx.doi.org/10.1186/1471-2180-9-96
http://www.ncbi.nlm.nih.gov/pubmed/19450290
http://www.ncbi.nlm.nih.gov/pubmed/15210998
http://www.ncbi.nlm.nih.gov/pubmed/8619452
http://www.ncbi.nlm.nih.gov/pubmed/11775103
http://www.ncbi.nlm.nih.gov/pubmed/8619451
http://www.ncbi.nlm.nih.gov/pubmed/9615538
http://dx.doi.org/10.1128/AEM.71.11.7217-7223.2005
http://dx.doi.org/10.1128/AEM.71.11.7217-7223.2005
http://www.ncbi.nlm.nih.gov/pubmed/16269761
http://dx.doi.org/10.1007/s12275-011-1548-5
http://www.ncbi.nlm.nih.gov/pubmed/22203572
http://dx.doi.org/10.1099/ijsem.0.000957
http://dx.doi.org/10.1099/ijsem.0.000957
http://www.ncbi.nlm.nih.gov/pubmed/26869452
http://dx.doi.org/10.1007/s10482-014-0349-3
http://www.ncbi.nlm.nih.gov/pubmed/25515412
http://dx.doi.org/10.1111/jam.12280
http://dx.doi.org/10.1111/jam.12280
http://www.ncbi.nlm.nih.gov/pubmed/23758410


69. Gneiding K, Frodl R, Funke G. Identities of Microbacterium spp. Encountered in Human Clinical Speci-

mens. J. Clin. Microbiol. 2008; 46(11):3646–3652. doi: 10.1128/JCM.01202-08 PMID: 18799696
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