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Abstract

Background

The increasing insecticide resistance of Aedes albopictus puts many countries in Asia and
Africa, including China, at great risk of a mosquito-borne virus epidemic. To date, a growing
number of researches have focused on the relationship between intestinal symbiotic bacte-
ria and their hosts’ resistance to insecticides. This provides a novel aspect to the study of
resistant mechanisms.

Methods/Findings

This study reveals significant composition and dynamic changes in the intestinal symbiotic
bacteria of Ae. albopictus between the resistant and susceptible strains based on full-length
sequencing technology. The relative abundance of Serratia oryzae was significantly higher
in the resistance strain than in the susceptible strains; also, the relative abundance of S. ory-
zae was significantly higher in deltamethrin-induced Ae. albopictus than in their counterpart.
These suggested that S. oryzae may be involved in the development of insecticide resis-
tance in Ae. albopictus. To explore the insecticide resistance mechanism, adult mosquitoes
were fed with GFP-tagged S. oryzae, which resulted in stable bacterial enrichment in the
mosquito gut without affecting the normal physiology, longevity, oviposition, and hatching
rates of the host. The resistance measurements were made based on bioassays as per the
WHO guidelines. The results showed that the survival rate of S. oryzae-enriched Ae. albo-
pictus was significantly higher than the untreated mosquitoes, indicating the enhanced
resistance of S. oryzae-enriched Ae. albopictus. Also, the activities of three metabolic detox-
ification enzymes in S. oryzae-enriched mosquitoes were increased to varying degrees.
Meanwhile, the activity of extracellular enzymes released by S. oryzae was measured, but
only carboxylesterase activity was detected. HPLC and UHPLC were respectively used to
measure deltamethrin residue concentration and metabolite qualitative analysis, showing
that the deltamethrin degradation efficiency of S. oryzae was positively correlated with time
and bacterial amount. Deltamethrin was broken down into 1-Oleoyl-2-hydroxy-sn-glycero-3-
PE and 2’,2’-Dibromo-2’-deoxyguanosine. Transcriptome analysis revealed that 9 cyto-
chrome P450s, 8 GSTs and 7 CarEs genes were significantly upregulated.
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Conclusions

S. oryzae can be accumulated into adult Ae. albopictus by artificial feeding, which enhances
deltamethrin resistance by inducing the metabolic detoxification genes and autocrine meta-
bolic enzymes. S. oryzae is vertically transmitted in Ae. albopictus population. Importantly,
S. oryzae can degrade deltamethrin in vitro, and use deltamethrin as the sole carbon source
for their growths. Therefore, in the future, S. oryzae may also be commercially used to break
down the residual insecticides in the farmland and lakes to protect the environment.

Author summary

This work, for the first time, isolated intestinal symbiotic bacteria S. oryzae from Ae. albo-
pictus and verified its role in enhancing insecticide resistance in vivo and in vitro. We
show that S. oryzae enhances deltamethrin resistance by inducing the metabolic detoxifi-
cation genes and autocrine metabolic enzymes. This work highlights a new aspect of mos-
quito resistance. Moreover, S. oryzae’s capacity to high-effectively degrade insecticide in
vitro may contribute to environmental protection by degrading the residual insecticide in
the farmland and lakes.

Introduction

Aedes albopictus, as a vector of multiple viruses, needs serious attention from the public health
authorities worldwide. It can transmit dengue, Zika, and yellow fever viruses causing severe
hemorrhagic shock and fever in infected mammals including humans [1-3]. Dengue is a prev-
alent fever in tropical and subtropical countries infecting ~390 million people worldwide every
year with serious clinical symptoms in >25% of cases [4]. Furthermore, such infections are
rapidly growing with the growing resistance in Ae. albopictus [5,6]. Therefore, to control mos-
quito-borne diseases, the management of resistant mechanisms in mosquitoes has become a
key research strategy. Previous studies have shown that mosquito insecticide resistance is
potentially increasing via four routes: 1) increase in insecticide metabolic capability; 2) muta-
tion of insecticide action sites; 3) behavioral avoidance of insecticide; 4) thickening of mos-
quito epidermis reducing insecticide penetration [7-9]. Among these, metabolic changes are
considered the major resistance-producing route in mosquitoes, which frequently involves
upregulation of genes related to metabolic detoxification enzymes such as cytochrome P450
monooxygenase, glutathione S-transferase and carboxylesterase [10-12].

Importantly, symbiotic bacteria in the mosquito gut is suggested to play an important role
in insecticide resistance [6,13]. The diversity and abundance of symbiotic bacteria may vary in
different mosquito species; for instance, Ae. albopictus from central Illinois (USA) showed a
lower diversity of intestinal symbiotic bacteria compared to local Anopheles crucians, An.
quadrimaculatus and Ae. triseriatus [14]. In addition, intestinal symbiotic bacteria also vary
among the same mosquito population due to different living environments, genetic differ-
ences, and the host factors such as age [15]. Water from the breeding site can influence the
intestinal symbiotic bacteria in the larval stage while eating behavior can affect the gut micro-
biota of adult mosquitoes [16]. The gut symbiotic bacteria can benefit the host mosquito in
several ways, such as improving environmental resistance/adaptability, increasing immunity
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against pathogenic microorganisms, promoting ingestion and metabolism of exogenous mate-
rial including nutritional and toxic substances [17-20].

The first evidence of insecticide resistance due to intestinal microbial symbiosis came from
the studies in agricultural pests, especially in Plutella xylostella [21,22]. Studies have shown
that bacteria such as Burkholderia mallei, Stenotrophomonas maltophilia, and Citrobacter ama-
lonaticus can increase host resistance to insecticides [23-26]. Although it is a well-accepted
hypothesis that the mosquito intestinal symbiotic bacteria may enhance the host’s metabolism
of insecticides via co-metabolism and/or mineralization [27], it is yet not fully validated; most
information has been from species translation studies. Studies showed that Culex pipiens pal-
lens and Ae. albopictus have significant differences in the diversity and abundance of intestinal
symbiotic bacteria between the sensitive and resistant strains [6,28]. However, the role of these
differences in the development of insecticidal resistance lacks strong evidence. Also, the resis-
tance mechanism involving the main bacteria in Ae. albopictus remains elusive.

In this study, either laboratory-bred or field-caught deltamethrin-resistant and -susceptible
strains of Ae. albopictus were used to examine the differences in host gut bacterial flora. We
showed that bacterial diversity and abundance were significantly higher in resistant strains
than in susceptible strains. Furthermore, S. oryzae was the dominant gut bacteria that
increased resistance to deltamethrin by upregulating the metabolic detoxification genes and
the secretion of carboxylesterase. This study reveals the mechanism of insecticide resistance in
mosquitoes involving intestinal symbiotic bacteria.

Materials and methods
Mosquitoes rearing

The Ae. albopictus susceptible strain, donated by Shandong Provincial Center for Disease Con-
trol and Prevention, was bred in Shandong Institute of Parasitic Diseases for >20 years with-
out exposure to any kinds of insecticides. Meanwhile, the insecticide-resistant strain was
screened from each generation larval stage (the third or fourth instar) using deltamethrin at
the lethal concentration of 50% (LCs), and the survivors after screening were used for breed-
ing the next generation. After >3 years of screening, the 52" generation mosquitoes, whose
resistance ratio was 109.6 compared to the susceptible mosquitoes, were considered as resistant
strain. Field mosquitoes were caught in August 2019 (Zhenjiang city, Jiangsu province) and
May 2020 (Jiaxiang county and Rencheng District, Shandong province) and stably reared in
the laboratory. The breeding conditions were as follows: temperature, 26°C =+ 2; relative
humidity, 75% + 5; photoperiod, 12:12 hr (light: dark). The larvae were fed with a mixture
(1:3) of pork liver powder and yeast powder. Adult mosquitoes were transferred to the mos-
quito cages and fed with a 10% glucose solution and defibrinated sheep blood through a
Hemotek unit. The bioassay to test insecticide resistance of the larva was performed following
the World Health Organization (WHO) guidelines: Resistance ratio (RR) = resistant strain
LCsy/susceptible strain LCsg; the LCs, of deltamethrin for each strain is listed in Table 1 to
show their resistant and susceptible status with the fold change. The bioassay for adult mosqui-
toes was conducted using the CDC bottle method with 0.03% deltamethrin film.

Full-length 16S rRNA sequencing and analysis of microbial diversity

The surface of adult mosquitoes was first disinfected with 75% alcohol for 3 minutes and then
rinsed with sterile 1x PBS buffer for 2 minutes. For each strain, five biological replicates

(n =20 mosquito guts) were set. The intestinal sample tissues were crushed by ultrasonication
and the total DNA was extracted following the instructions of the DNA Isolation Kit
(AG21007, Accurate Biotech (Hunan) Co., Ltd.). The full-length of 16S rRNA gene was
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Table 1. Sample information of five strains mosquitoes.

S R Z) RC JX
LCsp (ng/L) 2 219.2 38.03 69.08 117.6
Resistance ratio 1 109.6 19.02 34.54 58.8
Mortality rate (%) - - 66.7+8.3 28.0+12.0 5.3+6.1
Phenotypic indication susceptible resistance susceptible incipient resistance resistance

S: laboratory-bred deltamethrin-sensitive mosquitoes, R: laboratory-bred deltamethrin-resistant mosquitoes, ZJ: field mosquitoes caught in Zhenjing, Jiangsu province,

RC and JX: field mosquitoes caught in Rencheng and Jiaxiang county, Shandong province. The mortality rate was recorded after the larva of three strains of field-caught

mosquitoes were treated 24h by 50 pug/L deltamethrin. “-” means not applicable.

https://doi.org/10.1371/journal.pntd.0010208.t001

amplified with primer 27F/1492R (S1 Table). The PCR reactions were set in 10 pL reaction
system with following conditions: 95°C for 5mins; 95°C for 30s; 50°C for 30s; 72°C for 1min,
30 cycles. The PCR products were purified, quantified, and homogenized to create a sequenc-
ing library (SMRT Bell). After the quality inspection, a single-molecule sequencer PacBio
Sequel was used for library sequencing. UCLUST [29] in the QIIME software (version 1.8.0)
was used to cluster tags at a similarity level of 97% and OTUs (Operational taxonomic units)
were obtained [30]. The taxonomic annotation of OTUs was performed using the Silva (http://
www.arb-silva.de) database.

The detailed methods for bacterial diversity analysis have been earlier described by Wang
et al. [6]. The sequencing data have been deposited in the Short Read Archive (NCBI) with an
accession number PRJNA687827. [16].

Screening of main bacteria involved in increased resistance

In order to screen the main bacteria that may promote deltamethrin resistance, we performed
a differential screening on the intestinal symbiotic bacteria from different strains of Ae. albo-
pictus with three different aspects. The comparisons were performed between laboratory resis-
tant (R) and susceptible (S) strains, field-caught resistant mosquitoes from Jiaxiang County
(JX mosquitoes) and urban-caught susceptible mosquitoes from Zhenjiang city and Rencheng
district (Z] and RC mosquitoes), and mosquitoes before and after deltamethrin treatment.

The larvae of Z] mosquitoes were treated with deltamethrin at LCsq (38.03ug/L) to observe
the changes in the composition and diversity of symbiotic bacteria under the insecticide pres-
sure. Over 200 normally active larvae were treated with deltamethrin, while the control group
was fed routinely. After 24h, normally active larvae were selected from both groups as the test
samples. Each group had 5 biological replicates. The extraction of 16S rRNA, sequencing, and
analysis were performed as above.

Isolation and culture of S. oryzae

Adult mosquitoes’ guts were isolated and crushed in PBS with vortexing to fully release the
intestinal flora into the buffer. Serially diluted homogenates (10pL) were cultured on the LB
medium overnight at 30°C. Based on macroscopic observation, bacteria with obvious differ-
ences in colony morphology, transparency, size, luster, and color were delineated on LB
medium; in total, thirteen strains (single pure culture) were obtained. The full-length 16S
rRNA of these were amplified as described above. The sequencing data were subject to blast in
NCBI with GCA_001976145.1 [31] and the colony of S. oryzae was identified. The isolated col-
onies were stained with gram and capsular spore stains, and the morphological characteristics
were examined using immersion oil microscopy.
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Generation of GFP-tagged S. oryzae and accumulation in the gut

In order to confirm that S. oryzae can be accumulated in the intestinal tract of Ae. albopictus
by artificial feeding, eGFP-expressing S. oryzae was constructed for artificial feeding. Plasmid
pET28-sfGFP (purchased from Hunan Fenghui Biotechnology Co., Ltd.) simultaneously
expresses Green fluorescent protein and kanamycin resistance (50pg/mL). These were trans-
formed into the competent S. oryzae using the CaCl, chemical transfer method following the
instruction of the TaKaRa kit (Code No. 9052).

GFP-tagged S. oryzae were cultured in LB broth with 50pg/mL kanamycin at 180rpm and
30°C overnight. The cultures were centrifuged at 3000g for 10mins, and the obtained bacterial
pellets were washed with sterile PBS thrice using repeated centrifugation and resuspension.
Finally, the bacteria were mixed with a 5% sterile glucose solution to obtain a solution of GFP-
tagged S. oryzae in glucose water (hereinafter referred to as "glucose-bacteria solution” (GBS));
the ODgqo was adjusted to 0.5-0.8. Adult mosquitoes (one day after eclosion in the starving
state) were continuously fed with sterile sponges dipped in an appropriate amount of GBS for
48h. The sponges were replaced every 4-6h to reduce the bacterial pollution from the air.
Finally, GBS was replaced with a 10% sterile glucose solution, and the feeding continued for
24h; while the control group was always fed with 10% sterile glucose solution. Successively, the
intestinal tissues were dissected from each group and placed on a slide containing 10uL PBS to
observe the green fluorescence under a fluorescence microscope.

Preparation of S. oryzae-enriched and aseptic Ae. albopictus

A mixture of gentamicin (150ug/mL) and streptomycin (150pg/mL) was mixed with the 5%
sterile glucose solution to form a glucose-antibiotic solution (hereinafter referred to as "Sterili-
zation solution"). The feeding was performed as described above, and the control group was
fed with a 10% sterile glucose solution.

To validate the antibiotic removal effect on intestinal symbiotic bacteria, two methods, bac-
terial culture, and quantitation of absolute 16S rRNA copies number were used [32]. In the
bacterial culture method, the intestinal tissue homogenates were diluted 10-fold to 10™*in a
gradient manner; then, 10uL of each dilution was cultured on LB plates at 30°C for 48 h. Both
the experimental and control groups were coated with 3 media to reduce the error from differ-
ent coating techniques. Finally, the number of respective colonies on the media was counted to
calculate CFU/mL. The experiment was repeated twice. For the 16S rRNA copies number esti-
mation, the accustandard (synthesized by Haotian Biotech Co., Ltd.) with known copy number
was serially diluted (10™" step) to 107>, and. Then, the DNA of each sample and the accustan-
dard of different concentrations were used as the template for RT-qPCR reaction using 515F
and 907R primers. Finally, Ct values were collected to obtain copy number/uL DNA of each
sample, and the results were converted into copy number/mosquito.

The S. oryzae-enriched Ae. albopictus were prepared according to “section 2.6” and used for
further experiments. The susceptible mosquitoes were set as samples from both groups.

The effect of S. oryzae enrichment in the intestinal tract of Ae. albopictus

The aforementioned S. oryzae-enriched Ae. albopictus were fed with sterile fibrin-free sheep
blood by a Hemotek unit. The engorged and non-engorged mosquitoes were counted; the
engorged mosquitoes were placed into individual mosquito cages (10 biological replicates) and
fed with a 5% sterile glucose solution. The conventionally reared mosquitoes were used as the
control group. The number of eggs and hatching rate during the mosquito life cycle were
observed and recorded daily.
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S. oryzae contribution to the resistance of Ae. albopictus

S. oryzae-enriched and untreated Z] mosquitoes were respectively set as experimental and con-
trol groups. Each bottle had no less than 25 vibrant mosquitoes. The blank control group con-
tained acetone but without a deltamethrin film (S1 Fig). The mosquitoes were fully exposed to
the film for 60 min, and the number of knockdown mosquitoes was recorded every 10 min-
utes. The knockdown mosquitoes were separately transferred to the recovery bottle after 60
min and fed with a 10% glucose solution to record the survival number after 24 h. The same
method was applied for the bioassay of three field-caught mosquito strains. The experiment
was repeated twice.

ELISA to estimate the activities of three main metabolic detoxification
enzymes

The activities of cytochrome monooxygenase P450s (CYPs), glutathione -S- transferase
(GSTs), and carboxylesterase (CarEs) were determined. The two experimental groups belong-
ing to S. oryzae-enriched and sterile mosquitoes were set. Also, a control group of convention-
ally reared adult mosquitoes was set. Z] mosquitoes were used as samples from the
abovementioned three groups. Twenty female mosquitoes from each group were crushed into
300uL PBS buffer, thoroughly mixed, and centrifuged at 5000g for 10mins. The obtained
supernatants were subjected to ELISA. The respective ELISA Kits were purchased from Jian-
glai Biotech. The absorbance of the samples was measured at 450nm by an ELISA reader to cal-
culate the corresponding international units of enzyme activity.

To determine the production/release of the three detoxifying enzymes from bacteria, S. ory-
zae was cultured in LB medium at 30°C and 180rpm for 24h. The cultures were centrifuged at
4°C and 10000g for 10mins, and the obtained supernatant was tested for detoxifying enzymes.

S. oryzae degrade deltamethrin in vitro

S. oryzae was cultured to ODggo = 0.5, 1, and 2, respectively. Bacterial deposits were washed
twice with PBS and then resuspended into a 40mL liquid inorganic salt medium. The liquid
medium contained deltamethrin as the sole carbon source with an initial concentration of
0.1mg/L. The mixture was incubated at 30°C and 180rpm. 1 mL sample mixture was taken out
at 0, 12, 24, 36, and 48h respectively, for Gas Chromatography-Mass Spectrometry (GC-MS/
MS) to determine the concentration of deltamethrin and its degradation product. The un-
inoculated inorganic salt medium was used as blank control. In this part, a GC-MS analysis
platform (Thermo, Ultimate 3000LC, Q Exactive HF) and C18 chromatographic column (Zor-
bax Eclipse C18(1.8pm*2.1*100mm)) were used. Chromatographic separation conditions were
as follows: column temperature, 30°C; flow velocity, 0.3mL/min; mobile phase composition,
double distilled water, 0.1% formic acid, chromatographic pure acetonitrile; injection volume,
2 pL; automatic injection temperature, 4°C.

Differentially expressed genes (RNA- Seq) and RT-qPCR validation

To investigate whether S. oryzae enhances Ae. albopictus resistance by inducing the expression
of metabolic detoxification-related genes, we examined the transcriptomic data from before
and after S. oryzae enrichment mosquitoes. Two strains i.e., resistant and Zhenjiang mosqui-
toes that respectively represent laboratory and field strains were simultaneously sampled and
sequenced. Each group contained 20 mosquitoes. Total RNA was extracted by Qiagen RNeasy
Mini Kit. The high qualities clean reads were obtained from raw reads after data filtering,
which were then compared with the reference genome of Foshan Ae. albopictus from the
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Vectorbase database (http://vectorbase.org/vectorbase/app/record/organism/TMPTX
aalbFoshan). The detoxification-related genes with criteria log2 fold change >1 were selected
for further analysis. The sequencing data have been deposited in the Short Read Archive
(NCBI) with an accession number PRJNA755849.

The mRNA was reverse transcribed to cDNA following the protocol of PrimeScript RT
Reagent Kit, which was then used as the template for RT-qPCR reaction. The primers corre-
sponding to 24 differentially expressed genes (DEGs) were designed (listed in S1 Table), and
the B-actin gene was used as the reference gene. RT-qPCR was performed according to the

-AACt

reaction system. Relative quantitative ACt and 2 were used to calculate the differential

multiples.

Transmission mode of S. oryzae

To test the transmission mode, GFP-tagged S. oryzae was introduced into engorged adult
female mosquitoes by feeding with GBS. Each female mosquito was bred in an individual cage
in isolation. Five repetitive simultaneous controls were set, and the respective eggs were col-
lected into separate Ep tubes with 200uL 1xPBS. The eggs were observed under a fluorescence
microscope.

To test whether the larvae can directly acquire S. oryzae from the aquatic breeding sites,
water was collected from the respective breeding sites (Zhenjiang, Jiaxiang, Rencheng). S2 Fig
shows the experimental process. Large water samples (500mL) were used to prevent the false
negative of 16S rRNA detection. The water samples were filtered using the sterile filter mem-
brane (0.15um) and the collected larvae were brought back to the laboratory for the extraction
of 16S rRNA and microflora species analysis (as described in “section 2.3”).

Statistical analysis

CDC bottle bioassay knockdown rate was analyzed by Log-rank (Mental-Cox) test [33]. The
correlation between the mosquito survival rate and the relative richness of S. oryzae was tested
by the Pearson correlation analysis. The ability of S. oryzae to degrade deltamethrin in vitro
was evaluated using multiple linear regression. The effect of S. oryzae enrichment on the sur-
vival rate was analyzed using Fisher’s exact test. The t-test was used for other statistical analy-
ses. All analyses were performed using the GraphPad Prism or SPSS 25 statistical software and
p = 0.05 was considered statistically significant.

Results
Analysis of bacterial diversity

Alpha diversity analysis was performed to examine the species diversity using Shannon
(t=8.26,df = 6, p<0.001) and Simpson (t = 8.26, df = 6, p<0.001) indices; also, the species
abundance index, Chaol (t = 3.811, df = 6, p = 0.009) was calculated (Fig 1A-1C). All the
above indices suggested significant differences in symbiotic bacteria between laboratory strains
that is resistant and susceptible mosquitoes. The symbiotic bacteria diversity and abundance
were much higher in resistant mosquitoes than in susceptible mosquitoes. Interestingly, S. ory-
zae was the most abundant (32.24+7.94%) and significantly higher (t = 4.4, df =7, p = 0.003)
bacteria in resistant mosquitoes than in susceptible mosquitoes (Fig 2A). The resistant pheno-
types among three field-caught mosquitoes showed variations; the LCs, of JX mosquitoes was
higher than the Z] and RC mosquitoes (Table 1). Also, the relative abundance of S. oryzae in
JX mosquitoes was significantly higher than the ZJ (t = 7.654, df = 8, p<0.0001) and RC
(t=8.476, df = 8, p<0.0001) mosquitoes (Fig 2B). Notably, the relative abundance of S. oryzae
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Fig 1. Fig 1 shows the Shannon (A), Simpson (B) (the Simpson index is inversely proportional to diversity) and Chaol
index (C), respectively. S represents sensitive mosquitoes and R represents resistant mosquitoes, indicating that both
bacterial diversity and abundance index of resistant mosquitoes significantly higher than that of sensitive mosquitoes.

https://doi.org/10.1371/journal.pntd.0010208.9g001

also showed significant differences before and after insecticide treatment (t = 2.96, df = 6,
p =0.025) (Fig 2C).

S. oryzae enrichment did not affect the normal activity of mosquitoes

Bacterial culture studies revealed that S. oryzae is a facultative anaerobe that grows as white to
cream opaque colonies with raised and smooth surfaces, and neat edges on LB plate. The thal-
lus showed fine rod shape, stained gram-negative, and have capsule without spore (S3 Fig).
Survival studies revealed that in the first seven days, S. oryzae-enrichment did not influence
the survival of mosquitoes (df = 1, p = 0.974) (Fig 3A). Also, the number of eggs from
engorged-mosquito (t = 0.326, df = 18, p = 0.749) and hatching rate (t = 0.608, df = 18,

p =0.551) showed no difference between the bacteria enriched and control mosquitoes (Fig
3B and 3C). These results suggest that S. oryzae enrichment did not affect the normal life activ-
ities of mosquitoes and the conditions can be used for subsequent research.

Generation of sterile and S. oryzae-enriched mosquitoes

Both the colony counting method and 16S rRNA gene absolute copy number quantitative
method showed that gentamicin (150pg/mL) and streptomycin (150ug/mL) were effective
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Fig 2. The relative abundance of Serratia oryzae of resistant mosquitoes significantly higher than that of sensitive
mosquitoes (A); The relative abundance of Serratia oryzae of JX mosquitoes, that is field resistant mosquitoes,
significantly higher than that of ZJ and RC mosquitoes (B); The relative abundance of Serratia oryzae of deltamethrin-
treated mosquitoes significantly higher than the control groups (C).

https://doi.org/10.1371/journal.pntd.0010208.g002
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against the intestinal symbiotic bacteria of mosquitoes (S4A and S4B Fig). Obviously,
although we removed the bacteria in the midguts as much as possible, there were still some
drug-resistant that could not be removed. Overall, we found that the samples obtained from
this process can be used for subsequent experiments.

The plasmid expressing prokaryotic GFP was successfully introduced into the competent S.
oryzae cells by the chemical transformation (CaCl,) method, and the transformed bacteria
were successfully fed to the adult mosquitoes (Fig 4) for the intestinal enrichment of S. oryzae.

S. oryzae enrichment enhances insecticide resistance

There was no significant difference in knockdown rate between the S. oryzae enrichment and
control groups (df = 1, p = 0.6103) (Fig 5) within 60 min; however, the survival rate of the S.
oryzae enrichment group was significantly higher than the control group after 24 h recovery
(x2 =4.583, df = 1, p = 0.032), indicating that S. oryzae promoted insecticide resistance. The
CDC bottle knockdown experiment was carried out on 3 field strains, and 2 laboratory strains
i.e, resistant and susceptible strains. The survival rate (Table 2) after 24 h recovery showed a
positive correlation with the relative abundance of S. oryzae in female mosquitoes (r* = 0.953,
p =0.012), indicating the S. oryzae effect on resistance enhancement.

S. oryzae promotes the activity of three insecticide metabolic enzymes

We tested the activities of P450s, GSTs, and CarEs. Compared with the control group, the
activities of P450s (t = 7.134, df = 10, p<0.001), GSTs (t = 6.368, df = 10, p<0.001), and CarEs
(t=5.517,df = 10, p<0.001) were significantly higher in S. oryzae-enriched mosquitoes. This
indicated S. oryzae inducing effect on the activities of these three enzymes. However, when the
midgut bacteria were removed by antibiotics, only CarEs activity declined (t = 5.129, df = 10,
p<0.001). Moreover, we detected the extracellular enzymes of S. oryzae, but only CarEs activity
was found in the culture supernatant (t = 8.849, df = 10, p<0.001) (Fig 6), indicating S. oryzae
secretes CarEs in vitro.

Validation of DEGs

The transcriptomic data of metabolic detoxification enzyme genes in laboratory and field
strains before and after S. oryzae enrichment are shown in Fig 7. The cDNA of mosquitoes
before and after S. oryzae enrichment was used as the template, and the DEGs were validated
by RT-qPCR. The relative differential expression multiples of 9 P450s, 8 GSTs, and 7 CarEs
genes were consistent with the transcriptional results (S2 Table).
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Fig 4. Visualization of GFP-tagged Serratia oryzae was successfully introduced into Aedes albopictus’ gut by
feeding. Bright-field images (A) and the corresponding fluorescent images (B).

https://doi.org/10.1371/journal.pntd.0010208.9g004

Mode of S. oryzae transmission and its ability to degrade insecticides in
vitro

The eggs laid by GFP-Tagged S. oryzae fed female mosquitoes were collected. These showed
green fluorescent substances under the fluorescence microscope (Fig 8), indicating that S. ory-
zae can be transmitted via vertical propagation. In addition, the larvae and water collected
from the breeding sites were analyzed for bacterial species. We found that S. oryzae was pres-
ent only in the larvae’s midguts, but not in water (S5 Fig). This further indicates that mosqui-
toes acquired S. oryzae from their parental generation and not from the breeding sites.
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Table 3 shows the average residual concentration of deltamethrin in each group of media at
different culture duration. We established the logistic multiple linear regression model with
the average residual concentration as the dependent variable and the culture time and bacterial
concentration as the independent variables. The regression equation: Y = 0.152-0.013 (Time)
-0.014 (Concentration), R* = 0.736, F = 27.506, p<0.0001 indicated that S. oryzae could
degrade deltamethrin in vitro, and the degradation was dependent on degradation time and
bacterial amount. Moreover, the results of GC-MS/MS studies show that deltamethrin can be
degraded into 1-Oleoyl-2-hydroxy-sn-glycero-3-PE and 2°,2’-Dibromo-2’-deoxyguanosine by
the hydration, palmitoyl conjugation, oxidation, and taurine conjugation reactions (Table 4).

Discussion

Owing to high insecticide efficacy and non-toxicity towards humans and other vertebrates,
pyrethroids are the most commonly used insecticide to resist mosquitoes [34,35]. However,
due to increased agricultural production and population flow which contributed to excessive
reliance on pesticides in Shandong province in the past 20 years, the local mosquitoes are gen-
erating strong resistance against it, especially Ae. albopictus and C. p. pallens [36,37].

Table 2. The average abundance of Serratia oryzae and the survival rate of five strains of mosquitoes.

S R V4) RC )X
Mean abundance (%) 12.96 32.24 7.10 4.65 24.96
Survival rate (%) 11.11 48.28 6.45 13.33 40.0

The CDC bottle knockdown experiment was carried out on five strains of mosquitoes. The survival rate refers to the proportion of female mosquitoes that can fly

normally after 24h recovery. The mean abundance means the relative abundance of Serratia oryzae in intestinal symbiotic bacteria.

https://doi.org/10.1371/journal.pntd.0010208.t002
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Fig 6. Visualization of activity comparison of P450s (A), GSTs (B), CarEs (C) between Serratia oryzae-enrichment,
sterile mosquitoes and untreated groups (control). D shows the activity of CarEs of produced by Serratia oryzae.

https://doi.org/10.1371/journal.pntd.0010208.g006

Therefore, understanding the mechanism of insecticide resistance in mosquitoes is necessary
to develop new mosquitoes control strategies. Many current studies have focused on the rela-
tionship between intestinal symbiotic bacteria and insecticides resistance. It is widely accepted
that insect intestinal symbiotic bacteria are involved in host resistance to insecticides, at least
in agricultural insects. For example, Citrobacter in the intestinal tract of Bactrocera dorsalis
(Diptera) increases host resistance to trichlorfon by improving its degradation [38]. Likewise,
Burkholderia increases Riptortus pedestris (Hemiptera) resistance to fenitrothion [39]. In mos-
quitoes, it is reported that symbiotic bacteria can promote the process of metabolic detoxifica-
tion via their own and host enzyme systems. Symbiotic bacteria can use compounds such as
insecticides to transfer carbon source into energy for their growth [40]. Werren et al. showed
that bacteria can metabolize insecticides and use them as sources of carbon, phosphorus, or
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R 7]

Fig 7. Co-upregulated gene number of P450s (A), GSTs (B) and CarEs (C) genes, based on RNA-Seq, after Serratia
oryzae enriched. The intersections represent the number of up-regulated genes after bacterial enrichment in both field
(Z) mosquitoes) and laboratory (R mosquitoes) strains.

https://doi.org/10.1371/journal.pntd.0010208.g007

nitrogen, facilitating their degradation, at least, in vitro [41]. Also, some studies showed that
the increased bacterial diversity and abundance in mosquito’s guts enhances hosts’ metabolic
kinetics promoting insecticides resistance [42]. Under the selection pressure of the intestinal
environment, symbiotic bacteria have evolved highly efficient enzymes from a wide variety of
enzyme families [40]. Apart from biodegradation, symbiotic bacteria can also regulate the host
immune response against insecticides by inducing the expression of immune-related genes.
However, such pathways tend to be used for resisting the biological insecticides, such as
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Fig 8. Visualization of Serratia oryzae can be transmitted by female Aedes albopictus. Bright-field images (A) and
the corresponding fluorescent images (B).

https://doi.org/10.1371/journal.pntd.0010208.g008

Metarhizium anisopliae, Beauveria bassiana, and Bacillus thuringiensis [43]. All these studies
suggest that symbiotic bacteria can increase mosquito’s resistance to insecticides.

S. oryzae, initially isolated from rice stems [44], was also isolated from lake water [31]. It is
known to produce extracellular cellulase and protease. The first mosquito found to carry S.
oryzae was An. arabiensis [45]. This research firstly proved the effect of S. oryzae on Ae. albo-
pictus resistance to insecticide by screening five different strains of mosquitoes. Notably, S. ory-
zae is a dominant bacterium in both male and female An. arabiensis and An. funestus
mosquitoes, indicating S. oryzae’s role in both species [45].

For the mechanistic understanding of the resistance, we constructed S. oryzae expressing
GFP and introduced it into adult mosquitoes by artificial feeding method. This not only
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Table 3. The average residual concentration of deltamethrin in each group of media at different culture duration.

ODggo = 0.5 (mg/L) ODggp = 1.0 (mg/L) ODggp = 2.0 (mg/L) Control (mg/L)
initial concentration 0.1 0.1 0.1 0.1
12h 0.097 0.096 0.087 0.1
24h 0.095 0.076 0.046 0.1
36 h 0.086 0.057 0.029 0.098
48 h 0.057 0.024 0.023 0.098

Three groups of media contained different concentration Serratia oryzae, that is ODggo = 0.5, 1.0 and 2.0. The control group contained the same concentration of

deltamethrin without Serratia oryzae. The residual concentration of deltamethrin (mg/L) at different time point was collected and recorded in the table.

https://doi.org/10.1371/journal.pntd.0010208.t003

proved that the bacteria can be introduced into adult mosquitoes by artificial feeding but also
established a model to study the effect of introduced bacteria on the normal physiological
activities and life cycle of Ae. albopictus [46]. To study the mechanism of S. oryzae induced
resistance, female susceptible mosquitoes were treated with sterilized and increasing concen-
trations of bacteria, and then changes in the metabolic detoxification enzyme activity were esti-
mated. Although we used a mixture of gentamicin (150pug/mL) and streptomycin (150ug/mL)
to remove (kill) the intestinal symbiotic bacteria, the complete removal of all bacteria is impos-
sible in the case of some drug-resistant bacteria [19]. The results showed that among the three
metabolic detoxification enzymes, only the esterase activity decreased significantly in the ster-
ile mosquitoes. This suggests that the presence of esterase secreting bacteria in the intestinal
tract. In addition, the activities of three major metabolic detoxification enzymes were signifi-
cantly higher in S. oryzae-enriched mosquitoes; notably, S. oryzae itself does not secrete P450s
and GSTs. Therefore, we next examined the changes in gene expression of metabolic detoxifi-
cation enzymes before and after bacterial enrichment and found that the gene expression levels
of the three metabolic detoxification enzymes were up-regulated to varying degrees in S. oryzae
enriched mosquitoes, suggesting S. oryzae might enhance the host metabolic detoxification
ability. Among the up-regulated genes, the insecticides metabolic activity of CYP6, CYP9,
GSTE4, and GSTE6 families of enzymes is widely known [47-49]. Also, S. oryzae could secrete
carboxylesterase in vitro, which could have promoted deltamethrin resistance of the host. The
same has been confirmed for Enterococcus sp. (Firmicutes) too [50]. In addition, some studies
showed that apart from biodegradation activity, intestinal bacteria may improve insecticide
resistance by protecting the immune system of insect hosts [51,52]. However, due to limited
resources, we could not focus on the immune system in this study.

Table 4. Results of substance metabolism and full-spectrum comparison.

Parent Transformations Composition Formula Calc. MW Name Area
Compound Change

Deltamethrin Oxidation, Palmitoyl -(Bry)+(CgH»,0) C3oH4NO, 479.301 | 1-Oleoyl-2-hydroxy-sn-glycero- | 5200840.05
Conjugation 3-PE

Deltamethrin Hydration, Palmitoyl -(Br,)+(CgH»,0) C30H4 NO, 479.301 | 1-Oleoyl-2-hydroxy-sn-glycero- | 5200840.05
Conjugation 3-PE

Deltamethrin Hydration, Taurine -(C12H,)+(05S) CoH,7Br,N 422915 2’,2’-Dibromo-2’- 891096.5151
Conjugation [OFN deoxyguanosine

Dealkylated means whether dealkylation; Transformations means rection type; Composition Change means a change in the chemical formula; Formula means the

molecular formula of the transformed compound; Calc. MW means the molecular weight of the transformed compound; Name means the full-spectrum identification

of compound names. Area means peak area detected.

https://doi.org/10.1371/journal.pntd.0010208.t004
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We demonstrated that S. oryzae can degrade deltamethrin into 1-Oleoyl-2-hydroxy-sn-gly-
cero-3-PE and 2’,2’-Dibromo-2’-deoxyguanosine through a series of biochemical reactions
including hydration, palmitoyl conjugation, oxidation, and taurine conjugation reactions in
vitro. This process is concentration- and time-dependent, i.e. with the increase of bacterial
abundance and the prolongation of reaction time, the degradation effect became more signifi-
cant. This also means that this may be a slow biological process, which explains why there was
no difference in knockdown rate, but the survival rate became prominent after 24h of recovery.
We did not study S. oryzae’s ability to degrade other types of insecticides, such as propoxur
due to its strong cytotoxicity causing oxidative damage to mammals [53]. One of the most sig-
nificant targets of oxidative damage is DNA that can promote apoptosis [54]. In addition, it
causes acute carbamate compound poisoning in humans and other mammals by inhibiting
acetylcholinesterase [55]. Therefore, these insecticides are often used in agricultural produc-
tion, and less often used in mosquito control.

The transmission of S. oryzae in Ae. albopictus population is an important event. We found
that S. oryzae was absent in Ae. albopictus breeding water bodies such as small water contain-
ers, lotus ponds, and small puddles. However, S. oryzae was detected in larvae captured from
the breeding sites (S2 Fig). This suggests that water bodies were not the source of S. oryzae
enrichment in Ae. albopictus. Researchers used MALDI-TOF MS to show that although S. ory-
zae was abundant in the intestinal tract of An. arabiensis, it was absent in its small aquatic habi-
tat [45]. This is consistent with our finding that mosquitoes cannot directly acquire the
bacteria from their habitat water bodies. Also, the eggs laid by GFP-tagged S. oryzae-enriched
Ae. albopictus showed green fluorescence (Fig 8). Therefore, these are good reasons to suggest
that S. oryzae spread in the population through vertical propagation and not through the
breeding sites. Without affecting the hosts, this kind of bacteria proliferation begins under
insecticide selection pressure owing to their ability to degrade insecticides and use them as a
nutrition source. However, as to how Ae. albopictus initial S. oryzae, it requires species tracing.

Given the S. oryzae’s ability to degrade deltamethrin in vitro, in combination with the dam-
age of pesticide residue to cultivated land and water environment because of the overdepen-
dent on insecticides, we speculate that if further studies on the bacterial degradation of
pesticides, such as targets and function way, and to participate in the main protein degrada-
tion. It not only elucidates the latest mechanism of resistance of Ae. albopictus, but also may
accelerates the commercial use of the bacterium to degrade pesticide residues in farmland and
irrigated lakes, thus protecting the environment and ecology [56,57].

In conclusion, this work demonstrates that intestinal symbiotic bacteria participate in the
promotion of Ae. albopictus resistance, which strongly complements the resistance research in
Ae. albopictus. This work is of great significance for the management of mosquito resistance
and the prevention and control of mosquito-borne diseases. However, this study also has some
limitations, such as not being able to identify how the S. oryzae regulate the expression of
detoxification genes, and whether it can affect the transmission efficiency of Ae. albopictus to
vector viruses by participating in the regulation of host resistance.

Conclusions

Being a symbiotic and stable parasitic bacterium, S. oryzae can be accumulated into adult Ae.
albopictus’ midgut by artificial feeding, which enhances its deltamethrin resistance. In the
wild, it can vertically transmit among Ae. albopictus population and thrive in midguts under
the insecticide selection pressure. As the number of bacteria accumulates, it can significantly
enhance the deltamethrin resistance by up-regulating the expression of metabolic detoxifica-
tion genes. Importantly, S. oryzae can use deltamethrin as the sole carbon source, indicating its
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ability to degrade deltamethrin in vitro. Therefore, in the future, S. oryzae may also be com-
mercially used to break down the residual insecticides in the farmland and lakes to protect the
environment.

Supporting information

S1 Fig. CDC bottle bioassay indicator diagram. The left figure shows the treatment groups,
and the right figure shows the restored groups after 1 h. Both of them show the comparison of
knock down rate between Serratia oryzae-treatment and untreatment groups, and the compar-
ison of survival rate after recovering 24 h.

(TTF)

S2 Fig. The eggs laid by GFP-Tagged Serratia oryzae fed female mosquitoes were collected,
and the green fluorescent substances was found under the fluorescence microscope (A). Serra-
tia oryzae was found in the larvae’s midguts, but not in breeding sites (B).

(TIF)

S3 Fig. The gram straining (A), spore straining (B), and capsule straining (C) were observed
under microscope (1000x). The red arrows (C) indicate Serratia oryzae’s capsule.
(TIF)

S4 Fig. Both the results of colony-counting method (A) and 16S rRNA gene copy number
method (B) indicate that antibiotic treatment is effective.
(TIF)

S5 Fig. Serratia oryzae colonize in the intestinal symbiotic bacteria of three strains of larvae
(A), but not in the water sample (B) collected from their breeding sites.
(TIF)

S1 Table. Primer list.
(DOCX)

S2 Table. RNA-seq results validated by RT-qPCR.
(DOCX)

Acknowledgments

The authors would like to thank MJEditor (www.mjeditor.com) for their linguistic assistance
during the preparation of this manuscript, and BMKCloud (http://www.biocloud.net/) for
their help in gene sequencing.

Author Contributions

Conceptualization: Haiyang Wang, Maoqing Gong.

Data curation: Hongmei Liu, Hui Peng, Yang Wang, Wenxiang Lv.

Formal analysis: Lijuan Liu.

Funding acquisition: Peng Cheng, Maoqing Gong.

Investigation: Xiuxia Guo, Haifang Wang, Lijuan Liu.

Methodology: Hui Peng, Yang Wang, Chongxing Zhang, Xiuxia Guo, Wenxiang Lv.
Project administration: Maoqing Gong.

Software: Xiuxia Guo, Haifang Wang.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010208 March 4, 2022 17/21


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010208.s007
http://www.mjeditor.com/
http://www.biocloud.net/
https://doi.org/10.1371/journal.pntd.0010208

PLOS NEGLECTED TROPICAL DISEASES Serratia oryzae enhance insecticide resistance

Visualization: Haiyang Wang.

Writing - original draft: Haiyang Wang, Hongmei Liu.

Writing - review & editing: Peng Cheng, Maoging Gong.

References

1.

10.

11.

12.

13.

14.

15.

Giovanetti M, de Mendonga MCL, Fonseca V, Mares-Guia MA, Fabri A, Xavier J, et al. Yellow Fever
Virus Reemergence and Spread in Southeast Brazil, 2016-2019. J Virol. 2019; 94(1). Epub 2019/10/
11. https://doi.org/10.1128/jvi.01623-19 PMID: 31597773; PubMed Central PMCID: PMC6912119.

Leach CB, Hoeting JA, Pepin KM, Eiras AE, Hooten MB, Webb CT. Linking mosquito surveillance to
dengue fever through Bayesian mechanistic modeling. PLoS Negl Trop Dis. 2020; 14(11):e0008868.
Epub 2020/11/24. https://doi.org/10.1371/journal.pntd.0008868 PMID: 33226987; PubMed Central
PMCID: PMC7721181.

Sun P, Nie K, Zhu Y, Liu Y, Wu P, Liu Z, et al. A mosquito salivary protein promotes flavivirus transmis-
sion by activation of autophagy. Nat Commun. 2020; 11(1):260. Epub 2020/01/16. https://doi.org/10.
1038/s41467-019-14115-z PMID: 31937766; PubMed Central PMCID: PMC6959235.

LiuJ, Liu Y, Nie K, Du S, Qiu J, Pang X, et al. Flavivirus NS1 protein in infected host sera enhances viral
acquisition by mosquitoes. Nat Microbiol. 2016; 1(9):16087. Epub 2016/08/27. https://doi.org/10.1038/
nmicrobiol.2016.87 PMID: 27562253; PubMed Central PMCID: PMC5003325.

LiuH, LiuL, Cheng P, YangL, Chen J, Lu Y, et al. Bionomics and insecticide resistance of Aedes albo-
pictus in Shandong, a high latitude and high-risk dengue transmission area in China. Parasit Vectors.
2020; 13(1):11. Epub 2020/01/11. https://doi.org/10.1186/s13071-020-3880-2 PMID: 31918753;
PubMed Central PMCID: PMC6953264.

Wang H, Zhang C, Cheng P, Wang Y, Liu H, Wang H, et al. Differences in the intestinal microbiota
between insecticide-resistant and -sensitive Aedes albopictus based on full-length 16S rRNA sequenc-
ing. Microbiologyopen. 2021; 10(2):e1177. Epub 2021/05/11. https://doi.org/10.1002/mbo3.1177
PMID: 33970535; PubMed Central PMCID: PMC8087943.

Rocha DA, Costa LMD, Pessoa GDC, Obara MT. Methods for detecting insecticide resistance in sand
flies: A systematic review. Acta Trop. 2021; 213:105747. Epub 2020/11/15. https://doi.org/10.1016/.
actatropica.2020.105747 PMID: 33188748.

South A, Hastings IM. Insecticide resistance evolution with mixtures and sequences: a model-based
explanation. Malar J. 2018; 17(1):80. Epub 2018/02/17. https://doi.org/10.1186/s12936-018-2203-y
PMID: 29448925; PubMed Central PMCID: PMC5815191.

Hemingway J, Karunaratne SH. Mosquito carboxylesterases: a review of the molecular biology and bio-
chemistry of a major insecticide resistance mechanism. Med Vet Entomol. 1998; 12(1):1-12. Epub
1998/03/26. https://doi.org/10.1046/j.1365-2915.1998.00082.x PMID: 9513933

Chang KS, Kim HC, Klein TA, Ju YR. Insecticide resistance and cytochrome-P450 activation in unfed
and blood-fed laboratory and field populations of Culex pipiens pallens. J Pest Sci (2004). 2017; 90
(2):759-71. Epub 2017/03/10. https://doi.org/10.1007/s10340-016-0820-1 PMID: 28275327; PubMed
Central PMCID: PMC5320006.

Cisse MB, Keita C, Dicko A, Dengela D, Coleman J, Lucas B, et al. Characterizing the insecticide resis-
tance of Anopheles gambiae in Mali. Malar J. 2015; 14:327. Epub 2015/08/25. https://doi.org/10.1186/
$12936-015-0847-4 PMID: 26296644; PubMed Central PMCID: PMC4546276.

Vontas J, Katsavou E, Mavridis K. Cytochrome P450-based metabolic insecticide resistance in Anoph-
eles and Aedes mosquito vectors: Muddying the waters. Pestic Biochem Physiol. 2020; 170:104666.
Epub 2020/09/28. https://doi.org/10.1016/j.pestbp.2020.104666 PMID: 32980073.

Dada N, Lol JC, Benedict AC, Lopez F, Sheth M, Dzuris N, et al. Pyrethroid exposure alters internal and
cuticle surface bacterial communities in Anopheles albimanus. Isme j. 2019; 13(10):2447—-64. Epub
2019/06/07. https://doi.org/10.1038/s41396-019-0445-5 PMID: 31171859; PubMed Central PMCID:
PMC6776023 conclusions in this paper are those of the authors and do not necessarily represent the
official position of the CDC or ASM.

Muturi EJ, Ramirez JL, Rooney AP, Kim CH. Comparative analysis of gut microbiota of mosquito com-
munities in central lllinois. PLoS Negl Trop Dis. 2017; 11(2):e0005377. Epub 2017/03/01. https://doi.
org/10.1371/journal.pntd.0005377 PMID: 28245239; PubMed Central PMCID: PMC5345876.

Rani A, Sharma A, Rajagopal R, Adak T, Bhatnagar RK. Bacterial diversity analysis of larvae and adult
midgut microflora using culture-dependent and culture-independent methods in lab-reared and field-

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010208 March 4, 2022 18/21


https://doi.org/10.1128/jvi.01623-19
http://www.ncbi.nlm.nih.gov/pubmed/31597773
https://doi.org/10.1371/journal.pntd.0008868
http://www.ncbi.nlm.nih.gov/pubmed/33226987
https://doi.org/10.1038/s41467-019-14115-z
https://doi.org/10.1038/s41467-019-14115-z
http://www.ncbi.nlm.nih.gov/pubmed/31937766
https://doi.org/10.1038/nmicrobiol.2016.87
https://doi.org/10.1038/nmicrobiol.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27562253
https://doi.org/10.1186/s13071-020-3880-2
http://www.ncbi.nlm.nih.gov/pubmed/31918753
https://doi.org/10.1002/mbo3.1177
http://www.ncbi.nlm.nih.gov/pubmed/33970535
https://doi.org/10.1016/j.actatropica.2020.105747
https://doi.org/10.1016/j.actatropica.2020.105747
http://www.ncbi.nlm.nih.gov/pubmed/33188748
https://doi.org/10.1186/s12936-018-2203-y
http://www.ncbi.nlm.nih.gov/pubmed/29448925
https://doi.org/10.1046/j.1365-2915.1998.00082.x
http://www.ncbi.nlm.nih.gov/pubmed/9513933
https://doi.org/10.1007/s10340-016-0820-1
http://www.ncbi.nlm.nih.gov/pubmed/28275327
https://doi.org/10.1186/s12936-015-0847-4
https://doi.org/10.1186/s12936-015-0847-4
http://www.ncbi.nlm.nih.gov/pubmed/26296644
https://doi.org/10.1016/j.pestbp.2020.104666
http://www.ncbi.nlm.nih.gov/pubmed/32980073
https://doi.org/10.1038/s41396-019-0445-5
http://www.ncbi.nlm.nih.gov/pubmed/31171859
https://doi.org/10.1371/journal.pntd.0005377
https://doi.org/10.1371/journal.pntd.0005377
http://www.ncbi.nlm.nih.gov/pubmed/28245239
https://doi.org/10.1371/journal.pntd.0010208

PLOS NEGLECTED TROPICAL DISEASES Serratia oryzae enhance insecticide resistance

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

collected Anopheles stephensi-an Asian malarial vector. BMC Microbiol. 2009; 9:96. Epub 2009/05/20.
https://doi.org/10.1186/1471-2180-9-96 PMID: 19450290; PubMed Central PMCID: PMC2698833.

Wang H, Wang Y, Cheng P, Wang H, Wang H, Liu H, et al. The Larval Density of Mosquitos (Diptera:
Culicidae) in Jiaxiang County, Shandong Province, China: Influence of Bacterial Diversity, Richness,
and Physicochemical Factors. Frontiers in Ecology and Evolution. 2021;9. https://doi.org/10.3389/fevo.
2021.616769

Suh E, FuY, Mercer DR, Dobson SL. Interaction of Wolbachia and Bloodmeal Type in Artificially
Infected Aedes albopictus (Diptera: Culicidae). J Med Entomol. 2016; 53(5):1156—62. Epub 2016/06/
18. https://doi.org/10.1093/jme/tjw084 PMID: 27313167; PubMed Central PMCID: PMC5013818.

Minard G, Mavingui P, Moro CV. Diversity and function of bacterial microbiota in the mosquito holobiont.
Parasit Vectors. 2013; 6:146. Epub 2013/05/22. https://doi.org/10.1186/1756-3305-6-146 PMID:
23688194; PubMed Central PMCID: PMC3667145.

Winkler ES, Shrihari S, Hykes BL Jr., Handley SA, Andhey PS, Huang YS, et al. The Intestinal Micro-
biome Restricts Alphavirus Infection and Dissemination through a Bile Acid-Type | IFN Signaling Axis.
Cell. 2020; 182(4):901-18.e18. Epub 2020/07/16. https://doi.org/10.1016/j.cell.2020.06.029 PMID:
32668198; PubMed Central PMCID: PMC7483520.

JiaD, Mao Q, Chen, LiuY, Chen Q, Wu W, et al. Insect symbiotic bacteria harbour viral pathogens for
transovarial transmission. Nat Microbiol. 2017; 2:17025. Epub 2017/03/07. https://doi.org/10.1038/
nmicrobiol.2017.25 PMID: 28263320.

Somerville J, Zhou L, Raymond B. Aseptic Rearing and Infection with Gut Bacteria Improve the Fitness
of Transgenic Diamondback Moth, Plutella xylostella. Insects. 2019; 10(4). Epub 2019/03/31. https://
doi.org/10.3390/insects 10040089 PMID: 30925791; PubMed Central PMCID: PMC6523322.

Xia X, Sun B, Gurr GM, Vasseur L, Xue M, You M. Gut Microbiota Mediate Insecticide Resistance in the
Diamondback Moth, Plutella xylostella (L.). Front Microbiol. 2018; 9:25. Epub 2018/02/08. https://doi.
org/10.3389/fmicb.2018.00025 PMID: 29410659; PubMed Central PMCID: PMC5787075.

Pradeep Kumar R, John A, Kumar P, Dinesh Babu KV, Evans DA. Larvicidal efficacy of Adiantobischry-
sene from Adiantum latifolium against Oryctes rhinoceros through disrupting metamorphosis and
impeding microbial mediated digestion. Pest Manag Sci. 2018; 74(8):1821-8. Epub 2018/02/03. https://
doi.org/10.1002/ps.4880 PMID: 29393564.

Norris MH, Kang Y, Lu D, Wilcox BA, Hoang TT. Glyphosate resistance as a novel select-agent-compli-
ant, non-antibiotic-selectable marker in chromosomal mutagenesis of the essential genes asd and
dapB of Burkholderia pseudomallei. Appl Environ Microbiol. 2009; 75(19):6062—75. Epub 2009/08/04.
https://doi.org/10.1128/AEM.00820-09 PMID: 19648360; PubMed Central PMCID: PMC2753064.

Chaussonnerie S, Saaidi PL, Ugarte E, Barbance A, Fossey A, Barbe V, et al. Microbial Degradation of
a Recalcitrant Pesticide: Chlordecone. Front Microbiol. 2016; 7:2025. Epub 2017/01/10. https://doi.org/
10.3389/fmicb.2016.02025 PMID: 28066351; PubMed Central PMCID: PMC5167691.

John EM, Varghese EM, Shaike JM. Plasmid-Mediated Biodegradation of Chlorpyrifos and Analysis of
Its Metabolic By-Products. Curr Microbiol. 2020; 77(10):3095-103. Epub 2020/07/28. https://doi.org/10.
1007/s00284-020-02115-y PMID: 32715316.

Scates SS, O'Neal ST, Anderson TD. Bacteria-mediated modification of insecticide toxicity in the yellow
fever mosquito, Aedes aegypti. Pestic Biochem Physiol. 2019; 161:77—-85. Epub 2019/11/07. https:/
doi.org/10.1016/j.pestbp.2019.07.016 PMID: 31685200.

Zhai YG, Lv XJ, Sun XH, Fu SH, Gong ZD, Fen Y, et al. Isolation and characterization of the full coding
sequence of a novel densovirus from the mosquito Culex pipiens pallens. J Gen Virol. 2008; 89(Pt
1):195-9. Epub 2007/12/20. https://doi.org/10.1099/vir.0.83221-0 PMID: 18089743.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26
(19):2460-1. Epub 2010/08/17. https://doi.org/10.1093/bioinformatics/btq461 PMID: 20709691.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335-6. Epub 2010/
04/13. https://doi.org/10.1038/nmeth.f.303 PMID: 20383131; PubMed Central PMCID: PMC3156573.

Hugouvieux-Cotte-Pattat N, Jacot-des-Combes C, Briolay J. Genomic characterization of a pectinolytic
isolate of Serratia oryzae isolated from lake water. J Genomics. 2019; 7:64—72. Epub 2019/11/14.
https://doi.org/10.7150/jgen.38365 PMID: 31719848; PubMed Central PMCID: PMC6831795.

Vogel KJ, Valzania L, Coon KL, Brown MR, Strand MR. Transcriptome Sequencing Reveals Large-
Scale Changes in Axenic Aedes aegypti Larvae. PLoS Negl Trop Dis. 2017; 11(1):e0005273. Epub
2017/01/07. https://doi.org/10.1371/journal.pntd.0005273 PMID: 28060822; PubMed Central PMCID:
PMC5245907.

Cheng G, Cox J, Wang P, Krishnan MN, Dai J, Qian F, et al. A C-type lectin collaborates with a CD45
phosphatase homolog to facilitate West Nile virus infection of mosquitoes. Cell. 2010; 142(5):714-25.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010208 March 4, 2022 19/21


https://doi.org/10.1186/1471-2180-9-96
http://www.ncbi.nlm.nih.gov/pubmed/19450290
https://doi.org/10.3389/fevo.2021.616769
https://doi.org/10.3389/fevo.2021.616769
https://doi.org/10.1093/jme/tjw084
http://www.ncbi.nlm.nih.gov/pubmed/27313167
https://doi.org/10.1186/1756-3305-6-146
http://www.ncbi.nlm.nih.gov/pubmed/23688194
https://doi.org/10.1016/j.cell.2020.06.029
http://www.ncbi.nlm.nih.gov/pubmed/32668198
https://doi.org/10.1038/nmicrobiol.2017.25
https://doi.org/10.1038/nmicrobiol.2017.25
http://www.ncbi.nlm.nih.gov/pubmed/28263320
https://doi.org/10.3390/insects10040089
https://doi.org/10.3390/insects10040089
http://www.ncbi.nlm.nih.gov/pubmed/30925791
https://doi.org/10.3389/fmicb.2018.00025
https://doi.org/10.3389/fmicb.2018.00025
http://www.ncbi.nlm.nih.gov/pubmed/29410659
https://doi.org/10.1002/ps.4880
https://doi.org/10.1002/ps.4880
http://www.ncbi.nlm.nih.gov/pubmed/29393564
https://doi.org/10.1128/AEM.00820-09
http://www.ncbi.nlm.nih.gov/pubmed/19648360
https://doi.org/10.3389/fmicb.2016.02025
https://doi.org/10.3389/fmicb.2016.02025
http://www.ncbi.nlm.nih.gov/pubmed/28066351
https://doi.org/10.1007/s00284-020-02115-y
https://doi.org/10.1007/s00284-020-02115-y
http://www.ncbi.nlm.nih.gov/pubmed/32715316
https://doi.org/10.1016/j.pestbp.2019.07.016
https://doi.org/10.1016/j.pestbp.2019.07.016
http://www.ncbi.nlm.nih.gov/pubmed/31685200
https://doi.org/10.1099/vir.0.83221-0
http://www.ncbi.nlm.nih.gov/pubmed/18089743
https://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.7150/jgen.38365
http://www.ncbi.nlm.nih.gov/pubmed/31719848
https://doi.org/10.1371/journal.pntd.0005273
http://www.ncbi.nlm.nih.gov/pubmed/28060822
https://doi.org/10.1371/journal.pntd.0010208

PLOS NEGLECTED TROPICAL DISEASES Serratia oryzae enhance insecticide resistance

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Epub 2010/08/28. https://doi.org/10.1016/j.cell.2010.07.038 PMID: 20797779; PubMed Central
PMCID: PMC2954371.

Nkya TE, Akhouayri |, Kisinza W, David JP. Impact of environment on mosquito response to pyrethroid
insecticides: facts, evidences and prospects. Insect Biochem Mol Biol. 2013; 43(4):407-16. Epub 2012/
11/06. https://doi.org/10.1016/j.ibmb.2012.10.006 PMID: 23123179.

ZhuQ, Yang Y, Zhong Y, Lao Z, O'Neill P, Hong D, et al. Synthesis, insecticidal activity, resistance,
photodegradation and toxicity of pyrethroids (A review). Chemosphere. 2020; 254:126779. Epub 2020/
09/23. https://doi.org/10.1016/j.chemosphere.2020.126779 PMID: 32957265.

Liu H, Xie L, Cheng P, Xu J, Huang X, Wang H, et al. Trends in insecticide resistance in Culex pipiens
pallens over 20 years in Shandong, China. Parasit Vectors. 2019; 12(1):167. Epub 2019/04/13. https://
doi.org/10.1186/s13071-019-3416-9 PMID: 30975185; PubMed Central PMCID: PMC6460514.

Liu HM, Yang PP, Cheng P, Wang HF, Liu LJ, Huang X, et al. Resistance Level of Mosquito Species
(Diptera: Culicidae) from Shandong Province, China. Int J Insect Sci. 2015; 7:47-52. Epub 2016/01/28.
https://doi.org/10.4137/1J1S.524232 PMID: 26816489; PubMed Central PMCID: PMC4722879.

Cheng D, Guo Z, Riegler M, Xi Z, Liang G, Xu Y. Gut symbiont enhances insecticide resistance in a sig-
nificant pest, the oriental fruit fly Bactrocera dorsalis (Hendel). Microbiome. 2017; 5(1):13. Epub 2017/
02/02. https://doi.org/10.1186/s40168-017-0236-z PMID: 28143582; PubMed Central PMCID:
PMC5286733.

Tago K, Kikuchi Y, Nakaoka S, Katsuyama C, Hayatsu M. Insecticide applications to soil contribute to
the development of Burkholderia mediating insecticide resistance in stinkbugs. Mol Ecol. 2015; 24
(14):3766—78. Epub 2015/06/11. https://doi.org/10.1111/mec.13265 PMID: 26059639.

Russell RJ, Scott C, Jackson CJ, Pandey R, Pandey G, Taylor MC, et al. The evolution of new enzyme
function: lessons from xenobiotic metabolizing bacteria versus insecticide-resistant insects. Evol Appl.
2011; 4(2):225-48. Epub 2011/03/01. https://doi.org/10.1111/j.1752-4571.2010.00175.x PMID:
25567970; PubMed Central PMCID: PMC3352558.

Werren JH. Symbionts provide pesticide detoxification. Proc Natl Acad Sci U S A. 2012; 109(22):8364—
5. Epub 2012/05/23. https://doi.org/10.1073/pnas. 1206194109 PMID: 22615369; PubMed Central
PMCID: PMC3365163.

Kane MD, Breznak JA. Effect of host diet on production of organic acids and methane by cockroach gut
bacteria. Appl Environ Microbiol. 1991; 57(9):2628-34. Epub 1991/09/01. https://doi.org/10.1128/aem.
57.9.2628-2634.1991 PubMed Central PMCID: PMC183631. PMID: 1662936

Wang H, Peng H, Li W, Cheng P, Gong M. The Toxins of Beauveria bassiana and the Strategies to
Improve Their Virulence to Insects. Front Microbiol. 2021; 12:705343. Epub 2021/09/14. https://doi.org/
10.3389/fmicb.2021.705343 PMID: 34512581; PubMed Central PMCID: PMC8430825.

Karimi E, Geslain E, Kleindan H, Tanguy G, Legeay E, Corre E, et al. Genome Sequences of 72 Bacte-
rial Strains Isolated from Ectocarpus subulatus: A Resource for Algal Microbiology. Genome Biol Evol.
2020; 12(1):3647-55. Epub 2019/12/17. https://doi.org/10.1093/gbe/evz278 PMID: 31841132; PubMed
Central PMCID: PMC6948157.

B ES, Matsena Zingoni Z, Koekemoer LL, Dahan-Moss YL. Microbiota identified from preserved Anoph-
eles. Malar J. 2021; 20(1):230. Epub 2021/05/24. https://doi.org/10.1186/s12936-021-03754-7 PMID:
34022891; PubMed Central PMCID: PMC8141131.

GaoH, Bail, Jiang Y, Huang W, Wang L, Li S, et al. A natural symbiotic bacterium drives mosquito
refractoriness to Plasmodium infection via secretion of an antimalarial lipase. Nat Microbiol. 2021; 6
(6):806—17. Epub 2021/05/08. https://doi.org/10.1038/s41564-021-00899-8 PMID: 33958765.

Wang ZG, Jiang SS, Mota-Sanchez D, Wang W, Li XR, Gao YL, et al. Cytochrome P450-Mediated A-
Cyhalothrin-Resistance in a Field Strain of Helicoverpa armigera from Northeast China. J Agric Food
Chem. 2019; 67(13):3546-53. Epub 2019/03/19. https://doi.org/10.1021/acs.jafc.8b07308 PMID:
30882220.

Li F, Ni M, Zhang H, Wang B, Xu K, Tian J, et al. Expression profile analysis of silkworm P450 family
genes after phoxim induction. Pestic Biochem Physiol. 2015; 122:103-9. Epub 2015/06/15. https://doi.
org/10.1016/j.pestbp.2014.12.013 PMID: 26071814.

Kouamo MFM, Ibrahim SS, Hearn J, Riveron JM, Kusimo M, Tchouakui M, et al. Genome-Wide Tran-
scriptional Analysis and Functional Validation Linked a Cluster of Epsilon Glutathione S-Transferases
with Insecticide Resistance in the Major Malaria Vector Anopheles funestus across Africa. Genes
(Basel). 2021; 12(4). Epub 2021/05/01. https://doi.org/10.3390/genes 12040561 PMID: 33924421;
PubMed Central PMCID: PMC8069850.

Colvin D, Dhuri V, Verma H, Lokhande R, Kale A. Enterococcus durans with mosquito larvicidal toxicity
against Culex quinquefasciatus, elucidated using a Proteomic and Metabolomic approach. Sci Rep.
2020; 10(1):4774. Epub 2020/03/18. https://doi.org/10.1038/s41598-020-61245-2 PMID: 32179781;
PubMed Central PMCID: PMC7075886.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010208 March 4, 2022 20/21


https://doi.org/10.1016/j.cell.2010.07.038
http://www.ncbi.nlm.nih.gov/pubmed/20797779
https://doi.org/10.1016/j.ibmb.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23123179
https://doi.org/10.1016/j.chemosphere.2020.126779
http://www.ncbi.nlm.nih.gov/pubmed/32957265
https://doi.org/10.1186/s13071-019-3416-9
https://doi.org/10.1186/s13071-019-3416-9
http://www.ncbi.nlm.nih.gov/pubmed/30975185
https://doi.org/10.4137/IJIS.S24232
http://www.ncbi.nlm.nih.gov/pubmed/26816489
https://doi.org/10.1186/s40168-017-0236-z
http://www.ncbi.nlm.nih.gov/pubmed/28143582
https://doi.org/10.1111/mec.13265
http://www.ncbi.nlm.nih.gov/pubmed/26059639
https://doi.org/10.1111/j.1752-4571.2010.00175.x
http://www.ncbi.nlm.nih.gov/pubmed/25567970
https://doi.org/10.1073/pnas.1206194109
http://www.ncbi.nlm.nih.gov/pubmed/22615369
https://doi.org/10.1128/aem.57.9.2628-2634.1991
https://doi.org/10.1128/aem.57.9.2628-2634.1991
http://www.ncbi.nlm.nih.gov/pubmed/1662936
https://doi.org/10.3389/fmicb.2021.705343
https://doi.org/10.3389/fmicb.2021.705343
http://www.ncbi.nlm.nih.gov/pubmed/34512581
https://doi.org/10.1093/gbe/evz278
http://www.ncbi.nlm.nih.gov/pubmed/31841132
https://doi.org/10.1186/s12936-021-03754-7
http://www.ncbi.nlm.nih.gov/pubmed/34022891
https://doi.org/10.1038/s41564-021-00899-8
http://www.ncbi.nlm.nih.gov/pubmed/33958765
https://doi.org/10.1021/acs.jafc.8b07308
http://www.ncbi.nlm.nih.gov/pubmed/30882220
https://doi.org/10.1016/j.pestbp.2014.12.013
https://doi.org/10.1016/j.pestbp.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/26071814
https://doi.org/10.3390/genes12040561
http://www.ncbi.nlm.nih.gov/pubmed/33924421
https://doi.org/10.1038/s41598-020-61245-2
http://www.ncbi.nlm.nih.gov/pubmed/32179781
https://doi.org/10.1371/journal.pntd.0010208

PLOS NEGLECTED TROPICAL DISEASES Serratia oryzae enhance insecticide resistance

51.

52.

53.

54.

55.

56.

57.

Shaw WR, Catteruccia F. Vector biology meets disease control: using basic research to fight vector-
borne diseases. Nat Microbiol. 2019; 4(1):20-34. Epub 2018/08/29. https://doi.org/10.1038/s41564-
018-0214-7 PMID: 30150735; PubMed Central PMCID: PMC6437764.

Bisht DS, Bhatia V, Bhattacharya R. Improving plant-resistance to insect-pests and pathogens: The
new opportunities through targeted genome editing. Semin Cell Dev Biol. 2019; 96:65-76. Epub 2019/
05/01. https://doi.org/10.1016/j.semcdb.2019.04.008 PMID: 31039395.

Ahmed T, Goel V, Banerjee BD. Propoxur-induced oxidative DNA damage in human peripheral blood
mononuclear cells: protective effects of curcumin and a-tocopherol. Drug Chem Toxicol. 2018; 41
(2):128—-34. Epub 2017/05/16. https://doi.org/10.1080/01480545.2017.1321010 PMID: 28504020.

Merhi M, Demur C, Racaud-Sultan C, Bertrand J, Canlet C, Estrada FB, et al. Gender-linked haemato-
poietic and metabolic disturbances induced by a pesticide mixture administered at low dose to mice.
Toxicology. 2010; 267(1-3):80-90. Epub 2009/11/04. https://doi.org/10.1016/j.tox.2009.10.024 PMID:
19883720.

Tsitsimpikou C, Tzatzarakis M, Fragkiadaki P, Kovatsi L, Stivaktakis P, Kalogeraki A, et al. Histopatho-
logical lesions, oxidative stress and genotoxic effects in liver and kidneys following long term exposure
of rabbits to diazinon and propoxur. Toxicology. 2013; 307:109—14. Epub 2012/12/04. https://doi.org/
10.1016/j.tox.2012.11.002 PMID: 23201499.

Zhan H, Huang Y, Lin Z, Bhatt P, Chen S. New insights into the microbial degradation and catalytic
mechanism of synthetic pyrethroids. Environ Res. 2020; 182:109138. Epub 2020/02/20. https://doi.org/
10.1016/j.envres.2020.109138 PMID: 32069744.

Hulbert D, Raja Jamil RZ, Isaacs R, Vandervoort C, Erhardt S, Wise J. Leaching of insecticides used in
blueberry production and their toxicity to red worm. Chemosphere. 2020; 241:125091. Epub 2019/11/
07. https://doi.org/10.1016/j.chemosphere.2019.125091 PMID: 31683442.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010208 March 4, 2022 21/21


https://doi.org/10.1038/s41564-018-0214-7
https://doi.org/10.1038/s41564-018-0214-7
http://www.ncbi.nlm.nih.gov/pubmed/30150735
https://doi.org/10.1016/j.semcdb.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/31039395
https://doi.org/10.1080/01480545.2017.1321010
http://www.ncbi.nlm.nih.gov/pubmed/28504020
https://doi.org/10.1016/j.tox.2009.10.024
http://www.ncbi.nlm.nih.gov/pubmed/19883720
https://doi.org/10.1016/j.tox.2012.11.002
https://doi.org/10.1016/j.tox.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23201499
https://doi.org/10.1016/j.envres.2020.109138
https://doi.org/10.1016/j.envres.2020.109138
http://www.ncbi.nlm.nih.gov/pubmed/32069744
https://doi.org/10.1016/j.chemosphere.2019.125091
http://www.ncbi.nlm.nih.gov/pubmed/31683442
https://doi.org/10.1371/journal.pntd.0010208

