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1  |  INTRODUC TION

Aedes albopictus is an important medical arthropod and the main 
vector of viruses such as dengue, Zika, and chikungunya. Dengue 
fever remains prevalent and outbreaks often occur in subtropical 
and temperate countries with around 390 million people being in-
fected worldwide annually (Bhatt et al., 2013). To date, effective 
and safe vaccines have not been developed for the prevention and 
control of mosquito- borne viruses and the control of such viruses 
relies mainly on the suppression of mosquito vectors and chemical 
methods. Pyrethroid insecticides have been widely used for mos-
quito control owing to their insecticide efficacy and non- toxicity 
in mammals. However, the overuse and abuse of these insecticides 

have resulted in widespread resistance, thereby defeating the very 
purpose of vector prevention and mosquito control.

Previous studies have indicated that symbiotic bacteria in 
insects, particularly in the gut, endow the host with improved 
adaptability to the environment (Tsuchida et al., 2014), enhanced 
immunity against external pathogenic microorganisms, and in-
creased detoxification rates (Oliver et al., 2003; Vorburger & 
Rouchet, 2016). Symbiotic bacteria in the host gut induce the 
production of detoxification enzymes to develop common metab-
olism and mineralization processes that act to improve host resis-
tance (Scates et al., 2019). Studies on agricultural pests showed 
that the presence of Burkholderia (Kikuchi et al., 2012) and 
Stenotrophomonas maltophilia (Shen et al., 2010; Zhao et al., 2009) 
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Abstract
The intestinal symbiotic bacteria of Aedes albopictus play a potential role in host re-
sistance	to	insecticides.	In	this	study,	we	sequenced	the	full-	length	of	16S	rRNA	and	
analyzed the differences in the intestinal microbiota between deltamethrin- resistant 
and - sensitive Ae. albopictus. Symbiotic bacteria were cultured and analyzed using 
six types of culture media in aerobic and anaerobic environments. We found signifi-
cant differences in the diversity and abundance of the intestinal microbiota of the 
two strains of Ae. albopictus. The symbiotic bacteria cultured in vitro were found to 
be mainly facultative anaerobes. The cultured bacteria such as Serratia oryzae and 
Acinetobacter junii may function to promote the development of insecticide resist-
ance. This work indicates that intestinal bacteria may contribute to the enhancement 
of insecticide resistance of Ae. albopictus It also highlights the analytical advantage 
of	full-	length	16S	rRNA	sequencing	to	study	the	intestinal	microbiota	of	mosquitoes.
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in Riptortus pedestris (Hemiptera) and Citrobacter in the intestine 
of Plutella xylostella (Cheng et al., 2017) increased insecticide tol-
erance in the host.

A	particular	 species	 of	 symbiotic	 bacteria	 in	 the	 gut	 of	Ae. al-
bopictus has reduced the titer of Dengue virus and alter the ability 
of	mosquitoes	 to	 transmit	 vector	 viruses	 (Apte-	Deshpande	 et	 al.,	
2014; Ramirez et al., 2012, 2014). Studies have also confirmed the 
differences in the bacterial diversity between pyrethroid- sensitive 
and resistant strains of wild Anopheles gambiae, An. albimanus, 
and An. arabiensis	 (Minard	 et	 al.,	 2013).	 Fenitrothion-	resistant	
Burkholderia acquired from the environment may help their hosts 
degrade	insecticides	(Kikuchi	et	al.,	2011).	Alternatively,	Wolbachia,	
as intestinal microbiota of Ae. aegypti and Culex pipiens positively 
correlated with insecticide resistance by regulating esterase genes 
(Hoffmann & Turelli, 2013; Minard et al., 2013). Based on these stud-
ies, we hypothesize that the diversity and abundance of Ae. albopic-
tus gut bacteria may be related to the insecticide resistance and that 
the gut bacteria of deltamethrin- sensitive and - resistant Ae. albopic-
tus are different.

To test this hypothesis, we isolated and analyzed symbiotic 
bacteria from the intestinal tracts of deltamethrin- resistant and 
- sensitive larvae. The isolated bacteria from both larval strains 
were treated with deltamethrin and analyzed to explore the com-
plex interactions between bacteria and insecticide resistance. We 
showed that not only the intestinal bacteria of the two strains had 
differences in diversity and abundance, but specific strains were also 
prevalent in the intestinal tracts.

In	comparison	with	the	full	length	of	16S	rRNA,	short-	read	am-
plicon	sequencing	 in	 the	variable	 region	 (V3–	V4)	of	16S	rRNA	can	
affect sequencing accuracy and impact the identification of bacterial 
species (Klemetsen et al., 2019). In this study, the full- length of the 
16S	rRNA	was	sequenced	with	a	single-	molecule	sequencer	(PacBio	
Sequel II; Burke & Darling, 2016). The PacBio circular consensus se-
quencing (CCS), a long- read sequencing model that can be applied 
for	16S	rRNA	genes,	was	used	to	significantly	 improve	the	resolu-
tion of the bacteria. This is the first study to demonstrate the use of 

next- generation sequencing techniques to analyze the full length of 
16S	rRNA	genes	in	Ae. albopictus intestinal microbiota and insecti-
cide resistance.

Besides molecular analysis, gut bacteria have been extensively 
cultured and identified using a combination of various culture media 
and environmental conditions. Only the bacteria that can be cultured 
in vitro can be used for in vitro functional assays. This is therefore 
particularly important for the isolation and identification of bacteria 
with insecticide- degrading capabilities.

2  |  METHODS

2.1  |  Mosquito rearing and bioassays

The insecticide- sensitive strain of Ae. albopictus (denoted as the S 
strain) was donated by the Disease Control and Prevention Center 
(CDC) in Shandong. The strain has been reared for more than 
20 years in the mosquito breeding room of the Shandong Institute 
of Parasitic Diseases during which Ae. albopictus was not exposed to 
insecticides. Insecticide resistance was screened in each generation 
using	deltamethrin	at	a	lethal	concentration	of	50%	(LC50),	and	52	
generations were screened to obtain the resistant strain (denoted 
as	R	strain).	Figure	1	shows	a	summary	schematic	of	the	selection	
process used in this study. The breeding conditions of the mos-
quitoes were as follows: temperature = 26°C ± 2, relative humid-
ity	=	75%	±	5,	a	photoperiod	of	12:12	hr	(light:dark).	The	larvae	were	
fed with a mixture of pork liver powder and yeast powder in a 1:3 
ratio.	Adult	mosquitoes	were	transferred	to	the	mosquito	cages,	fed	
with	a	10%	glucose	solution,	and	defibrinated	sheep	blood	through	
a Hemotek unit.

The bioassay of insecticide resistance of the larva was deter-
mined following the World Health Organization (WHO) guidelines 
according to the following formula:

RR = resistant strain LC50∕sensitive strain LC50.

F I G U R E  1 Test	flow	chart.	Blue	arrows	mean	screening	and	breeding	with	LC50	concentration	of	deltamethrin
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After	exposure	to	deltamethrin,	a	stable	symbiotic	relationship	
with larvae was maintained by gradually increasing the abundance of 
symbiotic	bacteria	 that	can	degrade	deltamethrin	 insecticides.	For	
bacterial isolation, the third instar larvae were treated with deltame-
thrin	at	LC50	dose	for	24	h.	After	being	lightly	touched	with	a	glass	
rod,	the	motionless	larvae	were	treated	as	dead.	Upon	deltamethrin	
treatment, dead and alive individuals were collected for subsequent 
analysis of the bacteria.

2.2  |  Intestinal anatomy and bacterial culture

The larvae of two strains at the third instar were selected and rinsed 
with	sterile	distilled	water.	The	larvae	were	then	soaked	in	75%	etha-
nol for 3 min and finally rinsed with sterile distilled water for 2 min. 
The mosquitoes were dissected in sterile conditions and the mid- gut 
removed	and	placed	 into	1.5	ml	 reaction	 tubes.	For	each	strain	at	
least five biological replicates and 20 mid- guts of each sample were 
collected for subsequent microbiota analysis.

After	the	samples	for	bacterial	culturing	had	been	processed,	the	
samples	were	aliquoted	into	1.5	ml	reaction	tubes	containing	100	μl 
of distilled water. The mid- guts were ground and shaken to fully re-
lease the bacteria from the intestine. The samples were then diluted 
to concentrations of 10– 2, 10– 3, 10−4, and 10−5, and 10 μl of each con-
centration was plated onto the prepared six types of culture media. 
For	each	dilution,	four	replicates	were	separately	cultured	for	48	h	
in	aerobic	(air,	37°C)	and	anaerobic	environments	(5%	CO2,	37°C).	All	
of the above experiments were performed under sterile conditions.

After	incubation,	1000	μl of sterile normal saline was added to 
each culture medium. Colonies were picked using an inoculation 
needle and dissolved in normal saline by gently shaking. The solu-
tions	were	pipetted	 into	1.5	ml	 reaction	 tubes	 and	 centrifuged	 at	
5300	rcf	for	5	min	to	pellet	the	bacteria.

2.3  |  DNA extraction and sequencing of 16S rRNA

An	 ultrasonic	 disruptor	 (SinapTec®,	 France)	 was	 used	 to	 disrupt	
each	 intestinal	 tissue	sample.	The	total	DNA	from	the	tissues	was	
extracted according to the instructions of the PowerSoil®	 DNA	
Isolation	 kit.	 The	 primer	 sequences	 of	 the	 full-	length	 16S	 rRNA	
were	 as	 follows:	 27F	 (AGRGTTTGATYNTGGCTCAG)	 and	 1492R	
(TASGGHTACCTTGTTASGACTT).	 The	 PCR	 reaction	 conditions	
were	95°C	for	5	min,	95°C	for	30	s,	50°C	for	30	s,	72°C	for	1	min,	
with 30 cycles in a reaction volume of 10 μl.

The PCR products were purified, quantified, and homogenized 
to	form	a	sequencing	library	(SMRT	Bell).	After	the	library	was	quan-
tified, the next- generation high- throughput sequencing method 
was followed using the single- molecule sequencer (PacBio Sequel 
II) (Kingan et al., 2019). The off- machine data were in the bam file 
format and the CCS (Circular Consensus Sequencing) file was ex-
ported	by	smrtlink	analysis	software	(SMRT	Link,	version	8.0).	The	

data from different samples were identified according to the bar-
code sequence and converted into fastq datasets. The lima (v1.7.0) 
software was used to identify the CCS sequence of the different 
samples through the barcode sequence and to remove the chimera 
(UCHIME,	version	8.1;	Edgar	et	al.,	2011),	allowing	the	generation	of	
a high- quality CCS sequence.

2.4  |  Species notes and taxonomic analysis

UCLUST	 (Edgar,	 2010)	 in	 the	 QIIME	 software	 (version	 1.8.0;	
Caporaso et al., 2010) was used to cluster tags at a similarity level 
of	97%	and	to	obtain	OTU	(Operational	taxonomic	units).	The	taxo-
nomic	annotation	of	OTU	was	performed	based	on	the	Silva	(http://
www.arb- silva.de) database.

2.5  |  Analysis of microbial diversity and KEGG 
functional gene prediction

The abundance of symbiotic bacteria and bacterial diversity in 
the samples from different strains was determined by alpha di-
versity analysis. The Shannon and the Simpson indices are com-
monly used to evaluate species diversity. In the case of the same 
species abundance, the greater the uniformity of species in the 
community, the greater the diversity and higher the Shannon 
index. Conversely, a low Simpson index indicates a higher level 
of species diversity in the sample. The Chao1 index was used to 
measure species abundance and was defined as the number of 
species in the sample.

Mothur (Hiltemann et al., 2019; version v.1.30; http://www.
mothur.org/) software was used to evaluate sample alpha diversity. 
To compare the diversity between the samples, the number of se-
quences contained in the samples was standardized during analy-
sis. The alpha diversity of each sample was counted at the similarity 
level	of	97%.

Metastats software was used to perform a t test on the species 
abundance between the groups and the calculated p- value (p	≤	0.05)	
was further corrected to obtain the q- value. Species that caused dif-
ferences in the composition of the two groups were screened out 
based on the p-  or q- values. The significance analysis between the 
groups was performed at the levels of phylum, class, order, family, 
genus, and species.

The functional gene composition was assessed from the samples 
using	the	PICRUSt	(Wilkinson	et	al.,	2018)	software	as	well	as	to	an-
alyze	the	potential	differences.	The	generated	OTU-	table	was	stan-
dardized. Then, through the greengene ID corresponding to each 
OTU,	KEGG	(Kyoto	Encyclopaedia	of	Genes	and	Genomes)	informa-
tion	corresponding	to	the	OTU	was	obtained.	These	data	were	used	
to	calculate	the	abundance	of	KEGG.	An	independent	sample	t test 
was used to analyze the significant differences between the groups 
with a p-	value	threshold	of	0.05.

http://www.arb-silva.de
http://www.arb-silva.de
http://www.mothur.org/
http://www.mothur.org/
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3  |  RESULTS

3.1  |  Sample characteristics and sequencing reads 
of 16S rRNA

The	 LC50	of	Ae. albopictus larva of resistant and sensitive strains 
was 219.2 and 2 μg/L,	respectively.	Before	treatment	with	deltame-
thrin,	205	Ae. albopictus larvae from the two strains were analyzed 
by	16S	 rRNA	 full-	length	 sequencing.	A	 total	 of	63,299	 sequences	
were	produced	(an	average	of	308.78	sequences	per	mosquito)	that	
decreased	to	a	total	of	62,835	sequences	after	filtering	and	purifica-
tion.	After	treatment	with	deltamethrin,	the	dead	and	surviving	indi-
viduals	were	collected	from	both	strains	of	larvae.	A	total	of	156,453	
sequences	 were	 collected	 and	 151,133	 sequences	 were	 obtained	
after	filtering	and	purification.	From	the	analysis	of	the	six	sample	
groups, and removing outliers, the Shannon diversity index dilution 
curves	of	26	samples	were	obtained	(see	Figure	2).	The	curves	had	
become flatter, indicating that the sequencing was sufficient and 
could be used for subsequent analysis. The dissection, sample, and 
sequence numbers before and after filtering are shown in Table 1.

3.2  |  Differences in the diversity and abundance of 
intestinal microbiota

Statistically significant differences were observed in the diversity 
and abundance of the intestinal microbiota of Ae. albopictus larvae 
from resistant and sensitive strains. The differences were mainly re-
flected	in	the	following	aspects:	124	OTUs	were	present,	of	which	
50	were	 shared,	 and	53	and	21	were	obtained	 from	 resistant	and	
sensitive	 strains,	 respectively	 (Figure	 3a).	 Significant	 differences	
were observed in the Shannon (t	=	8.26,	df = 6, p < 0.001) and the 
Simpson indices (t	=	6.475,	df = 6, p = 0.001) and the Chao1 index 
(t	=	3.811,	df = 6, p = 0.009) of the two strains. We observed that 

the bacterial diversity of the resistant strain was significantly greater 
than	that	of	the	sensitive	strain	(Figure	4).

At	the	level	of	order	classification	(Figure	5a),	10	bacterial	phyla	
such	as	Proteobacteria,	Actinobacteria,	Firmicutes,	and	Bacteroidetes	
were mainly annotated. The relative abundance of Proteobacteria in 
the	resistant	strain	(71.57	±	11.21%)	was	significantly	higher	than	the	
sensitive strain (t	=	6.865,	df = 6, p < 0.001). This was followed by 
Firmicutes	that	had	relative	abundances	in	the	resistant	and	sensitive	
strains	of	11.03	±	10.30%	and	0.58	±	0.19%,	respectively	(no	statisti-
cally significant difference: t	=	2.028,	df = 6, p	=	0.089).

At	the	genus	level	 (Figure	5b),	Serratia	had	the	highest	propor-
tion	 in	 the	 resistant	 strain	 (32.24	±	7.94%)	and	 its	prevalence	was	
significantly higher than in the sensitive strain (t	 =	 3.805,	 df = 6, 
p	=	0.009).	This	was	followed	by	Acinetobacter,	which	ranked	second	
in	the	resistant	strain	with	an	abundance	of	16.58	±	5.16%	(t = 6.20, 
df = 6, p	=	0.001).	Aeromonas	had	an	abundance	of	11.19	±	2.29%	
that ranked third in the resistant strain and was significantly higher 
than in the sensitive strain (t	=	5.480,	df = 6, p = 0.002).

At	the	species	classification	 level	 (Figure	5c),	S. oryzae had the 
highest	abundance	 in	 the	 resistant	strain	 (32.24	±	7.94%)	and	was	
significantly higher than in the sensitive strain (t	 =	 3.805,	 df = 6, 
p = 0.009). This was followed by Aeromonas hydrophila that had an 
abundance	of	11.19	±	2.29%	in	the	resistant	strain	and	was	signifi-
cantly higher than the sensitive strain (t	=	5.48,	df = 6, p = 0.002). 
Among	 the	 resistant	 strain,	 A. junii had an abundance value of 
11.39	±	6.46%,	which	was	still	significantly	higher	than	the	sensitive	
strain	(0.17	±	0.08%;	t = 3.474, df = 6, p = 0.013).

3.3  |  Changes in intestinal microbiota before and 
after deltamethrin treatment

A	 total	 of	 116	 OTUs	 were	 obtained	 from	 the	 sensitive	 strain	
of	 which	 45	 were	 shared.	 26	 and	 45	OTUs	were	 unique	 to	 the	

F I G U R E  2 Rarefaction	curves	from	
each	group.	The	letters	S,	SA,	SD,	R,	RA,	
and RD represent the sensitive strain, 
surviving groups of sensitive strain after 
deltamethrin treatment, dead groups 
of sensitive strain after deltamethrin 
treatment, resistance strain, surviving 
groups of resistance strain after 
deltamethrin treatment, dead groups 
of resistance strain after deltamethrin 
treatment, respectively
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untreated	and	 treated	group,	 respectively	 (Figure	3b).	 In	 the	 re-
sistant	strain,	186	OTUs	were	obtained,	of	which	74	were	shared.	
Twenty-	nine	 and	 83	 OTUs	 were	 unique	 to	 the	 untreated	 and	
treated	group,	respectively	 (Figure	3c).	To	screen	out	the	strains	
potentially involved in insecticide resistance, strains with signifi-
cantly increased abundance after deltamethrin treatment were 
compared.	At	the	species	level,	the	relative	abundance	of	A. junii 
(5.28	±	4.12%)	in	the	treatment	group	of	the	sensitive	strain	was	
significantly	higher	than	the	control	group	(0.17	±	0.09%;	t = 2.476, 
df = 6, p	=	0.048).	For	the	resistant	strain,	the	relative	abundance	
of A. junii (t = 6.044, df = 6, p = 0.009) and S. oryzae (t = 10.392, 
df = 6, p = 0.002) showed a statistically significant increase after 
deltamethrin treatment.

3.4  |  Differences in microbiota between dead and 
surviving individuals after deltamethrin treatment

Deltamethrin treatment seemed to create differences in the micro-
biota	of	the	dead	and	surviving	individuals	in	the	sensitive	strain.	A	
total	of	124	OTUs	were	obtained,	of	which	68	were	 shared	while	
34	and	22	OTUs	were	unique	to	the	dead	and	surviving	individuals,	
respectively	 (Figure	3d).	For	 the	 resistant	 strains,	177	OTUs	were	
obtained, of which 113 were shared by both, and 20 and 44 were 
unique	to	the	dead	or	surviving	individuals,	respectively	(Figure	3e).	
Compared to the surviving individuals, the relative abundance val-
ues of S. oryzae, A. junii, and C. indologenes in the dead individuals 
were slightly higher than in the surviving individuals; however, the 
difference was not statistically significant.

3.5  |  Functional gene prediction by KEGG analysis

Besides the identification of strains that may promote insecticide 
degradation, KEGG functional gene prediction was also carried out. 
The relative abundance of xenobiotics biodegradation and metabo-
lism functional genes was compared before and after treatment 
with deltamethrin. Significant differences in the resistant (t	=	4.558,	
df	=	8,	p = 0.02) and sensitive strains (t	=	8.433,	df = 6, p < 0.001) 
were observed. These results are in accordance with the analysis of 
alpha diversity before and after treatment.

3.6  |  Cultivable bacteria and screening of strains

Six	media	 (Appendix	 Table	A1)	were	 used	 to	 culture	 the	 bacteria,	
which	 led	to	the	 isolation	of	28	types	of	bacteria	 in	vitro.	Most	of	
these strains were facultative anaerobes and mainly Gram- negative 
bacteria.	The	culture	results	are	summarized	in	Appendix	Table	A1.	
After	 screening	 the	 resistant	 and	 sensitive	 strains	 between	 the	
groups, as well as before and after deltamethrin treatment, three 
strains were identified. These strains may help Ae. albopictus larvae 
to resist deltamethrin and were identified as S. oryzae, A. junii, and TA
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F I G U R E  3 OTUs	Venn	diagram	between	samples.	The	letters	R	and	S	represent	the	deltamethrin-	resistant	and	-	sensitive	strains,	
respectively. 3a represents the Venn diagram between the resistant and sensitive strains; 3b and 3c represent the Venn diagram of the 
sensitive and resistant strains before and after treatment, respectively; 3d represents the Venn diagram of the dead and surviving groups of 
the sensitive strain after treatment. 3e represents the Venn diagram of the dead and surviving strains of the resistant strain after treatment
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C. indologenes. The ability to culture and isolate these bacteria served 
as an important factor for further in vitro verification experiments.

4  |  DISCUSSION

Aedes albopictus is a critical vector for various mosquito- borne vi-
ruses and is also an important model species for basic mosquito re-
search (Barrett & Higgs, 2007; Dutra et al., 2016). There is a need for 
research focusing on the mechanisms of prevention and control of 
insecticide resistance in mosquitoes. This is essential for develop-
ing improved prevention and control measures of mosquito- borne 
diseases. Previous studies on the role of intestinal microbiota in 
mosquito insecticide resistance have not achieved great results 
compared with agricultural pests. This area has garnered renewed 
interest with recent reports suggesting that the internal and epider-
mal microbes of Ae. albopictus and An. albimanus were significantly 
altered	after	exposure	to	different	insecticides	(Achee	et	al.,	2008;	
Dada et al., 2019). Besides, the presence of symbiotic bacteria in the 

mid- gut of An. arabiensis and An. stephensi contributes to insecticide 
resistance (Barnard et al., 2019; Soltani et al., 2017).

For	mosquitoes	captured	in	the	wild,	the	composition	and	abun-
dance of intestinal microbiota is a dynamic process, impacted by 
sampling time, habitat environments, genetic background, physio-
logical	state,	and	developmental	stage	(Ben	Ami	et	al.,	2010;	Estes	
et	 al.,	 2012;	Morrow	 et	 al.,	 2015).	 To	 avoid	 interference	 of	 these	
non- experimental factors, the Ae. albopictus larvae used in this study 
were bred in the laboratory and obtained at the third instar stage for 
both	the	sensitive	and	resistant	strains.	For	the	complete	metamor-
phic mosquito, the absorption and metabolism of nutrients by the 
larva intestine can directly affect the morphology of adults and their 
ability to adapt to different environments (Christiana et al., 2010; 
Sandra	et	al.,	2015).	Earlier	 studies	have	shown	that	 intestinal	mi-
crobiota plays an important role in the metabolism of external toxic 
substances. Therefore, selecting larvae as a research model can be 
used to screen out different strains based on insecticide resistance 
that can also be used to study the metabolism of biologically active 
substances	(Ceja-	Navarro	et	al.,	2015).

F I G U R E  4 Difference	in	diversity	index	between	sensitive	and	resistant	strains.	**p	<	0.001,	*p	<	0.05.	4a,	4b,	and	4c	represent	the	
Simpson,	Shannon,	and	Chao	1	index,	respectively.	Letters	S	and	R	represent	sensitive	and	resistant	strains,	respectively

F I G U R E  5 Histogram	of	species	abundance	at	different	taxonomic	levels.	5a,	5b,	and	5c	show	the	histograms	of	species	abundance	at	the	
levels	of	order,	genus,	and	species.	Letters	S	and	R	represent	sensitive	and	resistant	strains,	respectively
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For	our	study,	16S	rRNA	full-	length	sequencing	based	on	the	
third- generation sequencing technique was carried out. Compared 
to	the	V3–	V4	region	of	 the	16S	rRNA	gene	amplicon,	 full-	length	
sequencing has a higher resolution and annotation rate with less 
noise and inaccurate sequences (Burke & Darling, 2016), suggest-
ing that it can be used to detected rarer species (Deutscher et al., 
2018).	 Results	 showed	 that	 only	 short	 region	 sequencing	of	 the	
V3– V4 region greatly reduced the reliability and accuracy of spe-
cies annotation. This also affected the annotation of the genus 
and	species	that	were	78%	and	8%,	respectively,	leading	to	incor-
rect	estimations	of	bacterial	diversity	(Pernice	et	al.,	2014;	Youssef	
et	 al.,	 2009).	 However,	 full-	length	 16S	 rRNA	 gene	 sequencing	
using a long- read, single- molecule sequencer improved the anno-
tations	of	the	genus	and	species,	which	were	more	than	95%	and	
60%,	respectively.	The	accuracy	of	the	annotation	was	also	signifi-
cantly improved.

Molecular studies have shown that the diversity and relative 
abundance of intestinal microbiota in resistant strains are signifi-
cantly higher than the sensitive strains. These differences are mainly 
reflected at the genus and species level and have been confirmed in 
many agricultural pests such as Aphis gossypii (Zhang et al., 2019). 
The	 relative	 abundance	 of	 Proteobacteria	 and	 Firmicutes	 had	 an	
absolute	advantage	in	resistant	strains.	Acinetobacter	and	Serratia	
in Proteobacteria showed significant differences between the two 
strains. Bacteria from these two genera possess degrading effects 
on pyrethroid insecticide in vitro, particularly deltamethrin and cy-
permethrin	 (Cycoń	&	 Piotrowska-	Seget,	 2016;	 Cycoń	 et	 al.,	 2013;	
Zhang et al., 2010).

Wolbachia is the most widely studied symbiont in arthropods 
and	 has	 been	 reported	 to	 colonize	 nearly	 65%	 of	 all	 arthropods	
(Hilgenboecker	et	al.,	2008).	Although	such	bacteria	were	detected	
in all samples, it has no specific contribution to the metabolism of 
exogenous toxic substances and functions mainly in reproductive 
regulation (e.g., cytoplasmic incompatibility, male- killing, femini-
zation; Hunter et al., 2003; Kageyama et al., 2002; Werren et al., 
2008).	However,	it	has	been	reported	that	the	higher	the	Wolbachia	
density, the more genes relative to resistance are expressed in Culex 
pipiens pallens (Duron et al., 2006).

The cultivation and identification of bacteria is the most intuitive 
and	classic	method	 for	 studying	microorganisms.	Although	 the	di-
versity and abundance of bacteria are affected by culture media and 
the	culture	environment	(Deutscher	et	al.,	2018),	it	can	objectively	
reflect the composition of different cultivable bacteria. It has been 
reported that for most mosquito intestinal microbes, lysogeny broth 
(LB)	 culture	 medium	 cannot	 meet	 culture	 growth	 requirements	
(Short et al., 2017). To make the cultured bacteria more diverse, 
six culture media with different nutrients and nutritional gradients, 
along with two culture environments were used. Our results showed 
that most of the Ae. albopictus intestinal microbiota could not be cul-
tured in vitro.

When larvae encounter harmful substances such as insecticides, 
they actively mobilize various functions to fight against these sub-
stances to prevent death. Intestinal bacteria are required to make 

adaptive changes to their composition and abundance to help the 
host improve tolerance and maintain stable parasitic relationships 
(Cator et al., 2020). This process forms the basis of insecticide resis-
tance and after exposure to insecticides, the bacteria that undergo 
compensatory changes might affect resistance. This process may 
be understood as a selective pressure (Chandrasegaran & Juliano, 
2019). When hosts face selective pressure, the abundance of sym-
biotic bacteria changes rapidly to adapt to environmental changes, 
and microbial populations usually accelerate the evolution of the 
host	(Gressel,	2018).	During	the	mosquito	screening,	some	biolog-
ical characteristics are amplified that may be due to the survival 
of	 larvae	with	specific	microbiota.	For	 instance,	Asaia accelerates 
the development of An. gambiae larvae by affecting the expression 
of host genes related to the epidermis formation (Mitraka et al., 
2013). In this context, the two strains of Ae. albopictus were treated 
with	deltamethrin	 insecticide	at	the	LC50	concentration	for	24	h.	
Our results showed that the diversity of the symbiotic bacteria in 
the intestine changed after exposure to deltamethrin. These data 
suggest that insecticide promoted the growth of specific bacteria, 
particularly bacterial communities with the ability to degrade in-
secticides (Muturi et al., 2017). Our studies found that S. oryzae and 
A. junii had the most significant changes in relative abundance after 
exposure to insecticides. Consistent with our results, Rauglas et al. 
(2016),	found	that	the	abundance	of	Acidovorax	also	increased	sig-
nificantly after exposure to insecticides.

The gene variations among the intestinal microbiota occurred 
at a higher frequency compared with the host genes, which might 
stabilize the intestinal environment and modulate the ability of 
the host to adapt to dynamic external environments (Rosenberg & 
Zilber-	Rosenberg,	2011;	Zilber-	Rosenberg	&	Rosenberg,	2008).	This	
genetic feature may be exploited for engineering the intestinal mi-
crobiota to develop novel strategies for the prevention and control 
of insecticide resistance. However, a limitation of our study was the 
lack of functional validation of symbiotic bacteria both in vitro and 
in vivo.

5  |  CONCLUSIONS

The increased diversity of intestinal microbiota in response to the 
insecticide pressure may contribute to insecticide resistance in 
Ae. albopictus.	The	relative	abundance	of	Serratia	and	Acinetobacter	
in the resistant strain was higher than that in the sensitive strain, 
suggesting that the bacteria from these two genera had a positive 
effect on host resistance to deltamethrin. We also present evidence 
that	 the	 full-	length	16S	rRNA	sequencing	technology	can	be	used	
as an ideal method to study the intestinal microbiota of mosquitoes.
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APPENDIX 

The species of culturable 
bacteria

Media

AA BHI GAM LB NA TSA

Serratia oryzae ● ● ● ● ● ●

Acinetobacter bereziniae ● ● ● ● ● ●

Comamonas koreensis ● ● ● ● ● ●

Acinetobacter junii ● ● ● ● ● ●

Chryseobacterium 
indologenes

● ● ● ● ● ●

Delftia tsuruhatensis ● ● ● ● ● ●

Stenotrophomonas sp ● ● ● ● ● ●

Elizabethkingia anophelis ● ● ● ● ●

Aeromonas hydrophila ● ● ● ● ● ●

Acinetobacter schindleri ● ●

Comamonas testosteroni ● ● ● ●

Pseudomonas mosselii ● ● ● ● ●

Shewanella xiamenensis ● ●

Microbacterium 
dextranolyticum

● ● ●

Acinetobacter beijerinckii ● ● ● ● ●

Leucobacter chironomi ● ● ●

Hydrogenophaga palleronii ●

Microbacterium 
esteraromaticum

●

Methylorubrum aminovorans ●

Acinetobacter schindleri ●

Exiguobacterium 
aurantiacum

●

Bacillus anthracis ●

Sphingobacterium detergens ●

Pseudoxanthomonas sp ● ●

Lysinibacillus sphaericus ●

Comamonas aquatica ● ●

Pseudomonas guguanensis ●

Cutibacterium acnes ●

Note: The black dots mean this strain can be well cultured in this medium.
Abbreviations:	AA,	anaerobic	agar;	BHI,	brain	heart	infusion	agar;	GAM,	Gifu	anaerobic	medium	
agar;	LB,	lysogeny	broth;	NA,	nutrient	agar;	TSA,	tryptose	soya	agar.

TABLE	A1 Cultivable	bacteria	and	
suitable media


