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ARTICLE INFO ABSTRACT

Keywords: Introduction: Although house flies (Musca domestica) do not directly cause disease in humans, they

Knockdown _reSiS_tance_ ) transmit pathogens to them, which provide the basis for many diseases. The main way to deal

grga"gcmorme insecticide with this insect is to use insecticides. Due to the resistance from insecticides, the fight against
ousefly

house flies has been hampered. This study aimed to determine the prevalence of knockdown
resistance against organochlorine insecticides in house flies worldwide.

Methods: This study was conducted via a systematic review and meta-analysis to investigate the
prevalence of knockdown resistance against organochlorine insecticides in house flies. Accord-
ingly, by searching the databases of Web of Science, PubMed, Scopus, Proquest, Bioone, and
Embase, all published articles were extracted, and reviewed until the end of May 2022. Statistical
data analysis was performed using the random-effects model in the meta-analysis, meta-regres-
sion, and 1% index.

Results: Nine studies entered the meta-analysis process. Based on this, the prevalence of knock-
down resistance against organochlorine insecticide in house flies was estimated to be 49.1%.
Meta-regression showed that the prevalence of knockdown resistance increased with increasing
years of study but decreased with increasing sample size.

Conclusion: According to the findings, about 50% of house flies have knockdown resistance
against organochlorine insecticide. As a result, it is necessary to adopt effective and combined
methods to combat this insect to control it and prevent the transmission of diseases caused by it.

Musca domestica

1. Introduction

Vector-borne diseases are one of the leading causes of disease and mortality in humans, especially in tropical and subtropical
regions of the world. One of these vectors that have been present in the human environment for many years and have caused the
transmission of many diseases to humans is the housefly (Musca domestica). Domestic flies are the most common and widespread
species of flies in the world and are found in urban and rural areas with tropical and temperate climates (Khamesipour et al., 2018;
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Ommi et al., 2015).

House flies are found in places where humans are active, such as farms, poultry farms, restaurants, hospitals, food markets,
slaughterhouses, and food centers, which are a nuisance to humans, poultry, livestock, and other farm animals (Awache and Farouk,
2016). House flies also carry many pathogens that can cause serious and deadly diseases in humans and animals. This insect carries
pathogens such as viruses, bacteria, fungi, and parasites (Bahrndorff et al., 2017; Tsagaan and Okado, 2015). House flies feed and
reproduce on human feces, animal manure, carrion, and decaying organic matter. Therefore, they are closely related to various
microorganisms.

As aresult, the constant movement of house flies between breeding sites and human life can lead to the transmission of pathogens to
humans and animals. Flies also carry antimicrobial-resistant bacteria and fungi in hospitals and animal farms and have been linked to
the transmission of nosocomial infections (Sarwar, 2015; Nazari et al., 2017). Consequently, control of this vector is of particular
importance. One of the ways to prevent the transmission of these diseases by vectors is to control them through the use of insecticides
and this measure has played a key role in controlling and preventing the transmission of infectious diseases such as dengue fever,
malaria, and leishmaniasis (Rivero et al., 2010).

The widespread and improper use of insecticides and incomplete treatment can lead to resistance. It inactivates the insecticide and
limits the options available to control disease (Toloza et al., 2014). Resistance to a variety of insecticides has been reported in most
species of insects that are major vectors of human diseases. So resistance to insecticides has been considered a serious public health
challenge in the world (Organization WH, 2006).

Insecticide resistance is a phenotypic and genotypic feature of insect survival. So far, four types of mechanisms have been identified
for resistance to chemical insecticides, including metabolic resistance, resistance at the target site, resistance to penetration, and
behavioral resistance (Hemingway and Ranson, 2000). Metabolic resistance involves the isolation, metabolism, or detoxification of
insecticides through the overproduction of specific enzymes such as carboxylesterases, glutathione-S-transferases, and cytochrome
monooxygenase, which are often overproduced through two non-specific mechanisms. Gene amplification increases the number of
copies of a gene and gene expression occurs through changes in the promoter region or mutations in trans-regulatory genes.

Resistance at the target site is created by point mutations that make the real targets of an insecticide less sensitive to the active
substance. Most insecticides with a nervous mechanism are used to target one of the following three targets: acetylcholinesterase,
gamma-aminobutyric acid (GABA) receptors, or sodium channels. Acetylcholinesterase is the target of organophosphate and carba-
mate insecticides. GABA receptors are the main target of organochlorine insecticides, and sodium channels are the target of pyrethroid
and organochlorine insecticides. As a result, resistance in the target area causes resistance against these insecticides (Rivero et al.,
2010).

Penetrance resistance includes resistance to insecticide penetration from the skin and cuticle wall of insects into their lymph and
body. Lipophilic insecticides, such as pyrethroids, penetrate the cuticle through the shell and, after passing through this barrier, are
transported by the hemolymph to the target organs where they accumulate, metabolize, or excrete (Pan et al., 2009). In resistant
insects, cuticle proteins are secreted by the epidermis directly into the cuticle and covalently joined together to form a fixed, sclerotic
cuticle. The thickness of the cuticle also changes as the insect grows or ages (Andersen, 2010; Wood et al., 2010). According to one
hypothesis, the enzyme laccase is involved in sclerotia of the cuticle in insects and makes the cuticle impermeable to insecticides even
at high concentrations. In insects, resistance to insecticides can be attributed to lower penetration rates due to higher protein and fat
content of the cuticle or more sclerosis (Pan et al., 2009; Arakane et al., 2005).

Finally, behavioral resistance involves changing the behavior of the vector to reduce exposure to insecticides, such as leaving the
site or cutting off feeding (Zalucki and Furlong, 2017).

The mainstay of the vector program is four classes of insecticides, including organochlorines, organophosphates, carbamates, and
pyrethroids (Organization WH, 2006). These insecticides, especially organochlorines and pyrethroids, often kill vectors by acting on
sodium channels and disrupting the opening and closing of sodium channels (Dong, 2007; Rinkevich et al., 2013). As a result,
resistance in these target areas leads to resistance to insecticides. One of the main mechanisms of resistance to organochlorines and
pyrethroids is the insensitivity of the target site due to mutations in voltage-sensitive sodium channel gene (VSSC). The first and most
important mutation in VSSC is known as knockdown resistance (kdr). So far, more than 50 mutations in the sodium channel or a
combination of mutations have been reported that are related to or responsible for kdr allele in vectors of various diseases. Kdr
mutations reduce neuronal sensitivity to pyrethroids in insects (Rinkevich et al., 2013; Rinkevich et al., 2012; Firooziyan et al., 2017).
Studies have also identified this resistance in house flies. Two mutations, L1014H (kdr-his) and M918T + L1014F (super-kdr), which
are also related to kdr, have been identified in house flies that have provided resistance to treatment against pyrethroids (Dong, 2007;
Rinkevich et al., 2013).

Considering the importance of resistance of house flies against insecticides to control this disease vector, determining the preva-
lence of resistance in this insect can be necessary for the control and use of appropriate insecticides to combat it. Therefore, the present
study aimed to determine the prevalence of kdr allele in house flies against organochlorine insecticides worldwide via a systematic
review and meta-analysis.

2. Material and methods

This study was conducted via a systematic review and meta-analysis on the prevalence of kdr in house flies against organochlorine
insecticides worldwide based on the Prism guideline for systematic review and meta-analysis studies (Moher et al., 2015). Two re-
searchers independently performed all stages of the research including scientific databases, selection of studies, quality assessment of
articles, and data extraction. This study was registered in the international prospective register of systematic review (PROSPERO) with
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Fig. 1. The PRISMA flow diagram.

the code CRD42021231598.

2.1. Search for articles

In the search, all English language articles published without a time limit until the end of May 2022 were extracted during searches
in the databases of Web of Science, PubMed, Scopus, Proquest, Bioone, and Embase. All articles with medical subject headings (Mesh)
and the keywords knockdown resistance, KDR, Organochlorine, insecticide, Scabecide, chlorophenyl, dichloro, ethane, ethyl phenyl,
benzene, chlorobenzene, trichloroethylene, housefly and Musca domestica in the title, abstract and full text of the articles. Single and

combined forms were searched using the AND and OR operators.

2.2. Inclusion and exclusion criteria

Articles with the following criteria of publications in English language format, on resistance in house flies, kdr survey, resistance to
organochlorine insecticides, data acquisition to estimate the prevalence of resistance, and optimal quality, were included in the study.
In contrast, articles that were related to other classes of insecticides, review, meta-analysis, case report, or series of cases articles, which

did not fulfill the inclusion criteria were excluded from the study.

(Full-text articles excluded,\

with reasons (n = 596):

They did not have the data
for the title and abstract
screening lacking studies on
organochlorine insecticide
(562); not reporting or
estimating the prevalence.

(34).
J
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Table 1
Characteristic of studies included in the systematic review and meta-analysis.
Authors (Ref.) Year of study Place of study Sample size Detected kdr allele Prevalence of kdr (%)
Cao XM (Cao et al., 2006) 2006 China 33 21 63.6
Kristensen (Kristensen, 2005) 2005 Denmark 31 23 74.2
Hamm (Hamm et al., 2005) 2005 USA 86 38 44.2
Foster SP (Foster et al., 2003) 2003 England and mainland Europe 22 12 54.5
Learmount (Learmount et al., 2002) 2002 England 19 3 15.8
Pittendrigh (Pittendrigh et al., 1997) 1997 USA 12 6 50.0
Williamson (Williamson et al., 1996) 1996 England 14 9 64.3
Knipple (Knipple et al., 1994) 1994 New York 456 228 50.0
Williamson (Williamson et al., 1993) 1993 England 288 105 46.1
%
Study ES (95% CI) Weight
]
I
Foster SP (2003, England and mainland Europe) —_— 0.545 (0.347, 0.731) 897
I
1
Knipple DC (1994, New York) -- 0.500 (0.454, 0.546) 15.56
I
'
Learmount J (2002, England) —— : 0.158 (0.055, 0.376) 10.79
'
1
Pittendrigh B (1997, USA) + 0.500 (0.254, 0.746) 6.51
1
Williamson MS (1996, England) —l—.— 0.643 (0.388, 0.837) 7.46
1
i
Williamson MS (1993, England) - " 0.365 (0.311, 0.422) 15.29
'
I
Kristensen M (2005, Denmark) ; —— 0.742 (0.568, 0.863) 1123
I
1
CAO XM (2006, China) —a 0.636 (0.466, 0.778) 10.78
1
Hamm RL (2005, USA) —— 0.442 (0.342, 0.547) 13.42
'
Overall (12 =83.143%, p = 0.000) @ 0.491 (0.398, 0.585) 100.00
]
'
1
;
I I |
005 5 1

Fig. 2. Pooled prevalence rate of kdr allele based on a random-effects model.
2.3. Quality assessment

The Strobe checklist (Strengthening the Reporting of Observational Studies in Epidemiology) was used to evaluate the quality of the
articles (Von Elm et al., 2014). This checklist has 22 sections in the fields of title, abstract, introduction, objectives, study method,
inclusion and exclusion criteria, sample size, study group, results, and limitations, which are scored based on the importance of each
section. The minimum and maximum scores that can be obtained by this checklist are 15 and 33. In this study, the minimum acceptable
score was 20 (Bazyar et al., 2018).

2.4. Extracting the data

First, the articles were reviewed by two researchers independently by reviewing the title and abstract by considering the inclusion
and exclusion criteria. Then, full text articles were reviewed by these researchers and in case of rejection of the articles by two people,
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Fig. 3. Funnel plot of the kdr allele prevalence.

the reason was mentioned and in case of disagreement between them, the article was judged by a third person. Data were extracted
using a pre-prepared checklist that included study location, study time, study population, the prevalence of kdr resistance, and the
proportion of different types of kdr resistance.

2.5. Selection of studies

Based on the search results in scientific databases, 14,536 articles were extracted. The extracted articles were entered into Endnote
software and after reviewing the title and abstract, 9012 articles were excluded due to duplication and 4919 articles were excluded due
to irrelevance from the title and abstract screening. Then, the full text of the reviewed articles and 596 articles were excluded due to the
lack of prevalence of kdr resistance or resistance to organochlorine insecticides, and 9 articles which met the inclusion and exclusion
criteria entered the systematic review and meta-analysis process (Fig. 1).

2.6. Statistical analysis

The random-effects model was used to combine the results in heterogeneous studies and the fixed effects model in the meta-analysis
was used in homogeneous studies. Heterogeneity of studies using Cochran’s test and I? index, publication bias using funnel plot and
Egger test, and investigation of the relationship between the year of study and the prevalence of meta-regression were also used.
Statistical analysis of data was conducted using STATA ver.14 software.

3. Results

Nine studies (Cao et al., 2006; Kristensen, 2005; Hamm et al., 2005; Foster et al., 2003; Learmount et al., 2002; Pittendrigh et al.,
1997; Williamson et al., 1996; Williamson et al., 1993; Knipple et al., 1994) with a sample size of 961 house flies that were conducted
between 1993 and 2006 were included in the meta-analysis process. The specifications of the reviewed articles were presented in
Table 1. Apart from a study in China, all the remaining papers were attributed to the western world.

Based on the findings of a meta-analysis of nine studies, the prevalence of kdr allele against organochlorine insecticides in house
flies was estimated to be 49.1% (95% CI: 39.8-58.5) (Fig. 2). The prevalence of kdr in these studies showed that the highest prevalence
of kdr mutation was related to those in Denmark (2005) (Kristensen, 2005) and then China (2006) (Cao et al., 2006), and the lowest
prevalence was related to the study in England (2002) (Learmount et al., 2002). This low prevalence was mainly due to the scarce
sample size in the named study. However, in studies conducted in previous years in England, the prevalence was higher, which could
be due to changes in the method of diagnosis and treatment or differences in the method of sampling.

Fig. 2: Pooled prevalence rate of kdr-based mutation on a random-effects model. The midpoint of each line segment shows the
prevalence estimate, the length of the line segment indicates the 95% confidence interval in each study, and the diamond mark il-
lustrates the pooled prevalence of kdr allele.

Funnel plot and Egger’s test were used to examine the publication bias. Due to the symmetry of the funnel plot and the presence of
articles in the range of the plot, it can be mentioned that publication bias did not occur, which was confirmed due to the insignificance
of Egger’s test (P = 0.1) (Fig. 3). Meta-regression was also used to investigate the relationship between study year and sample size with
kdr allele prevalence. Regarding the year of the study, the findings showed that with the increase of the year of the study, the
prevalence of kdr mutation had increased, which reflected that the prevalence of kdr allele had increased in recent years compared to
the past and resistance was expanding (Fig. 4). Regarding the relationship between prevalence and sample size, it was observed that
with increasing sample size, the prevalence decreased, which indicated that increasing the sample size was important in determining
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Fig. 5. Meta-regression plot of the kdr allele prevalence based on the sample size.
the prevalence (Fig. 5).
4. Discussion

The findings of the present meta-analysis showed that about half of the house flies were resistant to organochlorine insecticides. As
a result, this resistance leads to a decrease in the effectiveness of controlling this insect. House flies can transmit numerous pathogens
including viruses, bacteria, fungi, protozoa and helminths to humans due to their indiscriminate habits of defecation, vomiting and
frequent contact with a plethora of other unhygienic matter. Their crucial resistance to almost all organochlorine insecticides is further
exacerbated by their cross-resistance to the pyrethroid- and pyrethrin-based insecticides due to their analogical mode of actions on the
house fly nerves (Mohammadi et al., 2021).

A study by Wang et al. (2019) in China examined the resistance of house flies to five insecticides of permethrin, deltamethrin, beta-
cypermethrin, propoxur, and dichlorvos. Resistance to the insecticide permethrin, deltamethrin, and beta-cypermethrin was found to
be common among house flies but was still highly sensitive to dichlorvos. Resistance to deltamethrin and propoxur increased in 2017
compared to 2011 and 2014. It is noteworthy that in this study, resistance to permethrin, deltamethrin, beta-cypermethrin, and
propoxur were correlated with each other, and resistance to dichlorvos and beta-cypermethrin were related (Wang et al., 2019).

In a study by Kaufman et al. (2009) in Florida, a significant proportion of house flies were resistant to pyrethroid insecticides. In this
study, it was found that resistance to insecticides that were used less was lower (Kaufman et al., 2010). In a study by Li et al. (2018) in
China, they studied the resistance of house flies to seven insecticides: propoxur, cypermethrin, imidacloprid, indoxacarb, chlorpyrifos,
fipronil, and chlorfenapyr. According to their findings, house flies were resistant to all types of insecticides. The simultaneous use of
insecticides increased the toxicity to kill house flies. The mechanism of resistance in house flies was investigated and it was observed
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that the mechanisms of monooxygenases, esterases, and glutathione-S-transferase were involved in the development of resistance (Li
et al., 2018).

Freeman et al. (2019) in the United States investigated the resistance of voltage-sensitive sodium channels to three insecticides
permethrin, tetrachlorvinphos, and methomyl, which fall into three categories: pyrethroids, organophosphates, and carbamates. These
findings showed that the prevalence of resistance in house flies varied based on the geographical location. New Mexico and Utah had
the lowest, while Kansas had the highest resistance to the toxins. Resistance has also increased over the past 10 years and expanded
across the United States (Freeman et al., 2019).

A study by Sun et al. (2016) investigated the levels of different types of kdr allele resistance in house flies against 19 types of
insecticides. The results showed that kdr-his resistance levels were similar in all 19 insecticides but varied significantly for kdr allele
resistance. In 16 types of insecticides, super-kdr resistance levels were higher than kdr allele, and in three types of insecticides, kdr
resistance levels were higher than super-kdr, which indicated that super-kdr resistance levels are not always higher. The results of the
study of resistance levels in heterozygotes also showed that resistance in hybrids was inherited as a defective trait, but in kdr-his/kdr
hybrids, it showed imperfect inheritance to complete resistance (Sun et al., 2016).

In a study by Mazzoni et al. (2015) in Italy, bioassays showed the resistance of house flies to pyrethroid insecticides. kdr and s-kdr
resistances were observed in them (Mazzoni et al., 2015). In general, in most parts of the world, kdr allele resistance has been observed
against various insecticides, especially organochlorine and pyrethroid insecticides. The use of new and effective insecticides is required
to replace insecticides that are no longer effective, or the combined use of several types of insecticides, as well as new effective methods
of prevention and control.

4.1. Limitations

Limitations of the study included the different times of studies that could affect the prevalence, the heterogeneity between studies,
and the low number of studies partly emanating from the inability to use non-English language papers. A major discrepancy involved
the survey of various house fly lineages (clades) spread over different geographical regions.

5. Conclusions

Results showed that about half of house flies have kdr allele against organochlorine toxins. The existence of high resistance
indicated the inability of organochlorine insecticides to curb this insect. Accordingly, it is recommended to use effective and combined
methods or new insecticides to fight and control it. It is also suggested that studies be performed to evaluate the combined effect of
organochlorine insecticides and their interactions with resistant house flies.

Declaration of Competing Interest
None is declared.
Appendix A. Supplementary data
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