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Abstract
The stable fly, Stomoxys calcitrans, is a globally important pest causing stress, economic losses and transmission of patho-
gens in livestock. Control on commercial farms relies predominantly on the use of insecticides, with pyrethroids being the 
most frequently used class of insecticides in industrialised countries. Here, laboratory isolates were obtained from four dairy 
farms in Brandenburg (Germany) and tested for phenotypic resistance to deltamethrin in comparison to a susceptible refer-
ence isolate using topical application. Individual flies were subsequently genotyped using allele-specific real-time PCRs. 
Phenotypic resistance was observed in all four field isolates with resistance ratios between 46 and 119 compared to the 
susceptible laboratory strain. At position 1014 of the voltage-sensitive sodium channel, allele-specific PCRs detected the 
wild-type, kdr-his and kdr genotypes encoding leucine, histidine and phenylalanine, respectively. In the susceptible labora-
tory isolate, only the wild-type was identified. On the farms with very high LD50 values, the kdr variant was most prevalent 
and logistic regression analysis revealed that the kdr variant increased the odds to survive exposure to deltamethrin more 
than the kdr-his genotype. Flies carrying two resistance alleles were less susceptible than flies that also carried one wild-
type allele. In three out of four field isolates, the allele frequencies were significantly different from the expectations of the 
Hardy–Weinberg equilibrium suggesting ongoing selection. The data show that the phenotype can be largely explained by 
the kdr genotype and represent high frequencies of the L1014F kdr and L1014H kdr-his variants conferring high levels of 
resistance in northern Germany.
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Key messages

•	 Higher levels of deltamethrin resistance detected in phe-
notypic tests than in previous studies

•	 Polymorphisms L1014H (kdr-his) and L1014F (kdr) 
detected in all four field isolates

•	 High levels of phenotypic resistance were associated with 
the L1014F (kdr) variant

•	 Three out of four populations showed a significant devia-
tion from the Hardy-Weinberg equilibrium

•	 There is evidence for ongoing selection for more pyre-
throid resistant genotypes

Introduction

Stable flies (Stomoxys calcitrans Linnaeus, 1758) are blood 
feeding muscid flies. With a population peak in summer, they 
represent an important seasonal pest of livestock in central 
Europe. Stable flies feed on farm and companion animals, 
as well as humans, and their bites are quite painful. This 
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causes stress for cattle and farm workers, which together 
with skin irritations and blood loss result in high economic 
losses in dairy production (Taylor et al. 2012). Particularly 
in (sub)tropical regions, S. calcitrans is also relevant as a 
mechanical vector of pathogens such as Trypanosoma spp., 
Brucella spp., equine infectious anaemia virus, and African 
horse sickness virus. In Europe, it might also contribute to 
the range expansion observed for Besnoitia besnoiti (Balda-
cchino et al. 2013; EFSA 2010; Gollnick et al. 2015; Issel 
and Foil 2015).

The use of chemical insecticides, preferably belonging to 
the group of synthetic pyrethroids, has been the most widely 
used strategy in fly control since highly potent compounds 
such as permethrin, deltamethrin and cypermethrin were 
introduced to the market in the 1970s. Pyrethroids are avail-
able in various formulations as veterinary medicinal prod-
ucts, pesticides and biocides. The target site of pyrethroids 
is the voltage-sensitive sodium channel (vssc) in nerve 
membranes of the insects (Narahashi 1996, 2002; Soder-
lund 2012). Similar to mammals, vssc channels of insects 
contain an α-subunit that forms the pore and is composed of 
four different domains (I–IV). Each domain consists of six 
transmembrane segments (S1–6) (Ingles et al. 1996; Salkoff 
et al. 1987). By regulating the sodium influx into the nerve 
cell, sodium channels play a fundamental role in the ini-
tiation and propagation of the action potential. By binding 
to the channel, pyrethroids cause it to be in a permanently 
open state, leading to a persistent membrane depolarisation 
(Narahashi 1986; Wang and Wang 2003). This disrupts the 
action potential and causes a state of permanent hyperactiva-
tion, leading to convulsions and paralysis of insects immedi-
ately after contact—the so called “knockdown-effect”—and 
finally death.

As a result of the intense use of pyrethroids over several 
decades, accompanied by misuse and mismanagement, a wide 
range of insect species developed resistance against multiple 
pyrethroids (Scott 2017). Besides cytochrome P450-associated 
metabolic effects for detoxification (Gao et al. 2012; Liu and 
Yue 2000) and changes in the composition of the cuticle that 
decreases penetration of the drug (Koganemaru et al. 2013), 
single nucleotide polymorphisms (SNPs) in the vssc gene 
are known to directly cause a pyrethroid resistant phenotype 
(Davies et al. 2007; Dong 2007; Rinkevich et al. 2013a, b; 
Smith et al. 1997). Both the L1014F knockdown resistance 
(kdr) and the L1014H kdr-his point mutations located in the 
S6 transmembrane helix of domain II of the vssc channel were 
first detected in the house fly Musca domestica and are associ-
ated with pyrethroid resistance caused by a reduced binding 
affinity between pyrethoids and the vssc target-site (Rink-
evich et al. 2006; Smith et al. 1997; Williamson et al. 1993, 
1996). The kdr mutation is associated with higher resistance 
levels than kdr-his (Rinkevich et al. 2006), but even higher 
levels of resistance are caused by the super-kdr (M918T) 

polymorphism, which has been only detected in combination 
with the kdr mutation (Lee et al. 1999; Williamson et al. 1996).

Remarkably, numerous kdr-type mutations have been iden-
tified at different positions in the vssc channel genes of several 
insect species, including the major malaria vector Anophe-
les gambiae (Dong 2007; Martinez-Torres et al. 1998; Scott 
2019), the house fly M. domestica (Roca-Acevedo et al. 2023) 
and the aphid Myzus persicae (Panini et al. 2015). Recently, 
homologous kdr and kdr-his polymorphisms were also identi-
fied in stable fly populations from the USA, France, Costa 
Rica and Thailand, but super-kdr comparable mutations could 
not be found (Olafson et al. 2019). In Germany, pyrethroid 
resistance-associated mutations in stable flies have not been 
described. However, a previous publication demonstrated the 
frequent occurrence of phenotypically deltamethrin-resistant 
stable fly populations (Reissert-Oppermann et al. 2019). To 
elucidate whether these phenotypic changes are associated 
with similar genetic changes as identified for S. calcitrans in 
other geographical areas, the present study aimed to provide a 
detailed phenotypic and genotypic characterisation of S. calci-
trans isolates from farms in the federal state of Brandenburg, 
Germany.

Since methods to test for resistance are important prerequi-
sites for minimising the emergence and spread of resistance, 
molecular biological assays are urgently required. To this end, 
marker detection assays based on allele-specific PCR have 
previously been developed (Huang et al. 2004). Both kdr and 
kdr-his induce an amino acid substitution at position 1014. 
However, they are based on single nucleotide polymorphisms 
at different positions in the codon (wild-type: CTT, kdr: TTT, 
kdr-his: CAT) and both polymorphisms can be found in the 
same individual when analysing a heterozygous genotype. 
Therefore, a very sensitive method is required to differentiate 
between these genotypes. Allele-specific PCR has proven to be 
a reliable method for detecting kdr-type mutations in several 
insect species, including S. calcitrans (Olafson et al. 2019).

In previous phenotypic tests, a topical application method 
was used to determine the LD50 for deltamethrin as it is more 
sensitive than insecticide exposure on filter paper or glass Petri 
dishes (Maron et al. 1997). Since there have been no previous 
reports of differences in the level of resistance in stable flies 
due to the expression of kdr alleles, this was further inves-
tigated in the current study by comparing the results of the 
phenotypic and genotypic analysis for individual flies from a 
susceptible reference strain and four field isolates.

Materials and methods

Flies

Approximately 200 stable flies were collected from each 
of four dairy farms in the federal state of Brandenburg, 
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Germany that previously showed the presence of stable 
flies with high levels of insecticide resistance (Reissert-
Oppermann et al. 2019). Samples were collected in July (all 
four farms) and again October (only farm Spa) 2018 using 
manual catching with nets. Field populations were colonised 
under laboratory conditions with a natural light cycle using a 
previously established rearing method (Reissert-Oppermann 
et al. 2019). In brief, adult fly populations were separately 
kept in metal framed and gauze covered rearing cages. The 
total internal volume of each cage was 18.5 l, and in each 
cage, tap water was provided in cotton pad plugged 250 mL 
cell culture bottles. The imagines were fed daily with cit-
rated (3.13%) bovine blood, which was freshly collected 
every seven to nine days from a local abattoir. The blood 
was stored at 4 °C and reheated to 37 °C before being offered 
on soaked cotton pads to the flies in the cage. For oviposi-
tion, a fermented medium of lucerne meal, shredded wheat 
bran, dry yeast, sugar, and tap water was placed in 500 ml 
plastic cups in the cages. After the larval stages completed 
their development in this rearing medium, the pupae were 
hand-picked and washed in tap water before transfer to a new 
cage for hatching.

From the originally collected flies (F0 generation), three 
descendent generations (F1-F3) were obtained. In addition to 
the four field strains (Bah, Gos, Schl, Spa), a pyrethroid sus-
ceptible laboratory strain ‘MSD’, kindly provided by MSD 
Animal Health Innovation GmbH (Schwabenheim, Ger-
many), was reared as reference. The susceptible strain was 
originally isolated by the Hoechst AG in Frankfurt, Germany 
and has been further cultured in the laboratory by MSD Ani-
mal Health since the 1990s. The F1 to F3 generations from 
the isolates were used in phenotypic and genotypic analyses 
in this study.

Determination of LD50 for deltamethrin

The 50% lethal dose (LD50) of deltamethrin was determined 
for the field strains and the MSD reference strain using a top-
ical application method. The testing solution, deltamethrin 
Pestanal® (Sigma-Aldrich) diluted in acetone, was prepared 
at concentrations of 0 ng, 0.1 ng, 0.3 ng, 1 ng, 3 ng, 10 ng, 
30 ng, 100 ng, and 1000 ng deltamethrin/µl. The selection 
of the dosages was based on the LD95 calculations for del-
tamethrin from a previous study, which reported a LD95 of 
2.34 ng/µl for the susceptible MSD reference strain (Reis-
sert-Oppermann et al. 2019).

For testing the deltamethrin susceptibility, three- to eight-
day-old female and male S. calcitrans imagines were cap-
tured by hand from the cage with a glass test tube and cooled 
on ice for seven minutes to induce a temporary paralysis. 
The test solution (1 µl) was then applied on the dorsal side 
of the thorax using an electronic pipette EDOS 5222 (Eppen-
dorf Company Germany GmbH, Wesseling-Berzdorf). For 

each isolate and each drug concentration between 10 and 
30 flies were used, separated in three groups of usually ten 
individuals. Each batch of ten flies from the same isolate 
exposed to the same drug concentration was then placed 
in a separate 500 ml plastic container for further observa-
tion. Each plastic container contained a test tube with a 
10% sucrose in water solution that was sealed with cotton 
soaked in the sugar mixture. Individual flies were evalu-
ated and scored as paralysed or non-paralysed at 48 h after 
drug exposure. Thereafter, the flies were frozen and stored 
at − 20 °C for further analysis. For this purpose, paralysed 
and non-paralysed flies from each batch of ten flies were 
stored separately.

Initial identification of kdr and super‑kdr genotypes

Individual stable fly heads (N = 29) collected from pheno-
typically resistant flies from nine dairy farms during a pre-
vious study (Reissert-Oppermann et al. 2019), were used 
for RNA isolation (Direct-zol™RNA Miniprep Plus, Zymo 
Research Europe GmbH) and subsequent cDNA synthesis 
using the Maxima First Strand cDNA Synthesis Kit (Thermo 
Scientific) following the manufacturer’s protocol. In brief, 
5 µl of undiluted RNA template was reverse transcribed 
using 0.25 nM random hexamer primers, 10 nM dNTPs, 
8 µl nuclease-free water, mixed with 1 µl Maxima H Minus 
Enzyme Mix and 4 µl 5 × RT Buffer to a total volume of 
20 µl. Reactions were incubated at 25 °C for 10 min followed 
by 30 min at 50 °C. Finally, enzymes were inactivated by 
incubation at 85 °C for 5 min and cooled down to 4 °C for 
10 min and cDNA products were stored at − 20 °C.

A 600 bp fragment spanning the region that contained 
the potential kdr, kdr-his and super-kdr point mutations was 
amplified using Phusion Hot Start II High-Fidelity DNA 
Polymerase (Thermo Scientific) with primer pair StcalVG-
SC2651for (GGA​ACA​TTT​TCG​ATT​TCA​TTA​TCG​TTG​
CCT​TG) and StcalVGSC3250rev (AAC​AAT​CGG​CAA​
TAT​TAC​GTT​TCA​CCC​AGT​TC). The final reaction mix 
contained 2 µM dNTPs, 0.4 µM of each primer and 0.2 U/
µl Phusion Hot Start II High-Fidelity Polymerase and 2.5 µl 
cDNA Template in 25 µl 1 × Phusion HF buffer. The PCR 
program consisted of an initial denaturation at 95 °C for 
30 s followed by 35 cycles of 98 °C for 7 s, 67 °C for 10 s 
and 72 °C for 18 s with a final extension at 72 °C for 5 min. 
PCR products were analysed by agarose gel electrophoresis 
and cleaned with the DNA Clean and Concentrator 5 Kit 
(Zymo Research) using DEPC-H2O for elution. Cleaned 
samples were sequenced by LGC Genomics (Berlin, Ger-
many) and sequencing results were viewed as chromato-
grams in BioEdit software (Hall 1999). The positions of 
kdr and super-kdr codons were identified manually and 
the genotype in these codons was determined and potential 
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polymorphisms based on differences between samples and 
double peaks were identified.

Allele‑specific PCRs

To detect wild-type (L), kdr (F) and kdr-his (H) alleles in 
individual S. calcitrans three specific forward primers were 
designed, each differing by the nucleotide at the immediate 
3′ terminus and combined with a common reverse primer 
(Table 1). The GoTaq® qPCR Master Mix Kit (Promega 
GmbH), which contains a hot-start Taq polymerase and 
the double-stranded DNA-specific fluorescent dye BRYT 
Green® was used for the allele-specific PCRs. Annealing 
temperatures were optimised to minimise cross-reactivity 
of primer pairs with non-target alleles of the vssc gene. For 
this purpose, each primer combination was tested against a 
template plasmid containing the respective genomic DNA 
sequence with the different polymorphisms. Plasmid tem-
plates were obtained through an additional PCR, in which 
DNA isolated from the remaining body of fly head samples 
previously used for genotyping was amplified, followed by 
cloning and sequencing.

In the final PCR protocol, 25 µL of the 1 × GoTaq PCR 
Master Mix, containing 0.4 µM of the specific forward 
primer and of the common reverse primer and 1 pg plasmid 
DNA (1 pg/µl) sample were used. All allele-specific PCRs 
were carried out on a Biorad CFX96 Cycler under the fol-
lowing thermocycling conditions: 95 °C for 2 min followed 
by 50 cycles of 95 °C for 15 s, 65 °C for 30 s and 72 °C 
for 1 min, followed by 50 °C for 30 s. A melt curve was 
generated by heating from 65 °C to 95 °C at 0.5 °C incre-
ments, with 5 s per step, to exclude potential non-specific 
PCR products from the analyses. Under these conditions, Cq 
values for non-target templates were at least 10 cycles higher 
than for the target plasmid.

Genotypic characterisation of individual flies

Flies from the topical application studies were genotyped 
individually. Genomic DNA was extracted from 367 

fly heads using the NucleoSpin® 8 Tissue Kit (MACH-
EREY–NAGEL GmbH & Co.KG). Allele-specific PCRs 
were performed under conditions optimised as described 
above. To define the genotype of each fly, the differences 
between the Cq values of the three amplicons per sample 
were evaluated. If the difference between the amplicon 
with the lowest Cq value and the amplicon with the second 
lowest Cq value was less than six amplification cycles, 
the genotype was considered heterozygous; if the differ-
ence was more than six amplification cycles, the genotype 
was considered homozygous. If the Cq value difference 
between all three amplicons was less than six, the ampli-
fication was repeated. If the repeated PCR gave the same 
result, the sample was considered uninterpretable. This 
concerned a total of 10 samples.

Statistical analyses

The data generated from the topical application tests were 
evaluated by calculation of a dose–response five-param-
eter model using logistic regression in GraphPad Prism® 
version 5.03 (GraphPad Software Inc., CA, USA). The 
five-parameter model does not assume constant steep (Hill 
slope). For the calculation, Xn was the dose of deltame-
thrin applied on the fly and Yn was an indicator of effect 
(1 = alive/non-paralysed, 0 = knockdown). Raw data are 
given in supplementary information (Table S1—spread-
sheet topical application data).

For further interpretation of resistance, the data were 
evaluated for pyrethroid resistance according to the WHO 
guidelines on interpretation of susceptibility test results 
in malaria vector mosquitoes (WHO 2022). According to 
these guidelines, a population is considered susceptible if 
the mortality range is between 98 and 100% when exposed 
to the discriminating concentration of the insecticide, and 
a mortality rate of less than 98% indicates the presence of 
resistance and requires further testing to confirm the pres-
ence of resistance genes in the population.

Genotyped populations were tested regarding the pres-
ence of a Hardy–Weinberg equilibrium (HWE) using the 
Tri-allelic Exact test for HWE (HWTriExact) implemented 
in the R package Hardy–Weinberg, R version 3.5.3 (Graf-
felman and Weir 2018), on the alleles F, H and L.

Additionally, the odds ratios (OR) to survive treatment 
(binary dependent variable) were calculated for the gen-
otypes (L/H), (L/F), (H/H), (H/F), (F/F) in comparison 
to the susceptible genotype (L/L) by setting up a logistic 
regression model for a binomial dependent variable (logit 
family) in R 3.5.3. Using the glm() function from the stats 
package (version 4.1.1). As explanatory variables ‘geno-
type’, ‘deltamethrin concentration’ and ‘farm id’, were 
considered.

Table 1   Primers used for allele-specific PCRs at the kdr position of 
the vssc gene

Primer Sequence (5′-3′) Target allele

Scal_LeuFOR ACT​GTG​GTC​ATC​GGC​AAT​CT wild type
Scal_HisFOR ACT​GTG​GTC​ATC​GGC​AAT​CA kdr-his
Scal_PheFOR ACT​GTG​GTC​ATC​GGC​AAT​TT kdr
Common_REV CTA​GAT​GAA​CCG​AAA​TTG​GAC​

AAA​AG
All alleles
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Results

Efficacy of deltamethrin against stable flies 
from different farms

For the four field isolates and the susceptible reference 
strain, dose–response curves were generated (Fig. 1). Using 
five-parameter logistic regression analysis, LD50 values were 
calculated for all isolates and compared with the MSD ref-
erence strain. The LD50 values for the field isolates (Bah 
19.71 ng/µl, Gos 47.42 ng/µl, Schl 40.55 ng/µl and Spa 
18.30 ng/µl) were significantly higher than the LD50 value 
of the reference strain “MSD” of 0.397 ng/µl (Table 2). The 
resistance ratios were Bah 49.65, Gos 119.45, Schl 102.14 

and Spa 46.10 according to which the four field isolates can 
be considered to be phenotypically resistant to deltame-
thrin. The Hill slopes of the curves varied only moderately 
between − 0.772 (Schl) and -2.099 (Bah) but 95% CIs of all 
isolates were overlapping and also overlapped with the 95% 
CI of the susceptible reference strain.

Genotyping

For the initial identification of kdr and super-kdr geno-
types in German stable flies, 600 bp RT-PCR amplicons 
from 29 flies of nine different dairy farms were sequenced. 
The results showed three types of polymorphisms in the 
kdr codon, i.e. the wild-type CTT coding for leucine, the 
kdr genotype TTT coding for phenylalanine and the kdr-his 
genotype CAT coding for histidine. At the super-kdr posi-
tion, no polymorphisms were observed.

Using the newly developed allele-specific PCR, a total of 
367 phenotypically tested stable flies of the four field iso-
lates Bah, Schl, Gos and Spa and the reference strain MSD 
were subsequently genotyped. Representative amplification 
plots showing the specificity of all three PCRs for the wild-
type, kdr and kdr-his genotypes are presented in Fig. 2. All 
three PCRs were conducted for each sample, allowing the 
assignment of a variant (L/L), (L/H), (L/F), (H/H), (H/F) and 
(F/F) to each individual fly.

Flies from the LD50 study were subsequently selected for 
genotyping. For each isolate, a concentration window was 
chosen in which some of the flies survived while others died. 
These concentration ranges were 0.3–1 ng for MSD, 3–30 ng 
for Bah, 3–30 ng for Spa, 10–100 ng for Gos and 10–100 ng 
for Schl (Table 3).

All individuals of the reference strain tested showed the 
homozygous wildtype genotype (L/L), confirming their 
sensitivity to deltamethrin at the genotype level. The kdr 
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Fig. 1   Deltamethrin dose response curve for four Stomoxys calci-
trans field isolates and the pyrethroid susceptible MSD reference 
strain. Asymmetric, five parameter logistic regression was used on 
log10 transformed deltamethrin dosages in ng/fly and non-paralysed/
survival rate in the S. calcitrans field isolates Bah, Spa, Schl, Gos 
and the reference strain MSD were plotted. Data points represent 
means ± SDs

Table 2   LD50 values for field 
isolates and the reference strain 
of Stomoxys calcitrans 

a 95% confidence interval
b Test concentration range (ng deltamethrin/µl)
c Comparison to the MSD strain using the sum of square F test
d Resistance ratio: LD50 value of the field isolate divided by LD50 value of the MSD reference strain
n.a., not available

Variable MSD Bah Gos Schl Spa

LD50 ng/fly 0.397 19.71 47.42 40.55 18.30
LD50 95% CIa 0.213–0.739 12.91–30.07 27.99–80.32 14.93–110.1 9.985–33.53
Hill slope − 1.352 − 2.099 − 1.003 − 0.773 − 0.777
Hill slope 95% CI − 3.032–0.328 − 6.084–1.886 − 1.811 to − 0.195 − 1.463–0.083 − 1.674–0.121
Generation F3 F2 F1 F1 F1
N 8 210 210 210 210
Conc. rangeb 80–3 0–100 0–1000 0–1000 0–100
P valuec n. a < 0.0001 < 0.0001 < 0.0001 < 0.0001
RRd n. a 49.65 119.45 102.14 46.10
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L1014F (F) allele was detected in a total of 191 flies. Of 
these, 35 flies were homozygous (F/F), 126 flies were het-
erozygous (F/H) and 30 flies were heterozygous (F/L). The 
field isolate Gos showed the highest frequency of (F). The 
kdr genotype was detected in 67 out of 79 flies (84.81%). 
The most frequent allele was kdr-his L1014H (H), which was 
amplified from 234 flies. Of these, 108 flies were found to be 
homozygous (H/H). In addition, the allele was detected in 
the heterozygous genotype (L/H) in 35 flies. The wild-type 
allele was detected in 67 flies from the four field isolates. 
Two flies showed a homozygous genotype (L/L) of the wild 
type, both coming from the field isolate Spa.

In summary, 334 of the 336 (99.4%) flies examined 
from the field isolates showed a kdr or kdr-his genotype at 

position 1014 of the vssc gene in at least one of the alleles. 
269 of the 336 (80.1%) flies had two alleles conferring 
resistance (kdr or kdr-his). In the two highly resistant iso-
lates from Gos and Schl, the frequency of the kdr allele 
was 1.6–2.7 fold higher than on the two farms with moder-
ate resistance level (Bah and Spa).

The allele frequencies were not in a HWE for the 
isolates Schl (p = 0.04821), Gos (p = 0.00735) and Spa 
(p < 0.001) isolates, but a HWE could not be rejected for 
Bah (p = 0.74405) (Table 4). Additional data providing 
genotypes of all investigated flies are given in supplemen-
tary information (Table S2—spreadsheet allele-specific 
PCR data).

Fig. 2   Representative ampli-
fication plots for experimental 
samples showing patterns for 
homozygous (A–C) and het-
erozygous flies (D–F). A mini-
mum of six amplification cycles 
between primer constellations 
was required to differentiate 
alleles
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Effects of genotypes and other variables 
on the survival chances of flies exposed 
to deltamethrin

The odds of flies to survive exposure to deltamethrin was 
analysed by logistic regression analysis using the variables 
isolate, deltamethrin concentration, and genotype (L/L), 
(L/H), (L/F), (H/H), (H/F), (F/F). The variable isolate did 
have no significant influence of the outcome, and accord-
ing to the AIC values of the models, the variable did not 
improve the regression model and was therefore excluded. 
The final model contained the deltamethrin concentration 
and the genotype of the flies with the homozygous suscepti-
ble (L/L) genotype as reference (Fig. 2). On the one hand, an 
increase in deltamethrin dose by 10 ng was associated with 
10.3-fold (OR = 0.097, 95% CI 0.096–0.098) lower odds to 
survive treatment. Regarding the fly genotypes, flies with 
the (F/F) genotype had 92-fold higher odds (OR = 92.0, 

95% CI 20.5–549.3) compared to the susceptible (L/L) 
genotype. Higher odds of survival were also observed for 
the presence of the kdr allele (F) than with the presence 
of the kdr-his allele (H). Consequently, the homozygous 
genotype (F/F) (OR = 92.04) were associated with a more 
resistant phenotype compared to the heterozygous geno-
type (F/H) (OR = 29.33, 95% CI 8.82–134.93) followed 
by the homozygous H/H genotype (OR = 14.85, 95% CI 
4.63–66.66), the heterozygous (L/F) genotype (OR = 10.20, 
95% CI 2.68–50.94) and (L/H) genotype (OR = 5.06; 95% 
CI 1.26–25.73) (Fig. 3). 

Discussion

This study showed the first presence of kdr and kdr-his 
alleles in stable fly populations in Germany, and as expected, 
confirmed the occurrence of deltamethrin resistance at the 
phenotype level. The four field stable fly populations evalu-
ated in this study were resistant to deltamethrin, with RRs 
ranging from 47.5 to 123.6 relative to the susceptible MSD 

Table 3   Genotyped flies grouped according to concentration ranges 
related to LD50 determination results

a Number of flies

Group Isolate LD50 (ng/fly) Deltamethrin 
ng/fly

na

1a MSD 0.397 0.3 10
1b MSD 1 10
2a Bah 19.71 3 29
2b Bah 10 30
2c Bah 30 29
2a Goß 47.42 10 27
2b Goß 30 29
2c Goß 100 28
3a Schl 40.55 10 30
3b Schl 30 25
3c Schl 100 30
4a Spa 18.30 3 30
4b Spa 10 30
4c Spa 30 30

Table 4   Allele frequencies and analysis for Hardy–Weinberg equilibrium (HWE) for all four field isolates

n.a., not available
L, leucine; H, histidine; F, phenylalanine

Isolate Number genotypes Total Frequencies genotypes Frequencies alleles Exact test HWE

LL LH LF HH HF FF LL LH LF HH HF FF L H F p value

Bah 0 14 2 44 26 2 88 0 0.159 0.023 0.500 0.295 0.023 0.091 0.727 0.182 0.744
Gos 0 2 12 10 42 13 79 0 0.025 0.152 0.127 0.532 0.165 0.089 0.405 0.506 0.007
Schl 0 15 4 13 32 16 80 0 0.188 0.050 0.163 0.400 0.2 0.119 0.456 0.425 0.048
Spa 2 4 12 41 26 4 89 0.022 0.045 0.130 0.461 0.292 0.045 0.112 0.629 0.258 < 0.001
All farms 2 35 30 108 126 35 336 0.006 0.104 0.089 0.321 0.384 0.104 0.103 0.561 0.336 n.a

-1 0 1 2 3

Deltamethrin dose/10 ng

FF

HF

HH

LF

LH

log10 (Odds ratios) with 95% CI
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Fig. 3   Odds ratios with 95% confidence intervals (95% CI) of a logis-
tic regression model explaining the chance of a fly to survive expo-
sure to deltamethrin. The effect of the deltamethrin dose is shown per 
10 ng increase in deltamethrin. Genotypes are shown in comparison 
to the susceptible wild-type (LL) as reference. Alleles are indicated 
by the encoded amino acids in the genome: L, leucine; H, histidine; 
F, phenylalanine. *, p < 0.05; ***, p < 0.001
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reference strain. Phenotypic resistance of stable flies to pyre-
throids has previously been reported from the USA (Pitzer 
et al. 2010), Brazil (Barros et al. 2019), France (Salem et al. 
2012a, b), Germany (Reissert-Oppermann et al. 2019) and 
Thailand (Lorn et al. 2022) but not with such high levels of 
resistance shown in the current study. This could to some 
extent be explained by differences in the sensitivity of the 
methods used, or it could be related to increasing resistance 
associated with higher frequency of kdr-his and particularly 
kdr alleles, as well as yet undiscovered resistance factors, 
such as other mutations similar to the super-kdr (M918T) 
(Roca-Acevedo et al. 2023; Vais et al. 2000) or simultane-
ous presence of additional resistance mechanisms such as 
increased xenobiotic metabolism or decreased permeability 
of the cuticle (Scott 2017).

In the house fly M. domestica, the super-kdr allele is 
known to confer higher levels of resistance than kdr fol-
lowed by kdr-his to a range of pyrethroids such as deltame-
thrin (Scott et al. 2013), with the exception of pyrethroids 
with multi-halogenated benzyl groups such as tefluthrin 
and transfluthrin, where the kdr is associated with higher 
resistance than the super-kdr (Sun et al. 2016). These dif-
ferences in the level of resistance depending on the alleles 
in the genome could also be confirmed for the stable fly in 
our study by calculating the odds ratios to survive deltame-
thrin treatment depending on the genotype. Comparability 
is ensured by the almost similar LD50 values for deltame-
thrin of the reference strains for M. domestica (0.36 ng/fly) 
(Sun et al. 2016) versus S. calcitrans (0.397 ng/fly) in the 
present study. However, one must keep in mind that stable 
flies are considerably heavier that houseflies, about 7 mg 
(Salem et al. 2012b) versus about 2.5 mg (Kökdener and 
Kiper 2021), respectively. Calculated on a body weight level, 
S. calcitrans is obviously more susceptible for deltamethrin 
than M. domestica.

Using topical application, LD50 values for deltamethrin in 
the house fly were determined to be in the range of 10.3 ng/
fly for the kdr and 1.14 ng/fly for the kdr-his (Sun et al. 
2016). However, these values are significantly lower than the 
LD50 values of the S. calcitrans isolates Bah (19.58 ng/fly), 
Gos (40.46 ng/fly), Spa (19.04 ng/fly) and Schl (46.48 ng/
fly). For the house fly strain with the super-kdr mutation, 
LD50 values of around 288 ng deltamethrin /fly could be 
determined (Sun et al. 2016). Accordingly, the LD50 results 
for S. calcitrans in this study are intermediate between the 
LD50 of the kdr and the super-kdr of M. domestica. Although 
the initial sequencing results of the 600 bp RT-PCR ampli-
con from a small number of retained stable fly samples from 
a previous project (Reissert-Oppermann et al. 2019) did not 
reveal any resistance-associated mutations other than kdr 
and kdr-his, the potential presence of additional SNPs in 
the vssc cannot be entirely excluded. The investigation of 
this mutation was not conducted in the present study since 

previous studies and our preliminary data did not show any 
relevance of this polymorphism (Olafson et al. 2019). In 
order to improve the power on the investigations regard-
ing the influence of the kdr and kdr-his polymorphisms, it 
was decided to investigate more individuals regarding the 
genotype at the kdr locus instead of splitting the resources 
between the kdr and super kdr loci. Currently, there is no 
evidence suggesting that this mutation occurs in S. calci-
trans, nor whether a super-kdr-like polymorphism would be 
localised at the same position as in the vssc gene as in the 
house fly since polymorphisms with synergistic effects to 
one of many known kdr mutations (a so-called super-kdr) 
can be at very different positions in the vssc gene. Therefore, 
it was decided not to follow any analysis of the super-kdr 
but to focus on and quantify the effects of the well described 
kdr polymorphism. Deep sequencing of a large number of 
samples would be necessary for these analyses. However, 
the data presented here do not exclude at all that additional, 
super-kdr-like mutations exert effects on pyrethroid resist-
ance in German stable fly populations. Other resistance 
mechanisms, such as metabolic detoxification enzymes such 
as cytochrome P450 monooxygenases (CYPs) (Zhu et al. 
2023), esterases (Montella et al. 2012) or cuticle composi-
tion (Balabanidou et al. 2018) could possibly affect resist-
ance levels. With specific regard to CYPs as a component, 
overexpression of one or more P450 genes may lead to 
insecticide resistance (Scott 1999). For example, overex-
pression of the gene CYP6D3 in the house fly is associated 
with resistance to pyrethroids but also neonicotinoids (Gao 
et al. 2012). Therefore, the relevance of CYPs should be 
considered, particularly in multi-resistant stable fly popula-
tions, which have already been phenotypically identified in 
Brandenburg (Reissert-Oppermann et al. 2019). Resistance 
of stable flies against the phosphoric ester azamethiphos had 
previously been identified on the four farms from which flies 
were collected in the present study (Reissert-Oppermann 
et al. 2019). As is already known for several insect species, 
high resistance is the result of the interaction of different tar-
get-site and non-target site resistance mechanisms. Compre-
hensive genotyping and further investigations of the role of 
the various known resistance factors in S. calcitrans would 
allow more accurate conclusions.

Allele-specific PCR provides a precise method for geno-
typing individual stable flies. The kdr and the kdr-his alleles 
were detected at high frequencies in all four field popula-
tions. The presence of both mutations, kdr and kdr-his, at 
almost equal frequencies in a population was demonstrated 
for the first time in this study for S. calcitrans. In contrast, 
the wild-type allele was only found at a frequency of about 
10% and homozygote wild-type flies were very rare (0.6%). 
Although kdr-his has been previously reported in stable 
flies in Europe (France) (Olafson et al. 2019), this muta-
tion was not detected at such high frequencies as observed 
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in Brandenburg. Here, the highest kdr-his frequencies were 
observed in the populations Bah and Gos, which are geo-
graphically situated in the same region at a distance of less 
than 30 km, so genetic exchange by migration cannot be 
excluded (Showler and Osbrink 2015).

According to Olafson et al. (2019), in the USA and Costa 
Rica, only the kdr-his variant has so far been detected in S. 
calcitrans, and no other SNPs of the kdr-type. The identi-
fication of kdr in stable flies from Toulouse, France, was 
the first in this species and has also been described from 
Thailand (Olafson et al. 2019). The detection of this muta-
tion in stable fly populations from the German dairy farms 
further confirmed the presence of kdr in Europe. On one 
farm (Gos), the kdr allele was found to be the most common 
allele. This has been previously shown also in stable flies 
from France (Olafson et al. 2019). However, there has been 
no evidence of kdr in S. calcitrans outside Asia and Europe 
so far. Consistent with our studies, no other mutations (such 
as super-kdr) have been identified in domain II.

In the present study, the genotype frequencies of three 
out of the four stable fly populations examined were signifi-
cantly different from the expectations of the Hardy–Wein-
berg equilibrium, which suggests an ongoing selection in 
these populations for higher pyrethroid resistance levels. 
The Hardy–Weinberg equilibrium was calculated based 
on the assumption that the kdr mutations are located on an 
autosomal gene. In this study, both sexes were tested, but 
not evaluated according to sexes in the genotypic analysis. 
If the inheritance is sex-linked, this should be taken into 
account in the calculation. The latest version of the anno-
tated S. calcitrans genome provides information on five 
chromosomes, but no sex chromosome has been identified 
(GCF_963082655.1). The vssc gene is located on chromo-
some 4. Earlier studies were able to identify a sex-deter-
mining locus on chromosome 1 of the stable fly (Willis 
et al. 1981). In comparison, investigations in M. domestica 
showed that the kdr is located on chromosome 3, and a 
higher pyrethroid resistance was required in female flies to 
achieve the same effects as in males. The male-determining 
factor M, which has been identified in houseflies and occurs 
on autosome 3, may be involved in the transmission and 
expression of resistance genes (Shono and Scott 1990).

Pyrethroid resistance in general and mutations of the 
kdr-type are associated with a fitness cost in various insect 
species under laboratory conditions in the absence of insec-
ticides (Fisher et al. 2023; Scott et al. 1997; Wang et al. 
2021). For the house fly and the horn fly Haematobia irri-
tans, it is even more precisely known that the kdr-his causes 
a lower fitness cost than the kdr followed by the super-kdr 
with the highest fitness costs (Domingues et al. 2019; Free-
man et al. 2021; Rinkevich et al. 2013a, b; Roca-Acevedo 
et al. 2023). In view of the continued use of pyrethroids for 
stable fly control, it is important to find out whether a fitness 

disadvantage due to the mutations also occurs in stable flies 
and if it is strong enough to allow reversal of resistance if 
use of the insecticides would be abandoned. A prerequisite 
for this option is of course that resistance alleles are not yet 
fixed in the gene pool, i.e., if alleles conferring susceptibility 
are still present. Considering M. domestica, the permanent 
use of pyrethroids resulted in further selection of new poly-
morphisms causing evolution of even higher level of resist-
ance (Sun et al. 2017).

The results of a questionnaire analysis targeting farmers 
showed that Germany follows the global trend of preferen-
tially using pyrethroids for fly control (Reissert-Oppermann 
et al. 2019), the evidence of an existing resistance threat 
indicates a change in pest control strategy. In general, due 
to the existing and widespread resistance to insecticides in 
many insect species, it should be considered that the use of 
insecticides, especially adulticides, should always be the last 
resort for pest control.

The development of precise and practicable resistance 
detection methods is a helpful tool to achieve adequate treat-
ment efficacy. With allele-specific PCR, the genetic markers 
kdr and kdr-his can be detected in stable fly individuals but 
have little predictive value in DNA obtained from pools of 
flies since cross reactivity and low allele frequencies cannot 
be distinguished.

In conclusion, combined phenotypic and genotypic anal-
ysis is the optimal way to understand the contribution of 
resistance mechanisms to observed resistance levels in the 
field. Future studies on S. calcitrans insecticide resistance 
should also include data about expression of xenometabolic 
enzymes involved in pyrethroid degradation and other resist-
ance mechanisms such as permeability of the cuticle should 
not be overlooked either. Field work using longitudinal stud-
ies over several years measuring resistance allele frequencies 
on farms that have stopped the use of pyrethroids would be 
ideally suited to determine if the kdr and kdr-his alleles are 
really associated with a decreased fitness under field con-
ditions and if pyrethroid resistance can be reversed in the 
praxis. The data presented here confirm that in the presence 
of pyrethroids the fitness advantage of the kdr-his allele is 
smaller than that of the kdr allele as previously shown for 
M. domestica (Roca-Acevedo et al. 2023). Genetic screen-
ing of stable fly populations for the frequency of resistance 
alleles can be established and will have an excellent predic-
tive value regarding the resistance phenotype. Since phe-
notypic screening is very labor intensive, requires several 
weeks to breed individual flies for testing and is prone to 
the systematic error caused by changes in allele frequencies 
due to different fitness levels in the breeding phase, genetic 
analyses would have obvious advantages. Such tests could 
be established using pyrosequencing, digital PCR or deep 
sequencing approaches that are able to provide quantitative 
data on the population level.
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