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Abstract

Background After three years with no local transmission of malaria, an outbreak occurred in Iran in 2022. Key malaria
control methods in Iran are including indoor residual spraying (IRS), long-lasting insecticide-treated nets (LLINs),

and prompt diagnosis and treatment of malaria cases. Anopheles sacharovi is one of the main malaria vectors in Iran.
This study aimed to determine the insecticides resistance status of An. sacharovi in northwestern Iran, to inform effec-
tive vector control programs in this region.

Methods Larval stages of An. sacharovi were collected from various larval habitats located in the villages

along the Aras River. Adult susceptibility tests were performed on An. sacharovi using diagnostic doses of insecticides
accordance to World Health Organization (WHO) guidelines. The study also evaluated agricultural insecticide and fer-
tilizer usage alongside the presence of natural mosquito predators in breeding sites in the study area.

Results Alongside various chemicals such as silica, humic acid, superphosphate, sulfur, urea, and solupotasse at dif-
ferent dose levels, organophosphorus and pyrethroid insecticides are commonly used in rice fields and orchards.
Anopheles sacharovi displayed diverse reactions to insecticides, demonstrating resistance to DDT but sensitivity

to malathion, and showing similar reactions to carbamate and pyrethroid insecticides.

Conclusions These results provide significant insights into agricultural practices and the presence of mosquito larvae
in the study area. The extensive use of a specific herbicide illustrates its popularity among farmers for weed control,
while other agricultural products focus on enhancing soil fertility and productivity. The absence of mosquito larvae

in habitats with predators indicates the usefulness of these predators in controlling the population of mosquitoes. The
resistance of mosquitoes to certain insecticides highlights the need for careful selection and intermittent use of insec-
ticides in vector control programs. These findings can inform the development of targeted strategies to reduce
malaria transmission risks. Further research is essential for assessing the effectiveness of these interventions.
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Introduction

Over 80% of the global population resides in regions vul-
nerable to arthropod-borne diseases [1, 2]. Mosquito,
as one of the most important vectors, is involved in the
transmission of a wide variety of parasites, viruses, and
bacteria affecting both humans and animals [3]. Accord-
ing to reports by the World Health Organization (WHO),
there were an estimated 249 million new cases and
608,000 deaths of malaria globally in 2022, primarily in
malaria-endemic countries [4]. Iran, as part of the WHO
Eastern Mediterranean Region (EMRO), has made sig-
nificant progress in malaria elimination. The country has
successfully reduced malaria cases in recent years; how-
ever, outbreaks reported from southeastern Iran since
2022 have raised concerns about the risk of malaria re-
emergence in other regions [5].

In 2022, the country experienced a resurgence of
the disease, with approximately 1,432 locally acquired
malaria cases (total cases reaching 5,677), representing a
tenfold increase compared to the previous year. Further-
more, in 2023, the number of confirmed cases doubled
compared to the same period in the prior year, culminat-
ing in a total of 9868 cases. This fluctuation underscores
the ongoing challenges in malaria control efforts within
the region [4].

As vectors of malaria, Anopheles mosquitoes transmit
Plasmodium parasites and are broadly distributed across
all continents [6]. In Iran, 28 definitive species, including
seven main malaria vectors such as Anopheles stephensi,
Anopheles culicifacies, Anopheles sacharovi, Anopheles
fluviatilis, Anopheles superpictus, Anopheles maculipen-
nis, and Anopheles dthali have been documented [7].
Notably, An. sacharovi has a more localized distribu-
tion in central, northwestern, and southwestern Iran and
played a crucial role during malaria outbreaks in north-
western regions [7, 8].

In Iran, the primary control methods during
the malaria elimination phase are indoor residual spray-
ing (IRS), free distribution of long-lasting insecticide-
treated nets (LLINs), and early diagnosis and prompt
treatment of malaria cases [9].

Research suggests that continuous and excessive use
of insecticides can lead to resistance development in
mosquito populations over time, as prolonged exposure
allows them to develop mechanisms to survive despite
the presence of the chemicals [10-13].

The use of agricultural insecticides and chemical or
biological fertilizers, which are natural substances con-
taining living microorganisms and enhance soil fertility
and promote plant growth, can significantly impact the
resistance of mosquitoes, particularly in species such as
Anopheles arabiensis [14, 15]. Herbicides affect the tim-
ing of larval pupation, alter adult longevity, and influence
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susceptibility to insecticides, underscoring the impor-
tance of herbicide management in both agriculture and
malaria control efforts [16].

Traditional insecticides are expensive, cause resistance
in mosquitoes and also have adverse effects on non-tar-
get organisms, but biological control methods, such as
the use of fish, dragonfly nymph, copepods, and certain
mosquito species, are not only cheap and and effective
in eliminating the mosquito populations, but they also do
not have negative effects on non-target organisms [17].

Khoda-Afarin County, currently free of local malaria
transmission, experienced an outbreak in 1998 due to
imported cases following the conflict between Azerbai-
jan and Armenia, with local transmission persisting for
15 years [18]. During the period of local transmission,
various control measures, including chemical control
and environmental managements, were implemented
during that period. Also, agricultural practices shifted
from paddy farming to cotton cultivation to reduce the
breeding habitats for Anopheles mosquitoes [18]. Today,
as there is no local transmission, agricultural practices
have shifted back to paddy farming, inadvertently cre-
ating ideal breeding places for An. sacharovi during the
hot season, which lasts for approximately 6 months in the
study area [19].

Given the recent increase in malaria cases across Iran,
it is crucial to understand the susceptibility status of An.
sacharovi to various WHO-recommended insecticides,
especially in areas with numerous mosquito breeding
sites such as the Aras River basin. This study evaluated
the resistance status of An. sacharovi to pyrethroids,
carbamates, organochlorines, and organophosphates
to inform effective vector control strategies in the area.
Additionally, the research investigated the usage of pes-
ticides, herbicides, and chemical and organic fertilizers
by rice farmers, as these practices can influence mos-
quito resistance. Furthermore, the presence of natural
larval predators in the study areas was assessed as well
to explore potential integrated control measures against
mosquito populations.

Methods

Study area

Khoda-Afarin County is located in the northwest of Iran,
bordered by Armenia and Azerbaijan to the north, Kaley-
bar County to the east, and Varzaghan and Jolfa Coun-
ties to the south and west, respectively. It is situated at
approximately 38° 50" 0" North latitude and 45° 32" 0"
East longitude. The elevation of the region ranges from
1,200 to 3,000 m above sea level and is surrounded by the
Caucasus mountains, which create a unique microclimate
by shielding it from cold winds. The Aras River serves as
a significant natural border between Iran, Armenia, and
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Azerbaijan, playing a crucial role in providing irrigation,
drinking water, and hydroelectric power. Additionally,
the river supports diverse plant and animal life, includ-
ing mosquitoes. This region experiences a continen-
tal climate with hot summers (temperatures reaching
up to 35-40°C) and cold, snowy winters. The significant
temperature fluctuations facilitate rice cultivation, that
thrives due to the abundant water supply from the Aras
River [20] (Fig. 1).

Collecting the specimens

The study was conducted from June to the end of July
2023. Anopheles sacharovi larvae were collected from
various breeding sites within 12 Aras riverside villages
(Sup. 1) using a standard dipping method. All biologi-
cal materials of larvae and pupae were placed in spe-
cial containers previously coded and transported to the
Insectarium for Species identification [21] and the lifting
of the mosquito colony under standardized laboratory
conditions of temperature (27+2°C), relative humidity
(75+10%) and photoperiod of 12:12 (day and night), for
later use in susceptibility bioassays with F1 [22].

Agricultural practices, chemical usage, and natural
predators
Simultaneously with the collection of mosquito larvae,
a structured questionnaire was administered to assess
agricultural practices, including the types of fertilizers,
herbicides, and pesticides used. Questions were directed
at farmers to inquire specifically about the types of pes-
ticides and herbicides employed, as well as both chemi-
cal and organic fertilizers. Participants were also asked
to provide samples of these consumables when possible.
Additionally, interviews were conducted with local ven-
dors of fertilizers and pesticides to confirm and supple-
ment the information gathered from farmers.
Furthermore, during visits to each rice farm where lar-
val collection occurred, the presence of mosquito larvae
predators was also evaluated. This evaluation is critical
for understanding the dynamics of mosquito population
control in this region.

Adult susceptibility tests

To assess the susceptibility of An. sacharovi to different
insecticides, WHO guidelines for diagnostic doses were
followed. Four replicate exposure tests were conducted
for each insecticide, with 20-25 female mosquitoes per
test. Additionally, two control tests with 50 mosquitoes
were performed using papers impregnated solely with
carrier oil. The insecticides tested included bendio-
carb (0.1%), permethrin (0.75%), malathion (5%), DDT
(4%), and deltamethrin (0.05%). Tests utilized sugar-fed
FO progeny of wild-caught adult females aged 3-5 days.
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Before testing, the susceptibility test kits were thor-
oughly cleaned with detergent and tap water. Insecti-
cide-impregnated papers were placed in labeled tubes,
alongside control tubes without insecticide for compara-
bility [23, 24].

Mosquitoes were exposed for 60 min, followed by a
24-h recovery period with a cotton wool pad soaked in
a 10% sugar solution. Mortality rates were recorded at
the end of each test. Susceptibility was determined based
on these rates: control mortality below 5% is accept-
able, whereas rates between 5-20% were adjusted using
Abbott’s formula. Tests with control mortality above 20%
were invalid and would be repeated. According to WHO
guidelines, mortality rates of 98—100% indicated suscep-
tibility, while rates of 90-97% flagged potential resistance,
necessitating further confirmation. Rates below 90% were
classified as resistant [23, 24].

Results

Data collected from completed questionnaires regarding
plants cultivated and the chemicals and organic materials
used in the fields across the 12 studied villages revealed
that 75% of rice farmers used bispyribac sodium herbi-
cides, 25% used silica, 58% used humic acid, and 50%
employed superphosphate, 8.3% used sulfur, 83% utilized
urea, and 25% applied fertilizers. The use of organophos-
phorus and pyrethroid insecticides were observed in rice
fields and orchards, although this was limited to a few
areas. Specifically, pyrethroids, including cypermethrin
(EC 40%) and deltamethrin (EC 2.5%), were reported in
approximately 17% of the areas, respectively (Table 1).
Notably, no mosquito larvae were found in breeding hab-
itats that contained dragonfly nymphs or Gambusia fish,
both of them are natural predators of mosquito larvae
(Table 1).

The species exhibited varied reactions to organophos-
phorus and organochlorine insecticides, demonstrating
complete resistance to DDT while being sensitive to mal-
athion. They displayed similar responses to carbamate
and pyrethroid insecticides. Specifically, bendiocarb,
permethrin, and deltamethrin, tested in two repetitions,
resulted in mortality rates between 97 and 98% (Table 2).

Discussion

Iran launched a malaria elimination initiative in 2009,
aiming to achieve certification by 2025 [4, 25]. The pri-
mary strategies for controlling and preventing malaria
in the country consist of five key interventions: IRS in
households, distribution of free LLINs for all people at
risk of malaria, providing complimentary malaria diag-
nosis and treatment (active and passive case detection),
conducting emergency space fogging, and manipulating
or physically eliminating mosquito breeding places [26].
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Map of study areas, Khoda Afarin County, Northwest- Iran
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Fig. 1 Study area, Khoda-Afarin County, northwest of Iran
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Table 1 History of consumption of organic and chemical substances used in mosquito larval habitats in Khoda-Afarin, Iran, 2023

Village History of organic and chemical substances use Gambusia fish (G)/  Mosquito (genus)
dragonfly nymph
Herbicide Fertilizer Insecticide (D)
Hamrahlou Yes Urea No D Not identified
Khetay No No No None Not identified
Larijan Yes Yes (silica, humic acid, superphos-  Yes (cypermethrin EC 40%, G/D Not identified
phate, sulfur, urea, solupotasse) deltamethrin EC 2.5%, chlorpyrifos
40.8% EC, diazinon 8.3%)
Parvizkhanlou Yes Yes (humic acid, superphosphate,  Yes (cypermethrin EC 40%, G/D Not identified
urea) diazinon 8.3%)
Sharafeh No Yes (silica, superphosphate, urea)  No G/D Not identified
Mohammad Salehlou  Yes Yes (humic acid, urea) Yes (diazinon 8.3%) D Culex spp.
Anopheles spp.
Gungormaz Yes Yes (humic acid, superphosphate,  Yes (diazinon 8.3%) G/D Not identified
urea, solupotasse)
Jafar-Gholi-Ushaghi Yes Yes (humic acid, superphosphate,  Yes (diazinon 8.3%) G/D Not identified
urea)
Khalafbaiglou -e Sofla  No No No G/D Not identified
Khalafbaiglou-e Olya  Yes Yes (superphosphate, urea, No None Culex spp.
solupotasse) Anopheles spp.
Bagheroghluo Yes Yes (humic acid, urea) No G/D Not identified
Gholibaiglou Yes Yes (silica, humic acid, urea) No None Aedes spp.
Culiseta spp.

D =dragonfly nymph, G=gambusia fish

Table 2 Resistance status of Anopheles sacharovi to different insecticides in Khoda-Afarin County, Northwest Iran, 2023

Insecticide Test Exposure  Trial test Control
Repetition  time (H)*
Total (N)** Dead (N) Mortality (%) £SD*** Total (N) Dead (N) Mortality (%)+SD

DDT 4% 2 1 259 223 86.10+3.61 70 2 2/85+0.5
Permethrin 0.75% 1 1 98 96 97/96+5.2 52 0 0+0
Bendiocarb 0.1% 1 1 145 142 97/93+2.22 40 0 0£0
Deltamethrin 0.05% 2 1 222 216 97.3+2.34 64 2 3.12+0.2
Malathion 5% 1 1 103 103 100+0 35 0 0+0

“H: hour
" N: number

P

" standard deviation

Therefore, insecticide-based mosquito control remains
critically important in vector control strategies in this
country [9].

Currently, chemical control methods against malaria
vectors are limited to the southeastern regions of Iran
[27]. Major challenges in these infected areas stem from
the conflict in Afghanistan and the migration of a large
population into various parts of Iran in 2022, alongside
legal and illegal fuel trade with malaria-endemic regions
of Pakistan. This migration and trade have contributed to
the importation of malaria cases from neighboring coun-
tries, leading to the re-emergence of malaria in south-
eastern Iran. Some of these malaria reservoirs travel to

other provinces of Iran where potential malaria vectors
exist. therefore, health systems in these areas must be
prepared to deal with possible outbreaks [28, 29].

Anopheles sacharovi is a potential vector of malaria in
northwestern Iran, the anthropophily index of this spe-
cies is notably high (38.5%), and this species was identi-
fied as a crucial vector during malaria outbreaks in this
region [8].

The current research assesses the susceptibility of An.
sacharovi to various insecticides, including DDT, per-
methrin and deltamethrin, malathion, and bendiocarb in
Khoda-Afarin County, situated in East Azerbaijan Prov-
ince, northwestern Iran. Although pesticides such as
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cypermethrin EC 40% and deltamethrin EC 2.5% (pyre-
throids), along with chlorpyrifos EC 40.8% and diazinon
8.3% (organophosphates), are employed in rice fields for
agricultural pests control, but An. sacharovi remains sen-
sitive to permethrin, bendiocarb, and malathion, which
belong to the pyrethroid, carbamate, and organophos-
phate categories, respectively. Notably, this species shows
complete resistance to DDT in the study area.

Monitoring of insecticide resistance in An. sacha-
rovi has been conducted in various regions of northwest-
ern and southern Iran over the years. In the work carried
out, it was reported that in East Azerbaijan Province
(Kaleybar County that Khoda-Afarin was part of this
county historically) at 19 years ago, An.sacharovi exhib-
ited resistance to DDT, tolerance to dieldrin, and suscep-
tibility to malathion, permethrin, and deltamethrin [30].
In another investigation in this area, the susceptibility
of An.sacharovi to several insecticides (DDT 4%, mala-
thion 5%, permethrin 0.75%, dieldrin 0.4%, fenitrothion
1%, and deltamethrin 0.05%) was assessed, yielding simi-
lar results of resistance to DDT and tolerance to dieldrin,
while demonstrating susceptibility to the rest [31].

A study performed in West Azerbaijan Province, bor-
dering our study area, indicated that An.sacharovi was
resistant to DDT and tolerant to dieldrin, while remain-
ing susceptible to bendiocarb, cyfluthrin, deltamethrin,
fenitrothion, lambdacyhalothrin, permethrin, mala-
thion, propoxur, and etofenprox [32]. The findings of
our research align with those of other studies in East and
West Azerbaijan Provinces, showing that An.sacharovi is
resistant to DDT and sensitive to permethrin, deltame-
thrin, malathion, and bendiocarb. Unfortunately, due to
the unavailability of impregnated insecticide papers, we
could not assess the resistance status of An. sacharovi to
dieldrin.

In Ardabil Province, located to the northwest of Iran
and adjacent to our study area, An.sacharovi was resist-
ant to DDT [8], tolerant to permethrin 0.25% and del-
tamethrin 0.025%, and susceptible to malathion 5% and
propoxur 0.1% [27]. Other studies revealed that, this spe-
cies was resistant to both DDT and dieldrin, alongside
sensitivity to malathion, lambdacyhalothrin, propoxur,
deltamethrin, cyfluthrin, and bendiocarb in Ardabil
Province (8, 32].

Our research aligns with findings from Ardabil Prov-
ince, indicating that An. sacharovi exhibits resistance
to DDT [8] while remaining sensitive to malathion and
bendiocarb. However, in Ardabil Province this species
showed tolerance to permethrin and deltamethrin. It
seems that the reason for these differences is the wide-
spread use of insecticides to control the vectors of
zoonotic visceral Leishmaniasis in Ardabil province while
such an operation is not carried out in the studied area.
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In Fars Province, located in southwestern
Iran, An.sacharovi is susceptible to DDT 4% and resistant
to fenitrothion 1% [33]. The varying environmental con-
ditions between the southern and northwestern regions
of Iran can influence vector ecology and subsequently
interactions with insecticides.

Anopheles sacharovi is a primary malaria vector in
Turkey, particularly along Iran’s northwest border [34].
In Turkey, its susceptibility to various insecticide results
indicated that in regions like Adana, Antalya, and Adiy-
aman, this species was susceptible to malathion and
pirimiphos-methyl. In Aydin, it was also susceptible to
dieldrin, lambdacyhalothrin, and etofenprox, while in
Mugla it was sensitive to nearly all insecticides tested,
except for propoxur, bendiocarb, permethrin, deltame-
thrin, and DDT [35]. Unlike our findings, An. sacharovi
in Turkey shows resistance to permethrin, deltamethrin,
and bendiocarb. The differences may stem from the wide
distribution of An. sacharovi in Turkey, exposing it to
various insecticide groups used for both health and agri-
cultural purposes over extended periods [35].

Present study found use of various herbicides and fer-
tilizers, including silica, humic acid, superphosphate,
sulfur, urea, and solopotas, as well as pesticides such as
cypermethrin EC 40%, deltamethrin EC 2.5%, chlorpy-
rifos 40.8% EC, and diazinon 8.3%, in rice fields of the
studied region. The application of these substances varies
across different areas. However, we lacked the capacity to
laboratory test each of these products on An. sacharovi.

The application of insecticides, as well as biological and
chemical fertilizers in agricultural practices significantly
impacts the resistance of Anopheles mosquitoes [36].
Research in Africa has revealed that in regions with high
insecticide usage, resistance to commonly employed
insecticides, including pyrethroids, has increased. This
resistance diminishes the effectiveness of LLITs and
IRS, which are crucial for malaria control strategies [37].
Another study evaluated the effects of chemical and bio-
logical fertilizers on mosquito populations, finding that
chemical fertilizers heightened the abundance of mos-
quito larvae in rice fields, thus potentially increasing
malaria transmission risks [36, 38]. Conversely, biological
fertilizers such as organic matter or compost did not sub-
stantially affect mosquito numbers. While agricultural
practices influence mosquito populations, they are just
one several factors contributing to malaria transmission
[36, 39] and other critical factors include climate, human
behavior, and healthcare access [11-13]. A Kenyan study
also linked the use of chemical fertilizers to increased
resistance to pyrethroid insecticides in Anopheles mos-
quitoes [40].

In our study area, no mosquito larvae were caught
in the habitats containing Gambusia fish, and the
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abundance of mosquito larvae was very low in the habi-
tats with dragonfly nymphs. The use of Gambusia fish
is effective in controlling the larvae of malaria vectors,
and other mosquito genera [41, 42]. For example, a study
illustrated that introducing Gambusia into water bodies
notably reduced Anopheles mosquito populations, the
primary malaria vector [43]. Another study in Iran dem-
onstrated that integrating Gambusia fish with insecti-
cide-treated bed nets significantly reduced malaria cases
[44]. A study conducted in Africa showed that Culex
mosquitoes avoid laying their egg rafts in containers con-
taining predatory fish [45].

Research in Thailand also noted that introducing
dragonflies in rice fields substantially diminished Aedes
mosquito populations, which are the primary vectors of
dengue fever [46]. In Malaysia, dragonfly presence in res-
idential places correlated with reduced Aedes populations
and lower dengue incidence [47]. Mosquitoes receive
predator-released kairomones (PRKs) and therefore
avoid laying eggs in larval habitats containing these pred-
ators. [48, 49]. These findings suggest that the chemical
compounds produced by predators can serve as an envi-
ronmentally friendly method for controlling mosquito
populations [49].

To mitigate insecticide resistance among mosquitoes,
health systems could adopt alternative control methods
such as biological strategies. In this study, breeding sites
with predators yielded no mosquito larvae, likely due to
two reasons: direct predation by the predators and avoid-
ing female mosquitoes from laying eggs in predator-rich
breeding habitats [42]. However, natural enemies can
effectively control mosquito’s larvae without side effects
on environment and non-target organisms [17, 45, 50].

The findings from this study underscore the impor-
tance of ongoing insecticide resistance monitoring and
the integration of sustainable control methods in malaria
vector management. By demonstrating An. sacharovi’s
resistance to DDT and sensitivity to alternative insecti-
cides, as well as the effectiveness of natural predators like
Gambusia fish and dragonfly nymphs, this research sup-
ports the need for adaptive and multifaceted strategies in
malaria control. Such strategies are vital for mitigating
the impact of climate change, urbanization, and cross-
border malaria transmission, thereby enhancing public
health efforts in Iran and similar regions.

Conclusions

This study examines the susceptibility and resistance
status of Anopheles sacharovi to various insecticides in
East Azerbaijan Province, Iran. It highlights the complete
resistance of this mosquito species to DDT while retain-
ing sensitivity to malathion, bendiocarb, and certain
pyrethroids. These findings underscore the urgent need
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for innovative malaria control strategies. Understand-
ing the impact of agricultural pesticides and mosquito
behavior is crucial for addressing management chal-
lenges. To effectively reduce mosquito populations and
prevent the spread of vector-borne diseases, new control
methods, particularly the integration of natural preda-
tors like Gambusia fish and dragonfly nymphs, should be
emphasized. Continuous monitoring and research into
resistance mechanisms are essential for enhancing pub-
lic health initiatives against malaria and other mosquito-
borne diseases.
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