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ABSTRACT
In the current study, the effects of the presence of symbiotic bacteria on the activity of the 
enzymes involved in An. stephensi resistance to temephos are evaluated for the first time. Four 
different strains (I. susceptible strain, II. resistant strain, III. resistant strain + antibiotic, and IV. 
resistant strain  +  bacteria) were considered in order to determine the possible effects of the 
symbiotic bacteria on their hosts’ resistance to temephos. The median values of all enzymes 
of susceptible strain were compared with those of other resistant strains. The results of this 
study indicated a direct relationship between the presence of bacteria in the symbiotic organs 
of An. stephensi and resistance to temephos. The profile of enzymatic activities in the resistant 
strain changed to a susceptible status after adding antibiotic. The resistance of An. stephensi to 
temephos could be completely broken artificially by removing their bacterial symbionts in a 
resistant population.

Background

Anopheles stephensi, as a sub-tropical species, is one of the 
most important vectors of human malaria throughout the 
Middle East and South Asian region, including the Indo-
Pakistan subcontinent, with a westward extension through 
Iran and Iraq into the Middle East and Arabian Peninsula. 
This species is also considered to be the main malaria vec-
tor in the Persian Gulf area [1,2]. According to the previous 
studies, An. stephensi is the most prevalent anopheline spe-
cies in the malarious areas of southern Iran [3].

Insects, as one of most ecologically successful animals 
on the earth, harbor various kinds of symbionts in their 
bodies due to their wide variety of diets. Regarding the 
hypothetical role of mosquitos’ bacterial symbionts in 
the biology and physiology of their hosts, several studies 
have been conducted for identification of the bacterial 
flora of different species of mosquitoes [4–8]. Accordingly, 
68 genera of bacteria were detected and identified from 
An. stephensi in India, where Serratia marcescens as a 
commensal symbiont was the dominant species of field 
population [9].

Alongside the results of the aforementioned stud-
ies, which showed the rich flora of bacterial symbionts, 
their important role in their hosts’ nutrition and other 
physiological characteristics, such as reproduction, 

development, and protection against enemies, has 
been also suggested [10]. Moreover, various stud-
ies have examined the biological and physiological 
effects of insects’ symbiotic bacteria on their hosts. For 
instance, a previous study reported a higher level of 
resistance to parasitic wasps in phytophagous aphids 
due to the presence of Hamiltonella defensa, a faculta-
tive bacterium [11]. Yet, another research demonstrated 
that Buchnera aphidicola provided the essential amino 
acids for its hosts [12]. Also, some obligate endosym-
biont bacteria, such as Wigglesworthia glossinidia were 
thought to prepare vitamins for their host; i.e. hemato-
phagous tsetse flies [13]. Another well-studied obligate 
endosymbiotic bacterium, Wolbachia, directly influ-
enced the development of mosquitoes and indirectly 
affected pathogen transmission [14,15]. Some other 
genera of bacteria, such as Pantoea, Acinetobacter, and 
Asia, are very common in mosquitoes [16]. Midgut, sali-
vary glands, and reproductive organs are the most suit-
able places for the bacteria harboring and colonizing 
within mosquitos’ bodies [17].

Up to now, many studies have been conducted on 
bacterial microflora of mosquitoes in different parts 
of the world, most of which have been performed on 
malaria vectors [4–8,18]. Asaia was reported to be the 
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provinces of Iran (Hormozgan and Sistan-Baluchistan 
Provinces) using the standard dipping technique (350 ml 
dipper) for larval stages and hand catch method for 
adults [26]. The specimens were transferred alive to the 
laboratory and were then identified to species level using 
standard morphological key [27].

The field strains of An. stephensi were reared in the 
insectarium for further tests. A susceptible laboratory 
strain of An. stephensi (Beech-Lab from insectarium of 
Department of Medical Entomology and Vector Control, 
School of Public Health, Tehran University of Medical 
Sciences) was used to compare the susceptibility status 
of the field strains. This strain had been maintained in the 
laboratory without exposure to insecticides for more than 
30 years.

Insecticide

Technical grade insecticide used in the present study was 
temephos 90% (Batch No: TEM/136-229) purchased from 
Levant Overseas Development Ltd., Argenteuil, France.

Selection process

The strain that showed the highest Resistance Ratio (RR) 
to temephos was preceded for selection pressure. This 
strain was selected for 5 generations by exposing late 
third or early fourth instars to the concentrations, which 
produced 50–70% mortality [28]. The selection was con-
tinued as long as a homogeneous resistant population 
with more than 10-fold RR was achieved.

Symbiotic bacteria of An. stephensi

Larvae were collected from larval habitats using the 
standard dipping technique. Fourth instar larvae of 
An. stephensi were selected for midgut microbiota 
analysis.

Before dissecting, the surfaces of larvae were com-
pletely sterilized with 70% ethanol in a sterile hood [6]. 
Under sterile conditions, the specimens were dissected 
individually and the midguts (30 pooled midguts for 
each breeding place) were washed and suspended 
in 500 μL of Brain Heart Infusion (BHI). Additionally, a 
100 μL aliquot of the contents was serially diluted up 
to 10−6 and was plated onto the prepared media. The 
purified colonies were selected for molecular identifica-
tion. DNA extraction was done using QIAGEN DNeasy 
Kit (Qiagen, Germany) according to the manufactur-
er’s instructions. The 16S rRNA universal primers of 
16suF 5′-GAGTTTGATCCTGGCTCAG-0033′ and 16suR 
5′-GTTACCTTGTTACGACTT-3′ were used to amplify about 
1.5 Kilo Base (kb) partial sequence of the 16S rRNA gene 
from all of the DNA specimens [29]. The PCR conditions 
were set as the previous studies [7].

Identification of the isolated bacteria was based 
on sequence comparison to the Gen Bank and The 
Ribosomal Database Project (RDP-II) entries. Also, all the 

dominant symbiotic bacteria of An. stephensi that have 
high stability in their host. The results also revealed that 
this bacterium could probably affect the vectorial capac-
ity and physiology of the host [19].

Some studies showed a relationship between the pres-
ence of some specific bacteria in insects’ hosts and their 
ability to degrade some pesticides. It was found that the 
abundance of Wolbachia in Cx. pipiens is strongly influ-
enced by the presence of insecticide resistance genes 
[20]. It is worth mentioning that Wolbachia has the ability 
to modify the resistance of its host to chemicals [21].

The results of some studies suggested a link between 
the presence of some bacteria with high frequency in 
Bemisia tabaci and their ability to detoxify some insec-
ticides [22,23].

One of the most important studies about the role of 
symbiotic bacteria in insecticide resistance was carried 
out by Kikuchi et al. (2012), who introduced the idea 
‘Symbiont-mediated insecticide resistance’ for the mech-
anism of insect resistance to pesticides. These researchers 
found that insecticide-degrading bacterial symbiont could 
be rapidly established in their hosts’ bodies, causing the 
resistance to some pests to certain insecticides. This phe-
nomenon was confirmed in a stinkbug (Riptortus pedes-
tris), which harbors some fenithrotion-resistant bacteria. 
Burkholderia is acquired from soil at different life stages. 
Fenitrothion-degrading Burkholderia strains establish a 
specific and beneficial symbiotic relationship with the host 
and finally lead to host’s resistance to fenitrothion [24].

Nowadays, despite numerous efforts, mosqui-
to-borne diseases such as malaria, filariasis, yellow fever, 
dengue, and zika pose serious health problems, espe-
cially in developing countries. Vector control program 
is one of the best ways used in order to control these 
diseases. In this program, most emphasis is put on chem-
ical pesticides such as temephos. Temephos is one of 
the most popular organophosphorus insecticides used 
worldwide, particularly for immature stages of mosqui-
toes. Control strategies based on chemical insecticides 
are not always practical. Because of the costs of these 
compounds, insecticide resistance, environmental and 
human health concerns, etc., other new methods should 
replace this strategy [25]. Therefore, understanding the 
factors affecting insect resistance to pesticides could 
be very critical. So far, no comprehensive studies have 
been done on the relationship between symbiotic bac-
teria of mosquitos and some host characteristics such as 
insecticide resistance. Hence, the present study aims to 
identify the effects of these symbionts on resistance of 
An. stephensi to temephos (Abate®), as one of the most 
widely used organophosphate pesticides.

Methods

Mosquito strains

Wild specimens of An. stephensi were collected from 
eight different areas in two most important malarious 
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isolates were identified using classical phenotyping and 
biochemical methods [30].

Biochemical assays

In this study, 30 mosquito larvae from each strain (4 
strains explained in study design) were assayed for α- and 
ß-esterases, Mixed Function Oxidase (MFO), Glutathione-
S-Transferase (GST), insensitive acetylcholine esterase 
(iAChE), and Para Nitro Phenyl Acetate (PNPA)-esterase 
enzymes. To perform further statistical analyses, four rep-
licates were performed for all enzymatic activity assays. 
Each larva was homogenized in 100 μL of potassium 
phosphate (KPO4) buffer (6.6 g dibasic potassium phos-
phate/1.7 g monobasic potassium phosphate/1000 mL 
distilled water (dH2O); pH7.2) and was then diluted to 
2 mL with the same buffer. After that, each mosquito was 
analyzed in duplicate with100 μL of mosquito homoge-
nate transferred to two wells on a 96-well flat-bottomed 
microtitration plate. Absorbance levels were measured 
spectrophotometrically with a microplate reader (ELX808 
Ultra Microplate Reader BIO-TEK®) at the wavelengths 
indicated for each enzyme. Besides, the mean absorb-
ance level was calculated based on the data for the two 
replicate wells per mosquito.

The procedures were followed based on slight modifi-
cations of a protocol from the Centers for Disease Control 
and Prevention [31]. The activities of all the enzymes 
were evaluated according to this protocol. The details of 
the procedures were described completely in a previous 
research [31]. The reagents and substrates for biochemi-
cal assays were provided by Sigma.

Data analyses of biochemical assays

Absorbance values obtained for mosquito replicates were 
corrected in relation to the volume of mosquito homogen-
ates, the enzyme activity unit, and the total protein content 
of each mosquito [31]. Additionally, the means of enzyme 
activities for each An. stephensi larval strain was compared 
to those of susceptible strain (Beech-Lab) using unpaired 
t-test and Mann–Whitney test (p < 0.05). Moreover, Tukey’s 
Multiple Comparison Test, Kruskal–Wallis, and Dunn’s 
Multiple Comparison Test were employed to analyze the 
means of enzyme activities of all the stains.

The Beech-Lab 99th percentile was calculated for each 
enzyme and the percentage of specimens was calculated 
according to the enzymatic activity of the Beech-Lab 
99th percentile. Enzyme activities were then classified as 
‘altered’, ‘incipiently altered’, and ‘unaltered’ if the rate was 
>50%, between 15 and 50%, and <15%, respectively [32].

Study design

This part was designed in order to find the relationship 
between the presence of bacteria in mosquitoes and 
their ability to degrade temephos, a widely used organ-
ophosphate insecticide.

Doing so, the mean amounts of all the enzymes 
involved in insecticide resistance were compared in the 
following 4 populations:

(1) � Laboratory susceptible population (Beech-Lab 
strain = S);

(2) � Selected field population (resistant strain) with-
out any additional agent (R);

(3) � Selected field population (resistant strain) + 
added Tetracycline antibiotic 0.5% (R+T) [33]; 
and

(4) � Selected field population (resistant strain) + 
added bacteria (1 CC suspension from each 
dominant genus of bacteria isolated from the 
gut of An. stephensi) to rearing trays (R+B).

In order to clarify the potential role of symbiotic bacte-
ria in resistance of An. stephensi to temephos, the mean 
amounts of the enzymes obtained from all the popula-
tions were statistically analyzed using the SPSS ver.18 
statistical software and GraphPad software.

Determination of the concentration of bacteria in 
the natural breeding places of mosquito larvae

As explained in the ‘study design’, bacteria should be 
added to a population of An. stephensi in order to find 
out the effects of extra bacteria on insecticide resistance 
in mosquitoes. For this purpose, first, we had to know the 
mean concentration of bacteria in their natural breed-
ing places. Therefore, a number of water samples were 
collected from larval breeding places and the amounts 
of bacteria in these samples were determined by direct 
microscopic count method [34].

Antibiotic

One of the most important objectives pursued in the 
present work was to investigate the effects of adding 
antibiotics to the larval rearing environment under lab-
oratory condition in the insectarium. In this context, it is 
required to select an antibiotic concentration with the 
least effect on the normal physiology of the mosquito. 
Therefore, we decided to apply the minimum concen-
tration of antibiotic that is efficient to remove symbi-
otic bacteria from their hosts [35]. In this experiment, 
Tetracycline (>99%, Merck) with ≤0.05 mg/ml concen-
trations was added to the larval rearing trays.

Results

Among all the tested strains, Chabahar strain showed the 
highest RR to temephos (4.27 folds) and was then used 
for the selection process for further studies. The selection 
process continued for 15 months and after the 5th selec-
tion, a relatively homogenized resistance population of 
An. stephensi with a 15.82-fold RR at LC50 was obtained.

After isolation, the symbiotic bacteria isolated from 
the gut of the 4th instar larvae of An. stephensi were 
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activity with <15% (8.33%) of the individuals recording 
activity above that of the 99th percentile of the Beech-
Lab reference strain (Tables 1 and 3).

Based on the obtained results, a significant difference 
was observed between S and two of the tested strains  
(R and R+T) with respect to the median PNPA-EST activity 
level (p = 0.0139). Nevertheless, differences among the 
other tested strains were not statistically significant (p > 
0.05). An unaltered profile of PNPA-EST was found in all 
the resistant strains (Tables 1 and 3).

In this study, a significant difference was found 
between S and all the three resistant strains (R, R+T, 
and R+B) with regard to MFO activity level (p < 0.0001). 
However, there was no significant difference between 
R and two of the tested strains (R+B and R+T) (p > 0.05) 
as well as between R+B and R+T. All the tested resist-
ant strains showed unaltered activity with <15% of the 
individuals recording activity above that of the 99th 
percentile of the Beech-Lab reference strain (Tables 2 
and 3).

The findings disclosed a significant difference among 
all the tested strains (p < 0.0001), except between S and 
R+T (p > 0.05), concerning the GST activity level. Based on 
the classification of activity profiles, R and R+B showed 
altered activity, while R+T revealed unaltered activity 
(Tables 2 and 3).

The activity level of AChE in the presence of propoxur 
was also significantly different among all the tested 
strains (p < 0.0001), except between S and R+B (p > 0.05). 
Moreover, AChE (90%) showed altered activity in R, but 
unaltered activity in the other resistant strains (R+B and 
R+T) (Tables 2 and 3).

Discussion

Despite the implementation of different prevention and 
control strategies, malaria is still one of the most impor-
tant vector-borne diseases in Iran as well as in other 
countries around the world. An. stephensi is considered 
to be one of the most important vectors of malaria in the 
Middle East region, including Iran [36].

Although temephos (EC 50%), as one of the con-
ventional larvicides in malaria vector control program, 

identified according to 16srRNA gene sequencing. Using 
PCR method, out of the 45 isolated colonies from the 
media, 40 species/strains of bacteria were identified 
most of which (30 species/strains) belonged to 4 genera, 
including Pseudomonas, Aeromonas, Exiguobacterium, 
and Microbacterium. These dominant genera of bacte-
ria were selected and maintained at –80 ℃ Cryobank 
for further investigations.

As mentioned above, from different larval breeding 
places in the field, 20 water samples were collected and 
the amounts of bacteria in these samples were deter-
mined by direct microscopic count method. The mean 
number of bacteria in 1 cc was equal to 0.5 McFarland 
Standard (cells ≅ 1.5 × 108); thus, this concentration was 
added to the R+B population.

As stated in the ‘study design’, 4 different strains were 
considered in order to determine the possible effects of 
the symbiotic bacteria on their hosts’ resistance to insec-
ticide. In this respect, the median value of all the enzymes 
involved in resistance to S was compared to that of the 
other three prepared resistant strains, including R, R+T, 
and R+B. The number of the mosquitoes assessed in each 
assay, the median values and percentage of strains (R, 
R+T, and R+B), and enzymatic activities in relation to S 
are presented in Tables 1 and 2. Besides, the classification 
profile of enzyme activity in the three resistant strains has 
been shown in Table 3. The activity levels of the enzymes 
in all the strains (R, R+T, R+B, and S) are graphically dis-
played in scatter plots (Figure 1).

The study results revealed a significant difference 
between S and all the tested resistant strains regarding 
α-EST activity levels (p < 0.0001). Moreover, R and R+B 
strains showed altered activity with >50% (95%) of the 
individuals recording activity above that of the 99th per-
centile of the Beech-Lab reference strain. R+T strain also 
showed incipiently altered activity (Tables 1 and 3).

The results also indicated a significant difference 
between R and some tested strains (S, R+B, and R+T) 
concerning ß-EST median activity levels (p < 0.0001). 
However, R+T and R+B were not significantly different 
from S in this regard. Also, no significant difference was 
found between R+B and R+T regarding the median activ-
ity levels of ß-EST. Based on the classification of activity 
profiles, all the tested resistant strains showed unaltered 

Table 1. Quantification of enzymatic activity of esterase in the four strains (S, R, R+T, and R+B) of An. stephensi.

aNumber of tested mosquitoes.
bMedian value for each enzymatic activity.
c99th percentile for Beech-Lab reference strain.
dPercentage of mosquito specimen with activity above 99th percentile for Beech-Lab reference strain.

Strains α-EST (nmol/mg ptn/min) ß-EST (nmol/mg ptn/min) PNPA-EST (Δabs/mg ptn/min)

Na Medianb p99c N Median p99 N Median p99
Beech-Lab 30 0.00006881 0.00010411 30 0.00014011 0.00020971 30 0.04560881 0.07969278

N Median %>p99d N Median %>p99 N Median %>p99
R 30 0.00013654 95 30 0.00017725 8.33 30 0.05132526 6.67
R+B 30 0.00010939 58.33 30 0.00014893 0 30 0.04944657 1.67
R+T 30 0.00008165 16.67 30 0.00014105 3.33 30 0.04698756 0
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no significant differences were observed between the 
enzymatic activities of R and R+B. Only for AChE enzyme, 
the activity profile was changed from altered to unal-
tered status. Such a change might be attributed to the 
decrease in mosquito fitness by adding extra bacteria 
to the rearing trays, which are limited places for mos-
quito larvae. Competition for food, oxygen, and place 
also presumably lead to a reduction of the insecticide 
detoxification ability. These results suggested that addi-
tion of bacteria to a natural population had no effect on 
the increase of detoxifying enzyme activities and could 
not enhance the resistance of An. stephensi to temephos.

On the other hand, completely different results were 
obtained with respect to R+T and drastic effects were 
observed after adding antibiotic to the rearing trays of 
the resistant strain. Accordingly, the profile of α-esterase 
activity was changed from altered to incipiently altered 
status. Also, GST and AChE activities changed from 
altered to unaltered status.

According to the results obtained regarding S and R, it 
can be concluded that the main enzymes involved in the 
mechanism of resistance of An. stephensi to temephos 
were α-esterase, GST, and AChE. Of note, these enzymes 
were dramatically reduced in R+T.

Furthermore, the profile of enzymatic activities 
in the resistant strain changed to susceptible status 
after adding antibiotic. Therefore, it can be concluded 
that presence of bacterial symbionts is critical for their 
hosts. Besides, the resistance of An. stephensi to teme-
phos could be completely broken artificially by remov-
ing their bacterial symbionts in a resistant population. 
This phenomenon might result from the direct effects 
of symbionts on hydrolyzing and detoxifying of some 
organophosphate pesticides, such as temephos, in 
their hosts, inducing symbionts’ effects on production 
of detoxifying enzymes by their hosts. Another reason 
might be the effects of antibiotic on mosquitoes by sup-
pressing or reducing the genes that are responsible for 
enzymes production. The present work is a preliminary 
study to investigate the role of midgut symbiotic bacteria 
in resistance of An. stephensi to a widely used organo-
phosphate insecticide. Further studies in this field should 
be done in order to find out all the details and to provide 
more accurate comments on this issue.

has been used in southern Iran for many years [37,38], 
this species is now almost susceptible to temephos 
from all the studied localities in Iran. Resistance to this 
organophosphate pesticide was reported from other 
malarious neighboring countries, such as India and 
Oman [39].

Regarding the development of resistant vectors to 
different pesticides in various parts of the world and 
existence of some limitations, such as restricted num-
ber of insecticides, understanding all effective factors 
in resistance of malaria vectors is highly recommended. 
Symbiotic species of vectors is one of these impor-
tant factors, which has been less taken into account. 
Symbiotic bacteria are among the most effective organ-
isms that have critical impacts on morphology, immunol-
ogy, and physiology of their hosts, such as affecting the 
vectorial capacity and increasing the host’s tolerance of 
environment stresses.

Bacteria could establish in some symbiotic organs of 
mosquitoes, such as gut. So far, only a few studies have 
been published concerning the impact of bacterial sym-
bionts on their hosts, especially malaria vectors [7,8,18]. 
In the current study, the effects of the presence of sym-
biotic bacteria on the activity of the enzymes involved 
in An. stephensi resistance to temephos were surveyed 
for the first time.

The results of this study clarified a drastic relation-
ship between the presence of bacteria in the symbiotic 
organs of An. stephensi (one of the main malaria vectors) 
and the activity of detoxification enzymes. When the iso-
lated bacteria from natural specimens were artificially 
added to the breeding trays of the resistant strain (R+B), 

Table 2. Quantification of enzymatic activity of MFO, GST, and iAChE in the four strains (S, R, R+T, and R+B) of An. stephensi.

aNumber of tested mosquitoes.
bMedian value for each enzymatic activity.
c99th percentile for Beech-Lab reference strain.
dPercentage of mosquito specimen with activity above 99th percentile for Beech-Lab reference strain.

Strains

MFO (nmolcyt/mg ptn) GST (nmol/mg ptn/min) AChE (% activity)

Na Medianb p99c N Median p99 N Median p99
Beech-Lab 30 0.00003264 0.00008108 30 –.00085944 0.00028138 30 1.40618583 5.36517282

N Median %>p99d N Median %>p99 N Median %>p99
R 30 0.00002279 1.67 30 0.00033844 86.67 30 14.16817118 90
R+B 30 0.00001932 0 30 0.00047489 96.67 30 1.66065793 1.67
R+T 30 0.00002123 0 30 –.00027341 6.67 30 –0.19493844 0

Table 3. Profile of classification of enzyme activity in the three 
resistant strains of An. stephensi.

Strains

Enzymes

α-EST ß-EST
PNPA-

EST MFO GST AChE
R Altered Unal-

tered
Unal-

tered
Unal-

tered
Altered Altered

R+B Altered Unal-
tered

Unal-
tered

Unal-
tered

Altered Unal-
tered

R+T Incipi-
ently 
al-
tered

Unal-
tered

Unal-
tered

Unal-
tered

Unal-
tered

Unal-
tered
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studies are required on this idea. In addition, we should 
discuss this issue cautiously because of some important 
consequences of excessive use of antibiotics and their 
unwanted side effects.

Abbreviations

BHI  	 Brain Heart Infusion

Kb  	 Kilo Base
RDP-II  	Ribosomal Database Project
MFO  	 Mixed Function Oxidase
GST  	 Glutathione-S-Transferase
iAChE  	Insensitive acetylcholine esterase
PNPA  	� Para Nitro Phenyl Acetate-esterase enzymes
KPO4  	 Potassium phosphate
dH2O  	Distilled water
S  	 Susceptible strain
R  	 Resistant strain
R+T  	 Resistant strain + added Tetracycline
R+B  	 Resistant strain + added bacteria

Our findings support the possibility of the existence of 
a similar process for the recently introduced insecticide 
resistance mechanism (i.e. ‘Symbiont-mediated insecti-
cide resistance’) in temephos resistant An. stephensi pop-
ulations. In these mosquitoes, bacterial symbionts play a 
critical role in detoxifying organophosphate insecticides 
in their hosts’ bodies.

Conclusions

Considering the fact that the main mechanisms of teme-
phos resistance in An. stephensi are enzymatic, simul-
taneous use of organophosphate insecticides with a 
synergist could be very useful for managing insecticides 
resistance in mosquitoes.
Overall, the results of the present study theoretically 
provided a novel idea for the management of pesticides 
resistance in vectors. This modern idea involves finding a 
specific antibiotic for insects and using it in larval breed-
ing places of resistant mosquitoes, which could be very 
helpful for breaking down the resistance and prevent-
ing its spread in the populations. However, still further 

Figure 1.  Activity profile of all tested enzymes (a: α-esterase enzyme, b: ß-esterase enzyme, c: PNPA-esterase enzyme, d: MFO 
enzyme, e: GST enzyme, f: Percentage of the remaining activity of AChE enzyme) in different strains under study.
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