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Malaria is caused by Plasmodium infection which mosquitoes in the genus Anopheles are
malaria vectors. Many factors affect the transmission of malaria including bacteria in the midgut
of the mosquitoes. In this research, we aimed to explore the bacterial diversity in the midgut of
Anopheles dirus complex and An. minimus which are the main-malaria vectors in Thailand. The
results of the culture-dependent method showed that the midgut of An. scanloni contained
Bacillus species and Staphylococcus species. In the midgut of An. minimus, we found 5 bacterial
genera; Chryseobacterium, Enterobacter, Acinetobacter, Paenibacillus and Cellulosimicrobium.
For metagenomic study, only the amplification of An. minimus samples has been successful. A

total of 61 genera were discovered. Of the 61, only 3 genera, Acinetobacter, Burkholderia and
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Alcaligenes, were abundance with the percentage higher than 10%. This revealed that these 3
bacterial genera can grow and adapt well in the midgut of An. minimus. Furthermore, they are
symbiotic candidates used for malaria control.

Keywords : malaria vectors, midgut, metagenomic study, Plasmodium

2. Executive summary

Here, we showed midgut bacterial diversity using the culture-dependent and the culture-
independent methods. Using the culture-dependent method, Staphylococus and Bacillus species
were found in the midgut of An. scanloni, while Chryseobacterium, Enterobacter, Acinetobacter,
Paenibacillus and Cellulosimicrobium were detected in the midgut of An. minimus. Using the
culture-independent method, 61 genera were identified. Interestingly, many of them, such as
Acinetobacter, Elizabethkingia and Serratia, were reported that they could directly and indirectly
inhibit Plasmodium development. These bacteria are possibly used as malaria control. In
addition, the abundance of Bulkholderia and Alcaligenes in the midgut of An. minimus suggested
that they have the potential for paratransgenesis.

3. Objective

To identify bacterial diversity in the midgut of Plasmodium-infected and uninfected An.
minimus and Anopheles dirus mosquitoes using both culture-dependent and culture-
independent methods.

4. Research methodology
Mosquito collection and ethics statement

Mosquitoes were collected from Tak and Satul Provinces using outdoor human-landing
collections. All samples were kept in plastic cups, which contained cotton soaked with 10%
sugar solution and stored at -80°C until use. The mosquitoes were surface rinsed with 70%
ethanol. Abdomen and head-thorax were dissected with a sterilized scalpel. The head-thorax
sections were used for species identification whereas the abdomens were used for bacterial
identification.

Formal animal/human use approval for this research was granted by the Ethic Review
Committee for Research Involving Human Research Subject, Health Science Group,
Chulalongkorn University (COA No. 167.2013).

Species identification and detection of plasmodium infection

DNA was extracted using DNeasy Blood & Tissue kit (Qiagen, Germany) according to

the manufacturer’s instruction. One microliter of DNA was used for species identification in An.

minimus complex and An. dirus complex according to the method of Sharpe et al. (1999) as



well as Boonkue and Arunyawat (2013), respectively. The results showed that the mosquitoes
were Anopheles minimus and An. scanloni.

Detection of Plasmodium infection was followed by the method of Rougemont et al.
(2004). The local alignment results indicated that certain samples were infected with
Plasmodium falciparum. Six midguts from three Plasmodium-infected and three Plasmodium-
uninfected female mosquitoes were used for metagenomic study.

Midgut bacterial species identification:

Culture-dependent method: A total of 15 and 10 Plasmodium-free An. minimus and An.
scanloni were used for the identification of bacteria residing in the midgut. Isolation of midgut
bacteria was followed the method of Rani et al. (2009). Each isolate was species-identified by
PCR technique using universal 16S rRNA primers (Weisburg et al. 1991). PCR products were
sequenced by Macrogen (Korea) and DNA sequences were analyzed using Blast program.

Culture-independent method: DNA isolated from six abdomens of An. minimus (three
infected and three uninfected mosquitoes) was used as a template in PCR reactions. Additional
eight-nucleotide sequences (Humblot and Guyot 2009; Table S1) attached to two primers; 347F
(5'-GGAGGCAGCAGTRRGGAAT-3’) and 803R (5-CTACCRGGGTATCTAATCC-3’; Nossa et
al. 2010), were used to tag each mosquito’s midgut sample. The partial 16S rRNA gene was
amplified using HotStar Hifidelity Polymerase kit (Qiagen, Germany). Purified PCR products
from each mosquito were diluted to the same concentration and pooled in equimolar amount.
Approximately 200 ng of pooled DNA was sequenced using a GS-FLX Titanium platform
(Roche Applied Science, Germany). The sequencing was carried out according to the
manufacturer’s protocol.

Sequence analysis

The sequences were cleaned by trimming the 454 adapter and tagged sequences using
the custom python script. Chimeric sequences were identified and removed using UCHIME
(Edgar et al. 2011). Only high-quality reads that are at least 100 nucleotides in length were
included in further analyses. The whole metagenome sequences of bacteria from the midguts
are available in the Sequence Read Archive (SRA) on NCBI with the accession number
SRX481169.

Taxonomic classification and statistical analysis of pyrosequencing data

The cleaned sequences from the previous step were assigned their phylotypes using
RDP classifier (Wang et al. 2007) with 80% confidence threshold and BLASTN against NCBI
16S microbial database. Operational taxonomic units (OTUs) were determined at sequence

dissimilarity levels of 0.03, 0.05, and 0.15 by MOTHUR (Schloss et al. 2009) based on the



furthest-neighbor method. The Shannon-Weaver diversity index, the Chao1 richness estimator,
and the abundance-based coverage estimator (ACE) were calculated using MOTHUR software
in order to compare microbial diversity between infected and non-infected mosquitoes. Good’s
coverage was calculated as G = 1 - n/N, where n is the number of singleton phylotypes and N
is the total number of sequences in the sample. The visualization and comparison of microbial
communities were performed by STAMP (Statistical Analysis of Metagenomic Profiles) (Parks
and Beiko 2010).
5. Result
DNA extraction and identification of mosquitoes

DNA of 15 An. minimus and 10 An. dirus complex was successfully extracted. Then, to
identify species and strain of these mosquitoes, The DNA samples were used as templates in
PCR reaction. The results showed that all 15 An. minimus complex are An. minimus (previously

called An. minimus A) (Fig. 1), while all 10 An. dirus complex are An. scanloni (previously called

An. dirus C) (Fig. 2).
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Figure 1 PCR products of partial ITS2A of 15 An. minimus. Lane M is the Gene Ruler 100 bp
DNA ladder. B is a negative control. Lane 1-15 are PCR products of sample NO. 1-15.



Figure 2 PCR products of partial ITS2A of 10 An. dirus. Lane M is a 100 bp DNA ladder.

B is a negative control. Lane 1-10 are PCR products of sample NO. 1-10.

Detection of plasmodium infection

The DNA samples were used as templates to examine the infection of Plasmodium. Of
15 An. minimus, only two (sample No. 5 and 13) were infected with Plasmodium (Fig. 3), while
one of 10 An. scanloni was infected with Plasmodium (Fig. 4).
Isolation and identification of bacteria in the midgut of An. minimus and An. scanloni

The midguts of An. minimus and An. scanloni were grinded in the sterilized saline
solution and spread on LA plates. After 16 h, bacterial colonies derived from the midgut of six 15
An. minimus and four An. scanloni were observed. Single colony of different types of forms in
each plate was picked up and spread on new LA plates. Colony or DNA of these bacteria was
used as templates in PCR reaction. Amplification of partial 16S rRNA gene was successful
except three bacteria samples, 9-1, 9-2 and 9-3 isolated from An. minimus. Identification of
bacterial species isolated from the midgut of An. minimus and from the midgut of An. scanloni
using blast program are presented in Table 1.
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Figure 3 Detection of Plasmodium infection in An. minimus. Lane M is the Gene Ruler 100 bp

DNA ladder. B is a negative control. Lane 1-15 are PCR products of sample NO. 1-15.



Figure 4 Detection of Plasmodium in An. scanloni. Lane M is the Gene Ruler 100 bp DNA

ladder. B is a negative control. Lane 1-10 are PCR products of sample NO. 1-10.

Table 1 Identification of bacterial species isolated from the midgut of An. minimus and An.
scanloni using blast program. Only the most similar bacterial species from GenBank

database to our bacterial samples was presented.

Mosquito species Code Bacterial species
An. minimus B6-1 Candidatus Chryseobacterium
B7-2 Cedecea davisae
B7-3 Uncultured bacterium clone
B7-5 Uncultured Acinetobacter sp.
B7-6 Enterobacter sp.
B8-1 Uncultured Paenibacillus sp. clone
B8-4 Cellulosimicrobium cellulans
B9-2 Paenibacillus uliginis
B9-3 Paenibacillus uliginis
B13-1 Acinetobacter sp.
B13-5 Uncultured bacterium
An. scanloni M4-1 Unculture bacterium
M7-1 Staphylococcus epidermidis
M7-2 Staphylococcus sp.
M7-3 Staphylococcus epidermidis
M8-1 Bacillus pumilus
M9-1 Bacillus sp.

Primer selection

We selected primers in the 16S rRNA gene from previous reports. Since V4 in the 16S
rRNA gene has been reported as a better region for identifying bacterial species than the others
(Boissere, et al., 2012), we selected two primer pairs (Table 2), 347F/803R and 338F/786R,

located in the region. Then, these primers were added in the PCR reaction and DNA extracted



from one mosquito was used as a template. The result showed that only primer 347F/ 803R
produced one DNA band with 500 bp long, but the primer 338F/786R produced at least two DNA
bands (Fig. 5)

To make sure that the PCR products produced from the primer 347F/803R were partial
fragments of bacterial 16S rRNA gene, they were cloned and sequenced. The blast result
showed that nucleotide sequences of these PCR products were similar to those of 16S rRNA

genes of bacteria and the max identification were ranged between 91%-99% (Table 3)

Table 2 Profile of primers used for identification of bacterial species in Metagenomics.

Primer name Nucleotide sequence (5°->3’) Size of PCR product (base pair)
338F ACT CCT ACG GGA GGC AGC AG 449
786R GAC TAC CAG GGT ATC TAATC
347F GGA GGC AGC AGT RRG GAA T 457
803R CTA CCR GGG TAT CTAATC C

As a complementary approach, we also applied a culture-independent strategy to
explore the microbial diversity in An. minimus midgut using 454 pyrosequencing. We obtained a
total of 42,599 raw reads and after the adapter and low-quality trimming, 33,564 filtered reads
(78.79%) were assigned the phylotypes using the RDP classifier. We were able to designate
99.95% of the reads as originating from bacteria, and 90.78% and 73.41% of the trimmed reads
were assigned to bacteria at the family and the genus levels, respectively.

We also applied statistical models to assess the genotype richness and evenness of the
An. minimus midgut metagenomes. Shannon index revealed that the Plasmodium-uninfected
host contained greater numbers of bacterial species than the Plasmodium-infected host
suggesting that the midgut microbiome of the uninfected mosquitoes display a higher degree of
diversity compared to the Plasmodium-infected individuals (Table 4).

Taxonomic classification with RDP classifier detected the presence of 61 species in four
bacterial phyla in the midgut of An. minimus. Proteobacteria was far more abundant than the
other groups, representing 94.48% of the OTUs assigned and containing the 49 distinct genera
(Table 5). At the class level, the midgut community was dominated by two taxonomic classes:
Gammaproteobacteria (51.92%) and Betaproteobacteria (35.76%). Among members of the
Gammaproteobacteria, Moraxellaceae was associated with 28.79% of the sequences while
other predominant OTUs were assigned to Enterobacteriaceae (16.49%). For betaproteo-

bacteria, the major bacterial groups identified were Alcaligenaceae (16.26%) and



Burkholderiaceae (15.79%). The most abundant genus (> 1,000 OTUs) was Acinetobacter
(26.90%) followed by Burkhoderia (13.28%), Alcaligenes (12.89%) and Serratia (3.49%).
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Figure 5 PCR products of partial 16S rRNA gene using two primer pairs. M is a 100 bp DNA
ladder. Lanes 1-8 are PCR products produced from primer 347F/803R and Lanes 9-16
are PCR products produced from primer 33 F/786R.

Table 3 Identification of bacterial species using Blast program.

Bacterial species Accession No. Max identification
Pseudomonas mosselii NR 024924 99%
Delftia acidovorans NR_024711 91%
Pseudomonas mosselii NR 024924 96%
Pseudomonas mosselii NR_024924 99%
Enterobacter hormaechei NR_042154 99%

From the total of 61 genera, 20 of them were found in both the infected and the
uninfected mosquitoes while 8 and 33 genera were detected only in the Plasmodium-infected
and the Plasmodium-uninfected ones, respectively. The majority of bacteria presented in the
midgut of the infected host were gammaproteobacteria (96.17%), followed by betaproteo-
bacteria (2.82%; Fig.6). Moraxellaceae (65.88%) and Enterobacteriaceae (27.45%) families
were the most abundance in the gammaproteobacteria (Fig.6). Acinetobacter species (64.93%)
represented the majority of the Moraxellaceae while Thorsellia species (4.24%) was the most
prevalent in the Enterobacteriaceae.

In contrast, the midgut of uninfected mosquitoes was dominated with betaproteobacteria
(58.67%; Fig.6). Moreover, Actinobacteria, alphaproteobacteria, Firmicutes and Bacteroidetes
were almost exclusively found in the midgut of the uninfected mosquitoes. Among them,
Burkholderia species (21.90%) in the family Burkholderiaceae and Alcaligenes species

(21.88%) in the family Alcaligeneceae families were the most prevalent (Fig.6).



Table 4 Biodiversity indices of Plasmodium-infected and Plasmodium-uninfected An. minimus.

Sample Richness Shannon-Weaver index

0.03 0.05 0.15 0.03 0.05 0.15

Plasmodium-uninfected sample | 3,182 1,387 281 7.23 6.03 3.94
Plasmodium-infected sample 1,373 560 101 5.98 4.65 2.60

Table 5 The 61 genera in the midgut of Anopheles minimus. Certain genera were detected in

both Plasmodium-uninfected and infected mosquitoes (B) whereas some were presented

only in the Plasmodium-uninfected mosquito (PU) or in the Plasmodium-infected

mosquito (PI).

Phylum/class Genus Detection (B, PU, Pl) | Percentage from total OTUs
Actinobacteria Corynebacterium PU 0.06
Brachybacterium* B 0.50
Kocuria PU 0.06
Micrococcus PU 1.14
Propionibacterium PU 0.15
Bacteroidetes Elizabethkingia PU 0.93
Flavobacterium B 0.01
Flavisolibacter* PU 0.13
Pedobacter* PU <0.01
Firmicutes Bacillus PU 0.03
Staphylococcus B 0.67
Clostridium sensu stricto PU 0.01
Proteobacteria/ Brevundimonas PU 0.02
Alphaproteobacteria Phenylobacterium PU <0.01
Bartonella* PU 0.01
Bradyrhizobium PU 0.01
Nitrobacter® PU 0.03
Methylobacterium B 0.07
Aquamicrobium* PU 0.01
Mesorhizobium* PU 0.04
Rhizobium PU 0.08
Asaia PU 0.01
Roseomonas PU 0.13
Novosphingobium 0.1
Sphingomonas 0.50
Proteobacteria/ Achromobacter B 2.34
Betaproteobacteria Alcaligenes PU 12.89




Phylum/class

Genus

Detection (B, PU, PI)

Percentage from total OTUs

Bordetella PU 0.04
Burkholderia B 13.28
Ralstonia PU 0.06
Aquabacterium PU 0.03
Acidovorax PU 0.06
Comamonas 0.01
Delftia 0.46
Tepidicella* Pl <0.01
Variovorax* PU <0.01
Massilia* B 0.24
Naxibacter* PU <0.01
Methyloversatilis* PU 0.01
Proteobacteria/ Desulfohalobium™ PU 0.17
Deltaproteobacteria
Proteobacteria/ Aeromonas PI 0.01
Gammaproteobacteria Pseudoalteromonas® PU 0.32
Citrobacter PI <0.01
Enterobacter PI <0.01
Escherichia/Shigella Pl 0.01
Klebsiella B 0.33
Pantoea PI <0.01
Salmonella 0.13
Serratia 3.49
Shimwellia* PI 0.01
Thorsellia B 1.75
Trabulsiella™ PI <0.01
Zymobacter PU 0.02
Acinetobacter B 26.90
Alkanindiges™ PU <0.01
Enhydrobacter 1.48
Pseudomonas 1.03
Lucibacterium* PU 0.14
Vibrio PU 0.02
Stenotrophomonas B 2.23
Xanthomonas™ B 1.14

Note: The asterisk (*) was marked for the new genera detected in the midgut of Anopheles

species for the first time.
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Figure 6 Percentages of relative abundance at taxa levels. (Pl) and (PU) indicate the relative

abundance (%) of bacteria in the midgut of the Plasmodium-infected and the

uninfected An. minimus, respectively

6. Conclusion and Discussion

The mosquitoes we collected from Tak and Satul provinces are An. minimus and An.
scanloni, respectively. Certain mosquitoes were infected with plasmodium. Bacterial colonies
isolated from the midgut of six An. minimus A and four An. scanloni could be observed. Species
of these bacteria were identified by PCR technique and analyzed by Blast program. Most of the
colonies could be identified at genus or species levels, while three colonies are uncultured
bacteria. Interestingly, Enterobacter sp. and Acinetobacter sp. isolated from the midgut of An.
minimus have been reported that they were also isolated from the midgut of other Anopheles
species. Moreover, Enterobacter sp. has been reported that it could inhibit the growth of
Plasmodium.

Since isolation and identification of bacteria via the cultured method has limitation. Only
small number of bacteria could grow on the synthetic media, the uncultured method can
accomplish to overcome the cultured problem. Here, DNA extracted from the midgut of the

mosquitoes was used as a template in PCR reaction. The PCR product was directly applied to




identify the bacterial species. In our study, we have got a primer pair, 347F/803R which was very
effective to produce a partial fragment of 16S rRNA gene of bacteria. Then, we selected tags
(eight oligonucleotides) to incorporate into the primer 347F/803R. These primers with a tag were
used to prepare samples for identifying microbiota in the uncultured method and 61 bacterial
genera were identified. Of 61, 19 genera have never been found in Anopheles species but were
isolated from other insect guts, plant tissues, soils, air and water resources (Franca et al. 2006;
Kalyuzhnaya et al. 2006; Chou et al. 2007; Shimelash et al. 2008; Huang et al. 2012;
Bodenhausen et al. 2013; Maynaud et al. 2013; Yin et al. 2013). These findings suggested that
the mosquitoes might acquire these bacteria by feeding on plant sap or becoming in contact with
the environments that contained the bacteria.

Mosquitoes contained numerous microorganisms especially in the gut (Azambuja et al.
2005). Several advantages of gut bacteria have been reported, including parasite-development
inhibition (Bando et al. 2013). Touré et al. (2000) reported that antibiotic-treated An. gambiae and
An. stephensi had lower bacteria contents and higher P. falciparum infection rates than the
untreated mosquitoes. In addition, intrathoracic inoculation of bacteria in An. gambiae induced
antibacterial peptide production that inhibited Plasmodium development (Lowenberger et al.
1999). Moreover, Cirimotich et al. (2011) revealed that a strain of Enterobacter isolated from wild-
caught An. arabiensis could kill P. falciparum using reactive oxygen species. Recently, Serratia
marcescens HB3 had been shown to inhibit P. berghei oocyst formation in An. stephensi (Bando
et al. 2013). These findings suggested that certain gram-negative bacteria play an important role
to protect mosquitoes from Plasmodium infection.

In our stidy, the gram-negative bacteria, Acinetobacter, was the most abundant bacteria
in the midgut samples. It was found that Acinetobacter species isolated from wild-caught An.
arabiensis could reduce the number of oocysts in the midgut of An. gambiae via the activation of
the immune deficiency (IMD) immune signaling pathway (Bahia et al. 2014). In addition, the
infection of Acinetobacter in the mosquito midgut reduced longevity of An. gambiae (Bahia et al.
2014). Elizabethkingia meningoseptica and Serratia marcescens were also detected in our work
and they previously exhibited anti-Plasmodium activity in Anopheles species (Gonzalez-Ceron et
al. 2003; Bando et al. 2013; Ngwa et al. 2013; Bahia et al. 2014). E. meningoseptica was able to
inhibit the development of P. falciparum at the gametocyte transmission stage (Ngwa et al. 2013).
Recently, Bahia et al. (2014) reported that the anti-Plasmodium activity of S. marcescens derived
from secreted factors. The findings demonstrated that Acinetobacter, S. marcescens and E.

meningoseptica could be used for malarial control in Anopheles mosquitoes.



In addition, we could also genetic engineer symbiotic bacteria to make them have the
ability to kill plasmodium. Here, there were only three genera, Burkholderia, Acinetobacter and
Alcaligenes that contained relative abundant more than 10% from the total OTUs. The result
showed that they grew and adapted well in the midgut of An. minimus. In the future, we might
test if Burkholderia and Alcaligenes have ability to inhibit the growth of Plasmodium. If so, these
bacteria could be use to malaria control directly. If not, they might be genetic engineered before

use as a tool for malaria control.
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ABSTRACT

Anopheles mininnsis one of the main malaria vectors in Thailand. Plasmodiun transmission
depends primarily on the success of the parasite survival in the mosquito’s gut. Several factors
affect the development of Plasmodium in the mosquito, including the gut microbiota. Here,
we used culture-independent method to identify microbiota and compared the bacterial
communities in the gut of Plasmodinm-intected and Plasmodium-unintected mosquitoes.
Fifty-three genera within four phyla were detected and 14 of them were discovered in malaria
vectors for the first time. In addition, we found that the bacterial diversity and the profile of
the gut bacterial communities between the Plasmodium-infected and those of the uninfected
mosquitoes were quite different. The result showed that the bacterial diversity in the gut of the
uninfected mosquitoes was also much higher than that of the infected counterpart.
Gammaproteobacteria were prevalent in the infected An. minimus while betaproteobacteria
were the most abundant in the uninfected mosquitoes. Three genera, Acinetobacter in
gammaproteobacteria, Alaligenes and Burkholderia in betaproteobacteria were the core set of
bacteria found in the gut of the malaria vector.

Keywords: Anopheles mininus, gut microbiome, 454 sequencing, malaria vector, Plasnodinm

1. INTRODUCTION

Malaria is one of the serious public health  and 627,000 deaths [1]. Although the disease
concerns in several countries. Approximately — can be cured by anti-malarial drugs, the
3.4 billion people worldwide are at risk of  resistance of Plasmodium to the medicines has
being infected with malaria [1]. In 2012, there ~ been found worldwide, especially in Asia [2,3].
were estimated 207 million cases of malaria ~ Even though using of bed net and indoor



insecticides has been widely practiced, a
number of people are still infected with
Plasmodinm. Hence, the alternative protection
methods have been developed such as
symbiotic control, which is the use of natural
symbiotic microorganisms to control vector-
borne diseases [4,5].

Plasmodium transmission depends
primarily on the success of the parasite
survival in the mosquito gut. The lumen is
the first place Plasmodium will attach, grow
and transform to the next developmental
stages in the life cycle [6]. However, a number
of the parasites were dramatically reduced
in the gut phase [6]. Many factors that
affect Plasmodium development in Anopheles
mosquitoes including microbiota in the
anopheline midgut have been reported [0,7].
For two decades, researchers have tried to
isolate bacteria in the gut of Angpheles species
and studied the relationship between these
bacteria and Plasmodium development [5].
They also found that certain bacterial strains
could inhibit the growth of Plasmodium [7,8).
Since only a small number of microorganisms
could grow in synthetic media, culture-
independent methods, which incorporate the
use of next generation sequencing (NGS)
technology, have been applied to investigate
unculturable microbial communities. In the
past few years, NGS has widely been used to
study microbial diversities from various
sources, including Anopheles mosquito gut,
especially An. gambiae [9,10,11]. However,
identification of gut microbiome in An.
minimus, a malaria vector, has not been cartied
out using NGS technology.

Abn. minimus 1s one of the main malaria
vectors in Thailand, found primarily in
forest regions along the border. In our
work, bacterial diversity in the gut of
An. minimus, and bacterial communities of
Plasmodium-intected and Plasmodium-uninfected
mosquitoes were identified and compared
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using culture-independent method.

2. MATERIALS AND METHODS
2.1 Mosquito Collection and Ethics
Statement

Mosquitoes were collected at Mae Sot
district, Tak Province, Thailand using
outdoor human-landing collections. This
site is located close to a refugee camp on
Thai-Myanmar border and it is one of
the malaria-endemic regions in Thailand.
All specimens were kept in plastic cups,
which contained cotton soaked with 10%
sterile sugar solution and stored at -80°C
until use. The mosquitoes were surface
rinsed with 70% ethanol. Head-thorax and
gut sections were dissected and used
for species identification and bacterial
identification, respectively.

Formal animal/human use approval
for this research was granted by the Ethic
Review Committee for Research Involving
Human Research Subject, Health Science
Group, Chulalongkorn University (COA No.
167.2013).

2.2 Species Identification and Detection
of Plasmodium Infection

DNA was extracted using DNeasy
Blood & Tissue kit (Qiagen, Germany)
according to the manufacturer’s instruction
and then it was used for species identification
in An. minimus complex according to the
method of Sharpe ef a/. [12]. The result
showed that the mosquitoes were An. mininius.

Detection of Plasmodium infection
followed the method of Rougemont ez al.
[13]. PCRs were performed in a final
volume of 20 uL consisting of 2 pl. of
DNA template, 1 U of GoTaq polymerase
(Promega, USA), 1x Tag reaction buffer,
0.2 mM dNTPs, 2 mM MgCl,, 500 nM of
each primer and sterile distilled water to
make up the remainder of the 20-uLL volume.
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Conditions used for amplification in a
thermocycler (Biometra, Germany) were as
follows: pre-incubation at 94°C for 5 min,
followed by 35 cycles of denaturation at
94°C for 30 s, annealing at 60°C for 30 s,
and elongation at 72°C for 1 min and a
final extension step at 72°C for 5 min.
PCR products were resolved on 1.5% agarose
gel, purified using the QIAquick Gel
Extraction kit (Qiagen, Germany) and
sequenced by Macrogen (Korea). The local
alignment results indicated that certain
specimens were infected with Plasmodium
Sfalciparum. Six guts from three Plasmodinm-
infected and three Plasmodinm-uninfected
female mosquitoes were used for 16S tRNA
amplicon survey study.

2.3 Gut Bacterial Species Identification

DNA isolated from the gut was used as
a template in PCR reactions. Additional
eight-nucleotide sequences [14] (Table 1)
attached to two primers; 347F (5-GGAG
GCAGCAGTRR-GGAAT-3’) and 803R
(5-CTACCRGGGTATCTAATCC-3) [15],
were used to tag each mosquito’s gut
specimen. The partial 16S rRNA gene
was amplified using HotStar Hifidelity

Polymerase kit (Qiagen, Germany). The
reaction contained 2 ul. of DNA template,
1 U of HotStar Hifidelity Polymerase
(Qiagen, Germany), 1x HotStar Hifidelity
PCR buffer containing 1.5 mM MgSO, and
0.3 mM dNTPs, 500 nM of each primer and
sterile distilled water to make up the remainder
of the 20-uLL volume. The amplification cycles
were as followed: pre-incubation at 95°C for
5 min, followed by 25 cycles of denaturation
at 94°C for 30 s, annealing at 55°C for 30 s,
and elongation at 72°C for 1 min and a final
extension step at 72°C for 5 min. The PCR
products were then purified with MinElute
PCR Purification kit (Qiagen, Germany) and
their concentrations were measured by
Nanodrop 2000 spectrophotometer (Thermo
Scientific, USA). The integrity of the DNA
was verified by a Bioanalyzer (Agilent)
ptior to sequencing, Purified PCR products
from each mosquito were diluted to the
same concentration and pooled in equimolar
amount. Approximately 200 ng of pooled
DNA was sequenced using a GS-FLX
Titanium platform (Roche Applied Science,
Germany). The sequencing was carried out
according to the manufacturer’s protocol.

Table 1. Nucleotide sequences of primers and tags used in the present study. The sequence of

each tag was underline.

Primer name

Sequence (52 ->32)

347F-01
803R-01
347F-02
803R-02
347F-03
803R-03
347F-04
803R-04
347F-05
803R-05
347F-06
803R-06

TCTCTGTGGGAGGCAGCAGTRRGGAAT
TCTCTGTGCTACCRGGGTATCTAATCC
TCTACTCGGGAG GCAGCAGTRRGGAAT
TCTACTCGCTACCRGGGTATCTAATCC
TAGTAGCGGGAGGCAGCAGTRRGGAAT
TAGTAGCGCTACCRGGGTATCTAATCC
AGACGACGGGAGGCAGCAGTR RGGAAT
AGACGACGCTACCRGGGTATCTAATCC
ACTCGTAGGGAGGCAGCAGTRRGGAAT
ACTCGTAGCTACCRGGGTATCTAATCC
ACATCGAGGGAGGCAGCAGTRRGGAAT
ACATCGAGCTACCRGGGTATCTAATCC




2.4 Sequence Cleaning

Sequences obtained from the GS-FLX
Titanium sequencer were demultiplexed
according to the tagged barcode sequences.
The sequences were cleaned by trimming the
454 adapter and barcodes using the custom
python script. Chimeric sequences were
identified and removed using UCHIME [10]
against referenced database from SILVA [17].
To improve the robustness of analyses, the
clean reads were then filtered and size-selected:
only high-quality reads that were at least 200
nucleotides in length were included in further
analyses. The 16S rRNA libraries sequences
of bacteria from the guts are available in the
Sequence Read Archive (SRA) on NCBI
with the accession number SRX481169.

2.5 Taxonomic Classification and
Statistical Analysis of Pyrosequencing
Data

The cleaned sequences from the previous
step were assigned their phylotypes using
Ribosomal Database Project (RDP) nallve
Bayesian Classifier [18] with 80% confidence
threshold. Operational taxonomic units
(OTUs) were determined at sequence
similarity levels of 85%, 90%, 95%, and 97%
by MOTHUR [19] based on the furthest-
neighbor method. The richness (sobs), the
Chaol richness estimator, the abundance-
based coverage estimator (ACE) and the
Shannon-Weaver diversity index were
calculated using MOTHUR software in
order to compare microbial diversity between
the Plasmodinm-intected and the Plasmodium-
uninfected mosquitoes. Good’s coverage
was calculated as G = 1 - n/N, where n is the
number of singleton phylotypes and N is the
total number of sequences in the sample.
The visualization and comparison of
microbial communities were performed by
STAMP (Statistical Analysis of Metagenomic
Profiles) [20].
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3. RESULTS
3.1 454 Sequencing and Statistical
Analyses

We obtained a total of 42,599 raw reads
with the average read length of 272
nucleotides. After the adapter and low-quality
trimming, 25, 641 filtered reads (with the
mean read length of 360 bases) were assigned
the phylotypes using the RDP classifier (Table
2). We were able to designate 99.96% of the
reads as originating from bacteria, and 92.30%
as well as 83.32% of the trimmed reads wete
assigned to bacteria at the family and the
genus levels, respectively (Table 2). To analyze
whether the diversity of the gut microbiome
is sufficiently covered by our sequence
data, rarefaction and species richness
calculations were performed. We carried out
the rarefaction analyses at four different
dissimilarity cutoffs. At sequence similarity
levels of 85% and 90%, the rarefaction curves
computed for three Plasmodinm-intected and
three uninfected specimens appeared to have
leveled off, suggesting that our sequence
data have covered almost all phylogenetic
groups underlying the gut microbial
communities at the family/class levels
(Figure 1). At sequence similarity levels of
95% and 97%, the dataset did not seem to
reach the plateau, however, the percentages
of Good’s coverage at all taxonomic levels
were very high (Table 3). We also applied
statistical models to assess the bacterial
diversity of the An. mininmus gut metagenomes
(Table 3).

At all sequence similarity levels, the
richness of the uninfected mosquitoes
was 1.30-1.64 folds higher than that of the
infected ones. The Chaol and ACE values of
the uninfected ones were higher than those
of the infected mosquitoes at 1.62-1.85 and
1.60-2.12 fold, respectively. However, the
values of Shannon index of the uninfected
and the infected specimens were not different
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(0.99-1.02). Altogether, the metrics suggested  diversity compared to the Plasmodinm-infected
individuals.

that the gut microbiome of the uninfected

mosquitoes display a slightly higher degree of

Table 2. Summary of 16S rRNA tagged-pyrosequencing data from three Plasmodium-infected

(PI; P11, P12, P13) and three Plasmodinm-unintected (PU; PU1L, PU2, PU3) An. minimus.

Sample Raw sequence Cleaned sequence
Number of Average length Number of Average length
sequence (bp) sequence (bp)

PI1 5,041 284.21 3,350 356.59

PI2 1,629 222.03 694 387.34

PI3 10,106 323.68 7,851 370.82

PU1 12,867 229.05 5,833 347.40

PU2 6,355 272.57 3,881 353.76

PU3 6,601 275.94 4,032 359.88

Total 42,599 263.51 25,041 359.78

= A - B
A 2 |-
- ’._..I_'d__.;-_ﬂf—'—ﬂ__ h =1 - p—— B
= C —~ b
£ — |- - =
jo! e o fuo - ~
= 7

Bumiser of segsences

Figure 1. Rarefraction curves of three Plasmodinm-infected (PI; PI1, PI2, PI3) and three
Plasmodinm-unintected (PU; PU1L, PU2, PU3) An. minimus at four similarity levels; 85% (A),
90% (B), 95% (C) and 97% (D), respectively.
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Table 3. Statistical analysis and biodiversity index of three Plasmodinm-infected (P1; P11, P12,
PI3) and three Plasmodinm-uninfected (PU; PU1, PU2, PU3) An. minimus at similarity levels of
85%, 90%, 95% and 97 %.

Sample | Similarity level | Richness | Chaol | ACE | Shannon |Good coverage (%0)
PI 85% 1,004 1,806 2,472 4.7064 95.76
PI1 470 951 1,489 4.3999 92.24
P12 130 241 355 2.9468 89.19
PI3 691 1,327 1,737 4.4769 95.54
PU 1,647 3,282 4,849 4.8233 93.37
PU1 849 1,763 2,476 4.3774 91.67
PU2 623 1,423 1,985 4.1966 90.60
PU3 703 1,386 2,008 4.6006 90.20
PI 90% 1,379 2,517 3,523 5.3125 94.05
PI1 634 1,232 2,085 4.9437 89.40
P12 153 351 586 3.1219 85.88
PI3 955 1,773 2,388 5.1161 93.90
PU 2,150 4,649 7,473 5.3186 90.77
PU1 1,078 2,463 3,987 4.8561 88.69
PU2 798 1,929 2,981 4.6932 87.19
PU3 888 1,923 2,970 4.9427 86.83
PI 95% 2,472 5,255 7,912 6.4946 88.05
PI1 1,059 2,317 3,599 6.1181 80.99
PI2 222 661 911 3.7611 76.95
PI3 1,745 3,546 5,014 6.2664 87.62
PU 3,402 8,931 | 15,281 | 6.4340 83.66
PU1 1,657 4,430 7,822 5.8876 80.80
PU2 1,185 2,997 5,208 5.7522 79.82
PU3 1,346 3,689 6,059 5.8430 77.21
PI 97% 3,651 8,637 | 14,622 | 7.2968 80.82
PI1 1,485 3,544 6,182 6.8210 71.31
P12 282 861 2,177 4.3715 69.31
PI3 2,588 6,010 | 9,3222 | 7.0339 79.51
PU 4,734 13,984 | 3,449 7.4156 76.27
PU1 2,269 7,355 | 13,729 | 6.7847 72.00
PU2 1,629 4,305 7,622 6.5854 71.09
PU3 1,798 5,225 9,032 6.7272 68.18
3.2 Gut Bacterial Classification abundant than the other groups, representing

Taxonomic classification with the RDP  95.02% of the OTUs assigned and containing
Classifier detected the presence of 53 genera  the 43 distinct genera (Table 4). At the class
in four bacterial phyla in the gut of An. minimus  level, the gut community was dominated by
(Table S1). Protecobacteria was far more  two taxonomic classes: gammaproteobacteria
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(57.40%) and betaproteobacteria (35.12%;
Table S1). Among members of the
gammaproteobacteria, Moraxellaceae was
associated with 28.79% of the sequences
while other predominant OTUs were
assigned to Ewterobacteriaceae (16.50%). For
betaproteobacteria, the major bacterial
groups were Alcaligenaceae (16.26%) and
Burkholderiaceae (15.79%). The variation of
the gut bacterial communities among the
specimens at phylum and class levels could
be observed, however, composition patterns

of gut microbiota of An. mininus in the same
group were quite similar (Figure 2). At the
genus level, only twenty six groups of
bacteria represented more than 1% of the
total OUTs in each specimen are shown in
Figure 3. Most of them were detected in
at least 50% of all specimens examined.
The result showed that the most abundant
genera (30% of all OTUs in at least one
specimen) were Alcaligenes, Burkhoderia,
Thorsellia, unclassified Enterobacteriaceae and
Acinetobacter (Figure 3).

Table S1The number and the percentage of bacterial abundance in the gut of the Plasmodinm-
infected (PI) and those of the Plasnodium-uninfected (PU) Anopheles minimus at phylum, class,

family and genus levels.

Taxonomy: Phylum PI1 PI2 PI3 PU1l PU2 PU3 Total
Actinobactetia 0.00 0.00 003 878 041 030 211
Bacteroidetes 0.03 0.14 0.00 170 386 1.88 1.28
Cyanobacteria/Chloroplast 0.00 144 0.03 0.00 0.00 0.00 0.05
Firmicutes 0.00 0.14 005 211 1.06 151 0.90
Proteobacteria 99.97 98.13 99.75 85.55 94.38 95.51 95.02

Unclassified bacteria

0.00 0.14 0.11

1.78 028 0.72 0.60

Unclassified 0.00 0.00 0.04 0.09 0.00 0.07 0.04
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Taxonomy: Class PI1  PI2 PI3 PU1 PU2 PU3 Total
Actinobacteria;Actinobacteria 0.00 0.00 0.03 8.79 041 030 2.11
Bacteroidetes;Flavobacteria 0.03 0.14 0.00 0.75 386 1.88 1.06
Bacteroidetes;Sphingobacteria 0.00 0.00 0.00 0.94 0.00 0.00 0.21
Cyanobacteria/Chloroplast;Chloroplast 0.00 1.44 0.03 0.00 0.00 0.00 0.05
Firmicutes;Bacilli 0.00 0.14 0.05 211 106 151 0.90
Proteobacteria;Alphaproteobacteria 0.15 0.72 0.04 4.06 539 231 215
Proteobacteria;Betaproteobacteria 296 13.84 0.83 065.68 66.07 58.29 35.12
Proteobacteria;Deltaproteobacteria 0.00 0.00 0.00 111 036 0.00 0.31

Proteobacteria;Gammaproteobacteria
Proteobacteriajunclassified Proteobacteria
Unclassified bacteria

Unclassified

96.80 83.58 98.87
0.06 0.00 0.00
0.00 0.14 0.11
0.00 0.00 0.04 0.09 0.00 0.07

14.59 2252 3490 57.40
0.10 0.05 0.02 0.04
1.78 0.28 0.72 0.60
0.04

Total

100.00 100.00 100.00 100.00 100.00 100.00 100.00

Taxonomy: Family

PI1

PI2 PI3 PU1 PU2 PU3 Total

Actinobacteria; Actinobacteria;
Actinomycetales; Corynebacteriaceae

0.00 0.00 0.00 0.00 033 0.10 0.07




8 Chiang Mai J. Sci. 2015; 42(X)

Table S1 Continued.

Taxonomy: Family PI1 PI2 PI3 PUl PU2 PU3 Total
Actinobacteria; Actinobactetia; 0.00 0.00 0.03 2.02 0.00 0.00 0.50
Actinomycetales; Dermabacteraceae
Actinobacteria; Actinobacteria; 0.00 0.00 0.00 5.73 0.00 0.20 1.39
Actinomycetales; Micrococcaceae
Actinobacteria; Actinobacteria; 0.00 0.00 0.00 0.75 0.00 0.00 0.17
Actinomycetales; Propzonibacteriaceae
Actinobacteria; Actinobactetia; 0.00 0.00 0.00 0.27 0.05 0.00 0.35
Actinomycetales; unclassified
Actinomycetales
Actinobacteria; Actinobacteria; 0.00 0.00 0.00 0.00 0.03 0.00 0.00
unclassified Actinobacteria
Bacteroidetes; Flavobacteria; 0.03 0.14 0.00 0.75 3.86 1.88 0.97
Flavobacteriales; Flavobacteriaceae
Bacteroidetes; Sphingobacteria; 0.00 0.00 0.00 0.94 0.00 0.00 0.22
Sphingobacteriales; Chitinophagaceae
Cyanobacteria/Chloroplast; 0.00 1.44 0.03 0.00 0.00 0.00 0.04
Chloroplast; Chloroplast; Streptophyta
Firmicutes; Bacilli; Bacillales; Bacillaceae 1 0.00 0.00 0.03 0.00 0.28 0.30 0.10
Firmicutes; Bacilli; Bacillales; Staphylococcaceae  0.00  0.14  0.01 2.07 0.67 0.84 0.69
Firmicutes;Bacilli; Bacillales; 0.00 0.00 0.01 0.02 0.10 0.37 0.12
unclassified Bacillales
Firmicutes;Bacilli;unclassified Bacilli 0.00 0.00 0.00 0.02 0.00 0.00 0.01
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.00 0.15 0.00 0.04
Caulobacterales;Canlobacteraceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.02 0.75 0.05 0.10
Rhizobiales; Bradyrbizobiaceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.00 2.14 0.55 0.33
Rhizobiales;Brucellaceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.03 0.31 0.00 0.00 0.07
Rhizobiales;Methylobacteriaceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.00 0.59 0.00 0.10
Rhizobiales; Phyllobacteriaceae

Taxonomy: Family PI1 PI2 PI3 PU1l PU2 PU3 Total
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.38 0.10 0.00 0.08
Rhizobiales;Rhbizobiaceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.15 0.10 0.12 0.44
Rhizobiales;unclassified Rhizobiales
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Rhodobacterales;Rhodobacteraceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.58 0.00 0.12 0.18

Rhodospirillales; Acetobacteraceae
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Table S1 Continued.

Taxonomy: Family PI1 PI2 PI3 PU1 PU2 PU3 Total
Proteobacteria;Alphaproteobacteria; 0.15 058 0.01 159 149 139 0.71
Sphingomonadales;Sphingomonadaceae
Proteobacteria;Alphaproteobacteria; 0.00 0.00 0.00 0.82 0.03 0.00 0.26
Sphingomonadales;unclassified
Sphingomonadales
Proteobacteria;Alphaproteobacteria; 0.00 0.14 0.00 021 0.03 0.05 0.31
unclassified Alphaproteobacteria
Proteobacteria;Betaproteobacteria; 0.00 0.72 0.04 11.42 51.20 47.15 16.26
Burkholderiales;.Alkaligenaceae
Proteobacteria;Betaproteobacteria; 0.06 12.68 0.23 4948 1391 9.85 15.79
Burkholderiales;Burkholderiaceae
Proteobacteria;Betaproteobacteria; 0.00 0.00 0.00 0.00 0.26 0.00 0.03
Burkholderiales; Burkholderiales incertae sedis
Proteobacteria;Betaproteobacteria; 2.84 0.00 047 0.82 036 122 0.95
Burkholderiales;Comamonadaceae
Proteobacteria;Betaproteobacteria; 0.00 0.00 0.06 273 0.00 0.02 0.55
Burkholdetiales;Oxalobacteraceae
Proteobacteria;Betaproteobacteria; 0.03 0.00 0.01 0.24 0.03 0.00 0.68
Burkholderiales;unclassified Burkholderiales
Proteobacteria;Betaproteobacteria; 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Methylophilales;Mezhylophilaceae
Proteobacteria;Betaproteobacteria; 0.00 0.00 0.00 0.00 0.05 0.00 0.01
Rhodocyclales;Rhbodocyclaceae
Proteobacteria;Betaproteobacteria; 0.03 043 0.00 099 026 005 1.48
unclassified Betaproteobacteria
Proteobacteria;Deltaproteobacteria; 0.00 0.00 0.00 1.10 0.33 0.00 0.24
Desulfovibrionales;Desulfohalobiaceae
Proteobacteria;Deltaproteobacteria; 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Desulfovibrionales;unclassified
Desulfovibrionales
Proteobacteria;Deltaproteobacteria; 0.00 0.00 0.00 0.02 0.00 0.00 0.00
unclassified Deltaproteobacteria
Proteobacteria;Gammaproteobacteria; 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Aeromonadales;.Aeromonadaceae
Proteobacteria;Gammaproteobacteria; 0.00 0.00 0.00 1.65 0.00 0.00 0.32
Alteromonadales;Pseudoalteromonadaceae
Proteobacteria;Gammaproteobacteria; 0.00 0.00 0.00 0.15 0.00 0.00 0.05
Alteromonadales;unclassified
Alteromonadales
Proteobacteria;Gammaproteobacteria; 4725 80.12 12.57 0.17 13.45 19.69 16.50

Enterobacteriales;Enterobacteriaceae
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Table S1 Continued.

Taxonomy: Family PI1  PI2 PI3 PU1 PU2 PU3 Total
Proteobacteria;Gammaproteobacteria; 0.00 0.00 0.00 0.00 0.00 0.10 0.03
Oceanospirillales;Halomonadaceae
Proteobacteria;Gammaproteobacteria; 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Oceanospirillales;unclassified Oceanospirillales
Proteobacteria;Gammaproteobacteria; 4824 3.03 84.45 561 098 1.41 28.79
Pseudomonadales;Moraxellaceae
Proteobacteria;Gammaproteobacteria; 1.25 0.00 1.71 0.00 0.03 6.13 1.60
Pseudomonadales;Psexndomonadaceae
Proteobacteria;Gammaproteobacteria; 0.00 0.00 0.00 1.01 0.00 0.00 0.28
Vibrionales;Vibrionaceae
Proteobacteria;Gammaproteobacteria; 0.06 043 0.14 597 8.04 7.51 3.60
Xanthomonadales; Xanthomonadaceae
Proteobacteria;Gammaproteobactetia; 0.00 0.00 0.00 0.03 0.03 0.02 0.74

Unclassified Gammaproteobacteria;
Proteobacteriajunclassified Proteobacteria 0.06 0.00 0.00 0.10 0.05 0.02 3.92

Unclassified bacteria 0.00 0.14 0.11 1.78 0.28 0.72 0.78
Unclassified 0.00 0.00 0.04 0.09 0.00 0.07 0.05
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Taxonomy: Genus PI1

Actinobacteria PI2 PI3 PU1 PU2 PU3 Total
Actinomycetales;Corynebacteriaceae; 0.00 0.00 0.00 0.00 0.33 0.10 0.07
Corynebacterium

Actinomycetales;Dermabacteraceae; 0.00 0.00 0.03 2.02 0.00 0.00 0.47
Brachybacterium

Actinomycetales;Micrococcaceae; Kocuria 0.00 0.00 0.00 0.17 0.00 0.20 0.07

Actinomycetales;Mzcrococcaceae; Micrococcus 0.00 0.00 0.00 5.35 0.00 0.00 1.22
Actinomycetales;Micrococcaceae; unclassified 0.00 0.00 0.00 0.21 0.00 0.00 0.05
Micrococcaceae

Actinomycetales;Propionibacteriaceae; 0.00 0.00 0.00 0.69 0.00 0.00 0.16
Propionibacterium
Actinomycetales;Propionibacteriaceae; 0.00 0.00 0.00 0.07 0.00 0.00 0.02

unclassified Propionibacteriaceae
Actinomycetales;unclassified Actinomycetales 0.00 0.00 0.00 0.27 0.05 0.00 0.07

Unclassified Actinobacteria 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Bacteroidetes
Flavobacteria;Flavobacteriales;Flavobacteriaceae; 0.00  0.00 0.00 0.75 3.81 1.88 1.05
Elizabethkingia

Flavobacteria;Flavobactetiales;Favobacteriaceae; 0.03  0.14  0.00 0.00 0.05 0.00 0.02
Flavobacterium

Sphingobacteria;Sphingobacteriales; 0.00 0.00 0.00 0.55 0.00 0.00 0.12
Chitinophagaceae;Flavisolibacter
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Sphingobacteria;Sphingobacteriales; 0.00 0.00 0.00 0.39 0.00 0.00 0.09
Chitinophagaceae;anclassified Chitinogphagaceae

Cyanobacteria/Chloroplast

Chloroplast;Chloroplast;Streptophyta; 0.00 1.44 0.03 0.00 0.00 0.00 0.05
unclassified Streptophyta

Firmicutes

Bacilli;Bacillales; Bacillaceae 1 ;Bacillus 0.00 0.00 0.00 0.00 0.15 0.05 0.03
Bacilli;Bacillales;Bacillaceae 1;unclassified 0.00 0.00 0.03 0.00 0.13 0.25 0.07
Bacillaceae

Bacilli;Bacillales; S7aphylococcaceae;Staphylococens - 0.00  0.14  0.01  2.06 0.67 0.84 0.71
Bacilli;Bacillales;Staphylococcaceae;unclassified  0.00  0.00  0.00 0.02 0.00 0.00 0.00
Staphylococcaceae

Bacilli;Bacillales;unclassified Bacillales 0.00 0.00 0.01 0.02 0.10 0.37 0.08
Bacilli;unclassified_Bacilli 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Proteobacteria; Alphaproteobacteria

Caulobacterales;Canlobacteraceae; 0.00 0.00 0.00 0.00 0.15 0.00 0.02
Brevundimonas

Rhizobiales; Bradyrbizobiaceae; Bradyrbizobinm -~ 0.00  0.00 0.00 0.02 0.00 0.05 0.01
Rhizobiales; Bradyrhizobiaceae; Nitrobacter 0.00 0.00 0.00 0.00 0.23 0.00 0.04
Rhizobiales;Bradyrhizobiaceae; unclassified 0.00 0.00 0.00 0.00 052 0.00 0.08
Bradyrhizobiaceae

Rhizobiales;Brucellaceae; unclassified 0.00 0.00 0.00 0.00 214 055 041
Brucellaceae

Rhizobiales; Methylobacteriaceae; 0.00 0.00 0.03 0.31 0.00 0.00 0.08
Methylobacterinm

Rhizobiales; Phyllobacteriaceae; 0.00 0.00 0.00 0.00 0.28 0.00 0.04
Mesorbizobinm

Rhizobiales; Phyllobacteriaceae; unclassified 0.00 0.00 0.00 0.00 031 0.00 0.05
Phyllobacteriaceae

Rhizobiales;Rhizobiaceae; Rhizobinm 0.00 0.00 0.00 0.38 0.10 0.00 0.10
Rhizobiales;unclassified Rhizobiales 0.00 0.00 0.00 0.15 0.10 0.12 0.07
Rhodobacterales;Rhodobacteracea; 0.00 0.00 0.00 0.00 0.00 0.02 0.00
unclassified Rhodobacteraceae

Rhodospirillales;Acetobacteraceae; Asaia 0.00 0.00 0.00 0.00 0.00 0.05 0.01
Rhodospirillales;Acerobacteraceae; Roseomonas — 0.00  0.00 0.00 0.57 0.00 0.00 0.13
Rhodospirillales; Acetobacteraceae; 0.00 0.00 0.00 0.02 0.00 0.07 0.02
unclassified Acetobacteraceae

Sphingomonadales;Sphingomonadaceae; 0.00 0.00 0.01 055 0.00 0.00 0.13
Novosphingobinm

Sphingomonadales;Sphingomonadaceae; 0.15 0.58 0.00 0.81 131 1.24 0.61

Sphingomonas
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Table S1 Continued.

Sphingomonadales; Sphingomonadaceae, 0.00 0.00 0.00 0.24 0.18 0.15 0.11

unclassified Sphingomonadaceae

Sphingomonadales; unclassified 0.00 0.00 0.00 0.82 0.03 0.00 0.19

Sphingomonadales

unclassified Alphaproteobacteria 0.00 0.14 0.00 0.21 0.03 0.05 0.06
Taxonomy: Genus PI1  PI2 PI3 PU1 PU2 PU3 Total

Proteobacteria;Betaproteobacteria
Burkholderiales;Alcaligenaceae; Achromobacter — 0.00  0.58 0.04 4.10 4.02 578 2.48

Burkholderiales;Alealigenaceae; Alealigenes 0.00 0.00 0.00 593 46.04 40.53 14.69
Burkholderiales;Alkaligenaceae; unclassified 0.00 0.14 0.00 1.39 1.13 0.84 0.62
Alealigenaceae

Burkholderiales; Burkholderiaceae; Burkholderia — 0.06 1239 0.20 47.06 13.09 9.50 14.59
Burkholderiales; Burkholderiaceae; Ralstonia 0.00 0.00 0.00 0.02 0.39 0.00 0.06
Burkholdetiales;Burkholderiaceae; 0.00 0.29 0.03 240 044 035 0.68
unclassified Burkholderiaceae

Burkholderiales; Burkholderiales incertae sedis; 0.00 0.00 0.00 0.00 0.26 0.00 0.04
Aguabacterium

Burkholderiales;Comamonadaceae; Acidovorax 0.00 0.00 0.00 0.36 0.00 0.00 0.08
Burkholdetriales;Comamonadaceae; Comamonas  0.06  0.00 0.00 0.00 0.00 0.02 0.01
Burkholderiales;Comamonadaceae; Delftia 212 0.00 0.18 0.00 0.36 0.79 0.51
Burkholderiales;Comanmonadaceae; Tepidicella 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Burkholderiales;Comamonadaceae; Variovorax — 0.00  0.00 0.00 0.02 0.00 0.00 0.00

Burkholderiales;Comamonadaceae; 0.66 0.00 0.28 0.45 0.00 0.40 0.34
unclassified Comamonadaceae

Burkholderiales;Oxalobacteraceae; Massilia 0.00 0.00 0.05 1.30 0.00 0.00 0.31
Burkholdetiales;Oxalobacteraceae; Naxibacter — 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Burkholderiales;Oxalobacteraceae; 0.00 0.00 0.01 142 0.00 0.00 0.33

unclassified Oxalobacteraceae

Burkholderiales;unclassified_Burkholderiales  0.03 0.00 0.01 0.24 0.03 0.00 0.07
Methylophilales;Methylophilaceae, 0.00 0.00 0.01 0.00 0.00 0.00 0.00
unclassified Methylophilaceae

Rhodocyclales;Rhodocyclaceae; Methyloversatilis - 0.00  0.00 0.00 0.00 0.05 0.00 0.01
unclassified Betaproteobacteria 0.03 0.43 0.00 0.99 026 0.05 0.29
Proteobacteria;Deltaproteobacteria

Desulfovibrionales; Desulfohalobiaceae; 0.00 0.00 0.00 0.84 0.23 0.00 0.23
Desulfohalobinm

Desulfovibrionales; Desulfohalobiaceae; 0.00 0.00 0.00 0.26 0.10 0.00 0.07
unclassified Desulfohalobiaceae

Desulfovibrionales; unclassified 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Desulfovibrionales;

unclassified Deltaproteobacteria 0.00 0.00 0.00 0.02 0.00 0.00 0.00
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Proteobacteria;Gammaproteobacteria
Aeromonadales;Aeromonadaceae; Aeromonas  0.00 0.00 0.01 0.00 0.00 0.00 0.00
Alteromonadales;Pseudoalteromonadaceae; 0.00 0.00 0.00 1.63 0.00 0.00 0.37
Psendoalteromonas
Alteromonadales; Pseudoalteromonadaceac; 0.00 0.00 0.00 0.02 0.00 0.00 0.00
unclassified Pseudoalteromonadaceae
Alteromonadales; unclassified 0.00 0.00 0.00 0.15 0.00 0.00 0.04
Alteromonadales
Enterobacteriales; Enterobacteriaceae, 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Citrobacter
Enterobacteriales;Enterobacteriaceae; 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Enterobacter
Enterobacteriales; Enterobacteriaceae, 0.00 0.58 0.00 0.00 0.00 0.00 0.02
Escherichia/ S higella
Enterobacteriales; Enterobacteriaceae, 1.37 0.00 0.74 0.00 0.00 0.02 041
Klebsiella
Enterobacteriales;Enterobacteriaceae; 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Pantoea
Enterobacteriales; Enterobacteriaceae, 1.04 0.00 0.03 0.00 0.08 0.00 0.16
Salmonella
Enterobacteriales; Enterobacteriaceae; 0.00 2.02 0.04 0.14 10.69 14.14 3.94
Serratia
Enterobacteriales;Enterobacteriaceae; 0.00 7666 0.00 0.02 0.00 0.02 2.08
Thorsellia
Enterobacteriales; Enterobacteriaceae, 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Trabulsiella
Enterobacteriales;Enterobacteriaceae; 4478 0.86 11.74 0.02 2.68 5.51 10.74
unclassified Enferobacteriaceae
Oceanospirillales;Halomonadaceae; Zymobacter - 0.00 0.00 0.00 0.00 0.00 0.10 0.02
Oceanospirillales; unclassified 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Oceanospirillales
Pseudomonadales;Moraxellaceae; Acinetobacter 47.82 2.88 84.12 0.00 0.82 1.07 32.37
Pseudomonadales;Moraxellaceae; 0.00 0.14 0.00 5.61 0.15 0.27 1.35
Enhydrobacter
Pseudomonadales;Moraxellaceae, 0.42 0.00 0.33 0.00 0.00 0.07 0.17
unclassified Moraxellaceae
Pseudomonadales;Pseudomonadaceae; 1.10 0.00 0.84 0.00 0.03 5.03 1.20
Psendomonas

Taxonomy: Genus PI1 PI2 PI3 PU1l PU2 PU3 Total
Pseudomonadales;Psendomonadaceae; 0.15 0.00 0.87 0.00 0.00 1.09 0.46

unclassified Pseudomonadaceae




14 Chiang Mai J. Sci. 2015; 42(X)

Table S1 Continued.

Vibrionales; [ 7brionaceae; Iucibacterium ~— 0.00  0.00  0.00 0.38 0.00 0.00 0.09
Vibtionales; [ 7brionaceae; 1 ibrio 0.00 000 0.00 010 0.00 0.00 0.02
Vibrionales;7brionaceae; unclassified ~ 0.00  0.00  0.00 0.53 0.00 0.00 0.12
Vibrionaceae

Xanthomonadales; Xanthomonadaceae;,  0.06  0.00  0.14 211  6.65 501 232
Stenotrophomonas

Xanthomonadales; Xanthomonadaceae, 0.00 043 0.00 3.65 1.08 228 1.37
Xanthomonas

Xanthomonadales; Xanthomonadaceae, 0.00 0.00 0.00 021 031 022 0.13
unclassified Xanthomonadaceae

Unclassified Gammaproteobacteria ~ 0.00  0.00  0.00 0.03 0.03 0.02 0.02

Unclassified Proteobacteria 0.06 0.00 0.00 0.10 0.05 0.02 0.04
Unclassified bacteria 0.00 014 041 178 028 0.72 0.60
Unclassified 0.00 0.00 0.04 0.09 000 0.07 0.04
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Figure 2. Taxonomic classification of microbiota in the gut of three Plasmodium-infected (PI;
PI1, P12, PI3) and three Plasmodium-unintected (PU; PU1, PU2, PU3) An. ninimus.
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Figure 3. Heat map of bacterial profiles in the gut of the Plasmodinm-infected (PI) and the
Plasmodinm-aninfected An. minimus. Only genera represented more than 1% of the total OTUs
in each specimen were included.
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3.3 Bacterial Community in Plasmodium-
infected and Plasmodium-uninfected
Hosts

Out of 53 genera, 20 were found in
both infected and uninfected mosquitoes
while 7 and 26 genera were detected only
in the the
Plasmodinm-uninfected individuals, respectively

Plasmodinm-infected or

(Table 4). The majority of bacteria presented
in the gut of the infected host were
gammaproteobacteria (97.40%), followed by
betaproteobacteria (2.19%; Figure 4).
Moraxellaceae (69.50%) and Ewnterobacteriaceae
(26.28%) families were the most abundance
in the gammaproteobacteria (Figure 4). The
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scatter plot showed that Acnetobacter in the
Moraxellaceae, Thorsellia in the Enterobacteriaceae
and unclassified Enterobacteriaceae were
abundant in the Plasmodium-intfected
hosts (Figure 5). In contrast, the gut of
the uninfected mosquitoes was dominated
with betaproteobacteria (63.62%; Figure 4).
Moreover, Actinobacteria, alphaproteo-
bacteria, Firmicutes and Bacteroidetes wete
almost exclusively found in the gut of
the uninfected mosquitoes. Among them,
Burkhbolderia in the family Burkholderiaceae,
Alcaligenes in the family Alcaligeneceae and
Serratia in the family Enterobacteraceae were the
most prevalent (Figure 4).

Table 4. The 53 genera discovered in the gut of Awngpheles minimus. Certain bacterial genera

were detected in both Plasmodinm-unintected and infected mosquitoes (B) whereas some of

them were presented only in the Plasmodium-uninfected mosquito (PU) or in the Plasmodium-

infected mosquito (PI).

Phylum/class Genus Detection | Percentage from total OTUs
(B, PU, PI)
Actinobacteria Corynebacterium? PU 0.07
Brachybacterium™® B 0.47
Kocuria® PU 0.07
Micrococcus® PU 1.22
Propionibacterium® PU 0.16
Bacteroidetes Elizabethkingia® PU 1.05
Flavobacterium® B 0.02
Flavisolibacter™” PU 0.12
Firmicutes Bacillus® PU 0.03
Staphylococcus® B 0.71
Proteobacteria/ Brevundimonas® PU 0.02
Alphaproteobacteria | Bradyrhizobium?® PU 0.01
Nitrobacter™” PU 0.04
Methylobacterium® B 0.08
Mesorhizobium®*® PU 0.04
Rhizobium®" PU 0.10
Asaia® PU 0.01
Roseomonas® PU 0.13
Novosphingobium® B 0.13
Sphingomonas® B 0.61
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Table 4. Continued.
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Phylum/class Genus Detection | Percentage from total OTUs
(B, PU, PI)

Proteobacteria/ Achromobacter® B 2.48

Betaproteobacteria Alcaligenes® PU 14.69
Burkholderia® B 14.59
Ralstonia® PU 0.06
Aquabacterium® PU 0.04
Acidovorax® PU 0.08
Comamonas® B 0.01
Delftia® B 0.51
Tepidicella* PI <0.01
Variovorax®® PU <0.01
Massilia® B 0.31
Naxibacter” PU <0.01
Methyloversatilisa®” PU 0.01

Proteobacteria/ Desulfohalobium®® PU 0.23

Deltaproteobacteria

Proteobacteria/ Aeromonas PI <0.01

Gammaproteobacteria | Pseudoalteromonas™” PU 0.37
Citrobacter PI <0.01
Enterobacter PI <0.01
Escherichia/Shigella PI 0.02
Klebsiella® B 0.41
Pantoea PI <0.01
Salmonella® B 0.16
Serratia B 3.94
Thorsellia® B 2.08
Trabulsiella®® PI <0.01
Zymobacter® PU 0.02
Acinetobacter B 32.37
Enhydrobacter* B 1.35
Pseudomonas B 1.20
Lucibacterium®® PU 0.09
Vibrio® PU 0.02
Stenotrophomonas® B 2.32
Xanthomonas®” B 1.37

Note: * the new genera firstly detected in _Anapheles niinimus.

" the new genera detected in Anagpheles species for the first time.
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Figure 4. Percentages of relative abundance at taxonomic levels. (A) and (B) indicate the

relative abundance (%) of bacteria in the gut of the Plasmodinm-infected and the Plasmodinm-

uninfected An. minimus, respectively.
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Figure 5. Scatter plot of prevalent bacterial genera comparing between the gut microbiota in
the Plasmodinm-intected (PL; P11, P12, PI3) and the Plasmodium-unintected (PU; PU1, PU2,

PU3) _An. minimus.

4. DISCUSSION
4.1 First Discovery of Certain Bacterial
Genera in the Gut of An. minimus

In the present study, 45 of the total 53
genera were detected for the first time in
An. minimus. Of the 45 genera, 31 were found

in other malaria-vectors while one genus,
Enbydrobacter, was present in a non-malaria
vector, An. barbumbrosus |11, 21]. Six of ten
midgut core microbiota, Burkholderia, Serratia,
Acinetobacter, Pseudomonas, Sphingomonas and
Staphylococens detected in An. gambiae in a
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previous study were also abundant in the
current study [11]. Similarly to previous
reports, a small proportion of gram-positive
bacteria, Actinobacteria and Bacilli, was
found in the gut of our specimens [10, 11].
However, 14 genera discovered in the present
study have never been found in any Anopheles
species. Most of them were present in low
frequency with an exception of Xanthomonas,
the abundance of which was higher than 1%.
All 14 genera were isolated from plant tissues,
soils, air and water resources [22]. These
findings suggested that the mosquitoes might
acquire these bacteria by feeding on plant sap
or becoming in contact with the environments
that contained the bacteria.

4.2 The Relationship between Gut
Bacteria and Plasmodium

A large number of microorganisms are
generally present within the body of mosquito,
especially in the gut [6]. Several studies have
reported the benefits of gut bacteria to
the host, including parasite-development
inhibition [23]. Antibiotic-treated An. gambiae
and An. stephensi had lower bacteria contents
and higher P. faleiparum infection rates than the
untreated mosquitoes [24]. In addition,
intrathoracic inoculation of bacteria in
An. gambiae induced antibacterial peptide
production that inhibited Plasmodinm
development [25]. Moreover, Cirimotich ez
al. |7] revealed that a strain of Enferobacter
isolated from wild-caught An. arabiensis
could kill P. faleiparum using reactive oxygen
species . Recently, Serratia marcescens HB3 had
been shown to inhibit P. berghei oocyst
formation in_An. stephensi [23]. These findings
suggested that certain gram-negative bacteria
play an important role to protect mosquitoes
trom Plasmodium infection.

The gram-negative bacteria, Acinetobacter,
were the most abundant bacteria in the gut
samples from our study. It was found that
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Acinetobacter species isolated from wild-caught
An. arabiensis could reduce the number of
oocysts in the midgut of An. gambiae via the
activation of the immune deficiency (IMD)
immune signaling pathway [26]. In addition,
the infection of Acinetobacter in the mosquito
midgut reduced longevity of An. gambiae |20].
Elizabethkingia meningoseptica and Serratia
marcescens were also detected in our work
(data not shown) and they previously exhibited
anti-Plasmodium activity in Anopheles species
[8, 23, 26]. L. meningosepticawas able to inhibit
the development of P. falciparum at the
gametocyte transmission stage [27]. Recently,
Bahia e al. [26] reported that the anti-
Plasmodium activity of S. marcescens derived
from secreted factors. The findings
demonstrated that Acinetobacter, S. marcescens
and E. meningoseptica could be used for malarial
control in Anopheles mosquitoes including
An. niinins.

4.3 Core Gut Microbiota and Symbiotic
Candidates for Malaria Control

Even with regular applications of
insecticides and the availability of antimalarial
drugs, over 200 million of malaria cases have
been reported every year [28]. Unfortunately,
malaria vectors have exhibited increased
resistance to the insecticides and the
antimalarial drugs has become less effective
[28]. Novel preventive strategies including
symbiotic control might be an alternative to
other conventional approaches. The symbiotic
control is a strategy to control insect borne
diseases by reducing vector competence [4].
A symbiotic candidate should be selected
from core gut microbiota, which is abundant
and mainly found in a host species. In our
study, there were 20 genera residing in the
gut of the mosquitoes higher than one percent
of all OTUs in each specimen; however only
three genera, Acnetobacter, Burkholderia and
Alealigenes represented more than 10% of the
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total OTUs. According to the abundance of
the three genera, Acinetobacter, Burkbolderia
and Alealigenes were core gut microbiota in
An. minimus and were eligible symbiotic
candidates for malaria control. Acinetobacter
have the ability to reduce the number of
Plasmodium oocysts in the midgut of An. gambiae
[26], so we could use them directly to control
the transmission of malaria in the malaria-
vector. In contrast, the anti-Plasmodium
activity in Alealigenes and Burkbolderia has not
been reported. Burkholderia appeared to
colonize in the gut of all mosquitoes
examined. This genus is known as an insect
symbiont, and it increases bacterial and
fungal resistance of insects [29]. Alaligenes
was the most prevalent in the gut of the
uninfected An. minimus, and it was detected
in all of the uninfected samples. .Alaligenes
has been used as a symbiont to control insect
borne diseases in the plants [30]. However,
the relationship between the two genera,
Burkholderia as well as_Alcaligenes, and Plasmodinm
is still unclear. Further studies are required
to determine whether these bacteria possess
any activities that lead to the inhibition of
Plasmodinm development in the mosquito gut.
Certain species of bacterial flora were shown
to trigger mosquito innate immune responses
against Plasmodinm infection [27].

5. CONCLUSION

Bacterial communities in the gut of the
infected and the uninfected Anapheles mininns
were different. In the uninfected mosquito,
the gut bacteria were more diverse than
those in the infected mosquito. Many
bacterial genera in this study were detected
for the first time in malaria vectors but they
were present only in a small proportion,
except Xanthomonas. Our study showed that
three bacterial genera, Acinetobacter, Burkholderia
and Alealigenes were the most abundant. One
of them, Acinetobacter has been reported that
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it had the ability to control the Plasmodium
transmission by activating the IMD immune
response of Angpheles mosquito whereas the
relationship between the other two bacteria
and Plasnodinm are uncleat.

ACKNOWLEDGEMENTS

This study was financially supported by
the Kasetsart University Research and
Development Institute; Faculty of Science,
Kasetsart University; Thailand Research Fund
and National Research Council of Thailand.

REFERENCES

[1] World Health Organization, WHO,
Factsheet on the World Malaria Report
2013; Available at: http:/ /www.who.int/
malaria/media/wotld_malaria_ report_
2013/en/. Accessed December 2013.

[2] Shah N., Dhillon G., Dash A., Arora U.,,
Meshnick S. and Valecha N., Antimalarial
drug resistance of Plasmodium falciparum
in India: changes over time and space,
Lancet Infect. Dis., 2011; 11: 57-64. DOI
10.1016/81473-3099(10)70214-0.

[3] Brown T., Smith L., Oo E., Shawng K.,
Lee T., Sullivan D., Beyrer C. and
Richards A., Molecular surveillance for
drug-resistant Plasmodinm falciparnm in
clinical and subclinical populations
from three border regions of Burma/
Myanmar: cross-sectional data and a
systematic review of resistance studies,
Malar. ]., 2012; 11: 333. DOI 10.1186/
1475-2875-11-333.

[4] Ricci 1., Valzano M., Ulissi U., Epis S,
Cappelli A. and Favia G., Symbiotic
control of mosquito borne disease,
Pathog. Glob. Health, 2012; 106: 380-385.
DOI 10.1179/2047773212Y.00000000
51

[5] Rani A., Sharma A., Rajagopal R.,
Adak T. and Bhatnagar R., Bacterial
diversity analysis of larvae and adult



20

midgut microflora using culture-
dependent and culture-independent
methods in lab-reared and field-collected
Anopheles stephensi-an Asian malarial
vector, BMC Microbiology, 2009; 9: 96.
DOI 10.1186/1471-2180-9-96.

[6] Azambuja P, Garcia E. and Ratcliffe N,
Gut microbiota and parasite transmission
by insect vector, Trends Parasitol., 2005;
21: 568-572. DOI 10.1016/].pt.2005.09.
011.

[7] Cirimotich C., Dong Y., Clayton A.,
Sandiford S., Souza-Neto J., Mulenga M.
and Dimopoulos G., Natural microbe-
mediated refractoriness to Plasmodium
infection in Anopheles gambiae, Science,
2011; 332: 855-858. DOI 10.1126/
science.1201618.

[8] Gonzalez-Ceron L., Santillan M.,
Rodriguez D. and Hernandez-Avila J.,
Bacteria in midguts of field-collected
Anopheles albimanus block Plasmodinm
vivax sporogonic development, ]. Med.
Entomol., 2003; 40: 371-374. DOI 10.
1603/0022-2585-40.3.371.

[9] Osei-Poku J., Mbogo C., Palmer W.
and Jiggins F., Deep sequencing
reveals extensive variation in the gut
microbiota of wild mosquitoes from
Kenya Molecular Ecology, 2012; 21:
5138-5150. DOI 10.1111/§.1365-294X.
2012.05759.x.

[10] Wang Y., Gilbreath T.M., Kukutla P,
Yan G., Xu J., Dynamic gut microbiome
across life history of the malaria
mosquito Anopheles gambiae in Kenya,
PILoS One, 2011; 6: €24767. DO110.1371
/journal.pone.0024767.

[11] Boissiére A., Tchioffo M., Bachar D,
Abate L., Marie A., Nsango S.E.,
Shahbazkia H.R., Awono-Ambene P.H.,
Levashina E.A., Christen R. and
Morlais 1., Midgut microbiota of the
malaria mosquito vector Anapheles gambiae

Chiang Mai . Sci. 2015; 42(X)

and interactions with Plasmodinm falciparum
infection, PLoS pathog., 2012; 8: ¢1002742.
DOI 10.1371/journal.ppat.1002742.

[12] Sharpe R., Hims H., Harbach R.
and Butlin R., PCR-based methods
for identification of species of the
Anopheles minimus group: allele-specific
amplification and
information polymorphism, Med. 1t
Entomol., 1999;13: 265-273. DOI 10.1046
/j.1365-2915.1999.00178.x.

[13] Rougemont M., Saanen M., Sahli R,
Hinrikson H., Billie J. and Jaton K.,
Detection of four Plasmodinm species in
blood from humans by 18S tRNA gene
subunit-based and species-specific
real-time PCR assays, J. Clin. Microbiol.,
2004; 42: 5636-5643. DOI 10.1128/
JCM.42.12.5636-5643.2004.

[14] Humblot C. and Guyot J.P,
Pyrosequencing of 16S rRNA gene
amplicons for rapid deciphering of the
microbiomes for fermented foods such
as pearl millet slurries, Appl. Environ.
Microbiol.,, 2009; 75: 4354-4361. DOI
10.1128/AEM.00451-09.

[15] Nossa C., Oberdorf W., Yang L., Aas J.,
Paster B., DaSantis T., Brodie E.,
Malamud D., Poles M. and Pei Z.,
Design of 16S rRNA gene primers
for 454 pyrosequencing of the
human foregut microbiome, Worid ].
Gastroenterol., 2010; 16: 4135-4144.
DOI 10.3748/wjg.v16.i33.4135.

[16] Edgar R., Haas B., Clemente J.,
Quince C. and Knight R., UCHIME
improves sensitivity and speed of
chimera detection, Bioznformatics, 2011,
27: 2194-2200. DOT 10.1093/bioinfor
matics/btr381.

[17] Quast C., Pruesse E., Yilmaz P.,
Gerken J., Schweer T., Yarza P., Peplies J.
and GlOckner EO., The SILVA ribosomal
RNA gene database project: improved

single-strand



Chiang Mai J. Sci. 2015; 42(X)

data processing and web-based tools,
Nucleic Acids Res., 2013; 41: D590-5906.
DOI 10.1093/nar/gks1219.

[18] Wang Q., Garrity G., Tiedje J. and

Cole J., Naive Bayesian classifier for
rapid assignment of rRNA sequences
into the new bacterial taxonomy, App!.
Environ. Microbiol., 2007; 73: 5261-5267.
DOI 10.1128/AEM.00062-07.

[19] Schloss P, Westcott S., Ryabin T., Hall J.R.,

Hartmann M., Hollister E.B., Lesniewski
R.A., Oakley B.B., Parks D.H., Robinson
C.J., Sahl J.W,, Stres B., Thallinger G.G.,
Van Horn D.J. and Weber C.I,
Introducing mothur: open-source,
platform-independent, community-
supported software for describing and
comparing microbial communities,
Appl. Environ. Microbiol., 2009; 75:
7537-7541. DOI 10.1128/AEM.01541-
09.

[20] Parks D. and Beiko R., Identifying

biologically relevant differences
between metagenomic communities,
Bioinformatics, 2010; 26: 715-721. DOI
10.1093/bioinformatics/btq041.

[21] Manguin S., Ngo C., Tainchum K.,

Juntarajumnong W., Chareonviriyaphap
T., Michon A.L. and Jumas-Bilak E.,
Bacterial Biodiversity in Midguts of
Anopheles Mosquitoes, Malaria Vectors
in Southeast Asia; in Manguin S., ed.,
Anopheles Mosquitoes - New Insights into
Malaria Vectors, InTech, Rijeka, Croatia,
2013; 549-576. DOT 10.5772/55610.

[22] Franga L., Rainey E., Nobre M. and da

Costa M., Tepidicella xavieri gen. nov., sp.
nov.,, a betaproteobacterium isolated
from a hot spring runoff, Int. J. Syst. Evol.
Microbiol., 2006; 56: 907-912. DOI 10.
1099/1js.0.64193-0.

[23] Bando H., Okado K., Guelbeogo W.,

Badolo A., Aonuma H., Nelson B.,
Fukumoto S., Xuan X., Sagnon N. and

21

Kanuka H., Intra-specific diversity of
Serratia marcescens in Anopheles mosquito
midgut defines Plasmodium transmission
capacity, S¢i. Rep., 2013; 3: 1641. DOI
10.1038/step01641.

[24] Touré A., Mackey A., Wang Z. and
Beier J., Bactericidal effects of sugar-fed
antibiotics on resident midgut bacteria of
newly emerged anopheline mosquitoes
(Diptera: Culicidae), |. Med. Entomol.,
2000; 37: 246-249. DOI 10.1603/0022-
2585-37.2.246.

[25] Lowenberger C., Kamal S., Chiles J.,
Paskewitz S., Bulet P, Hoffmann J. and
Christensen B., Mosquito-plasmodium
interactions in response to immune
activation of the vector, Exp. Parasitol.,
1999; 91: 59-69. DOI 10.1006/expt.
1999.4350.

[26] Bahia A., Dong Y., Blumberg B., Mlambo
G., Tripathi A., BenMarzouk-Hidalgo O.,,
Chandra R. and Dimopoulos G.,
Exploring Anopheles gut bacteria for
Plasmodium blocking activity, Environ.
Microbiol., 2014; 16: 2980-2994. DOI
10.1111/1462-2920.12381.

[27] Ngwa J., GlOckner V., Abdelmohsen U.,
Scheuermayer M., Fischer R,
Hentschel U. and Pradel G., 16S
rRNA gene-based identification
of  Elizabethkingia  meningoseptica
(Flavobacteriales: Flavobacteriaceac) as a
dominant midgut bacterium of the Asian
malaria vector Anopheles stephensi (Dipteria:
Culicidae) with antimicrobial activities,
J. Med, Entomol., 2013; 50: 404-414.
DOIT 10.1603/ME12180.

[28] Carrara V.I., Lwin K.M., Phyo A.P,
Ashley E., Wiladphaingern J., Sriprawat
K., Rijken M., Boel M., McGready R.,
Proux S., Chu C., Singhasivanon P,
White N., Nosten FE., Malaria burden
and artemisinin resistance in the mobile
and migrant population on the Thai-



22

Myanmar border, 1999-2011; an
observational study, PLLOS Medicine,
2013; 10: e1001398. DOT 10.1371/
journal.pmed.1001398.

[29] Kikuchi Y., Hosokawa T. and Fukatsu T.,

Insect-microbe mutualism without
vertical transmission: a stinkbug acquires
a beneficial gut symbiont from the
environment every generation, ~Appl.

Chiang Mai . Sci. 2015; 42(X)

Environ. Microbiol., 2007; 73: 4308-4316.
DOI 10.1128/AEM.00067-07.

[30] Bextine B., Lampe D., Lauzon C.,

Jackson B. and Miller T., Establishment
of a genetically marked insect-derived
symbiont in multiple host plants,
Curr. Microbiol., 2005; 50: 1-7. DOI
10.1007/500284-004-4390-8.



	1
	2

