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Abstract

BACKGROUND: Resistance to rodenticides has been reported globally and poses a considerable problem for efficacy in pest
control. The most-documented resistance to rodenticides in commensal rodents is associated with mutations in the Vkorc1
gene, in particular in codon 139. Resistance to anticoagulant rodenticides has been reported in the Netherlands since 1989.
A study from 2013 showed that 25% of 169 Norway rats (Rattus norvegicus) had a mutation at codon 139 of the Vkorc1 gene.
To gain insight in the current status of rodenticide resistance amongst R. norvegicus and house mice Mus musculus in the
Netherlands, we tested these rodents for mutations in codon 139 of the Vkorc1 gene. In addition, we collected data from pest
controllers on their use of rodenticides and experience with rodenticide resistance.

RESULTS: A total of 1801 rodent samples were collected throughout the country consisting of 1404 R. norvegicus and
397 M. musculus. In total, 15% of R. norvegicus [95% confidence interval (CI): 13–17%] and 38% of M. musculus (95% CI:
33–43%) carried a genetic mutation at codon 139 of the Vkorc1 gene.

CONCLUSION: This study demonstrates genetic mutations at codon 139 of the Vkorc1 gene in M. musculus in the Netherlands.
Resistance to anticoagulant rodenticides is present in R. norvegicus andM.musculus in multiple regions in the Netherlands. The
results of this comprehensive study provide a baseline and facilitate trend analyses of Vkorc1 codon 139 mutations and evalu-
ation of integrated pest management (IPM) strategies as these are enrolled in the Netherlands.
© 2022 The Dutch Pest andWildlife. Pest Management Science published by JohnWiley & Sons Ltd on behalf of Society of Chem-
ical Industry.
Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Commensal rodents live in close proximity to humans, leading to
gnawing damage and risks for food storage and human and ani-
mal health.1–3 Therefore, rodent pests need to be managed
although rodent management is complex and the need for
innovative control strategies subsists.4–6 Since the accidental dis-
covery of anticoagulant rodenticides in 1944, the use of anticoag-
ulants has been widespread. This has gradually led to the
development of rodenticide resistance.7,8 In order to manage
rodent pests, concepts such as integrated pest management
(IPM) and ecologically based rodent management (EBRM) were
designed. Both concepts strive to minimize the use of rodenti-
cides, but IPM is a more broadly used concept in agriculture for
pest management in general (including insects), whereas EBRM
is focused on rodent pests and uses specific knowledge, for
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example about behaviour, to reach its goals.9 IPM and EBRM do
not exclude anticoagulants, but require targeted use after asses-
sing environmental risks and resistance. Although IPM and EBRM
are currently advocated and implemented, anticoagulant rodenti-
cides are still frequently used by both professionals and
nonprofessionals.
Rodenticide resistance can be caused by mutations in the

Vkorc1 gene, which encodes for a protein involved in the uptake
and re-use of vitamin K in the body.10–13 Vitamin K is essential
for the clotting of blood.11 Rodenticides inhibit the coagulation
of blood by inhibiting Vitamin K epoxide reductase (VKOR) activ-
ity, leading to internal haemorrhages. Another important enzyme
in the vitamin K antagonist metabolism is CYP2C9, for which
mutations linked to rodenticide resistance also have been
identified.14–16 Multiple genetic variances of both enzymes are
known. However, the Vkorc1 gene is considered the most impor-
tant gene for mutations with respect to rodenticide resistance.7,17

It is known that mutations of one or more nucleotides on the
Vkorc1 gene can lead to various degrees of rodenticide resistance.
These mutations are widespread amongst many mice and rat
populations by altered amino acids on Vkorc1 position 139 were
found to be of global importance.14 The development of rodenti-
cide resistance in the most common commensal rodent species
such as R. norvegicus and M. musculus was studied over the
past decades in many countries from all continents.17 In the
Netherlands, resistance to second-generation anticoagulant
rodenticides was reported in 1989 for a small number of samples
collected close to the German border.18 Results from a larger
study in the Netherlands reported in 2013 were that 25% of the
R. norvegicus droppings (n = 169) showed a mutation in Vkorc1
codon 139 associated with resistance.19 For some mutations the
link between efficacy of active substances is known (see Supple-
ment 1), for example the effective substance bromadialone has
lost its efficacy for the Y139F and Y139C mutations.20,21 Based
on results of studies on rats from neighbouring countries, in this
study we limited the tests to testing for occurrence of VKORC1-
polymorphisms in amino-acid position 139.22,23

Another side effect of rodenticides is the negative effect on the
environment, including environmental hazards, uptake by non-
target animals and secondary poisoning in animals of prey.24–34

A recent study in the Netherlands showed rodenticide residues
in 43% of 143 tested nontarget species, including 61 rodent pred-
ators such as the common buzzard (Buteo buteo), common kestrel
(Falco tinnunculus), little owl (Athene noctua), barn owl (Tyto alba),
European polecat (Mustela putorius), stoat (Mustela erminea), pine
marten (Martes foina), red fox (Vulpes vulpes) and weasel (Mustela
nivalis).35 To complicate the assessment of these adverse effects,
every country considers different rodent species as pest animals,
which leads to the need of specific rodent management. In
England, the wood mouse (Apodemus sylvaticus) is considered a
pest species.36 In other countries, such as the Netherlands, the
wood mouse is not considered a pest (although problems occa-
sionally occur) and is classified as nontarget by law. To reduce
the development of rodenticide resistance and the negative
effects on biodiversity, the use of rodenticides is restricted in the
Netherlands as part of the IPM strategy. From 2023 onwards, the
use of anticoagulant rodenticides will be restricted to IPM-
certified companies, and IPM training will be mandatory for all
professionals who use rodenticides. For the general public this
will have quite some impact as a study indicated that in 2019
around 330 000 packs of rodenticides were purchased at retail
outlets in the Netherlands.24 The restrictions in the use of

rodenticides and the implementation of IPM might influence the
occurrence, spread and distribution of rodenticide resistance.
In order to gain insight in the current status of rodenticide resis-

tance induced by altered amino acids on Vkorc1 position
139 among commensal rodent species in the Netherlands, this
study assessed rodenticide resistance of R. norvegicus and
M. musculus. Moreover, it facilitates quantification and trend
watching as IPM strategies are enrolled in the Netherlands. In
addition, we report the results of a questionnaire sent to pest con-
trollers for current practices for their experiences and perceptions
on use and complication in the use of rodenticides in the current
IPM strategies.

2 MATERIALS AND METHODS
2.1 Sample collection
Ear or tail tissue of R. norvegicus and M. musculus was collected
between September and December 2021 by professional pest
controllers from all over the Netherlands. Also, ear tissue and
DNA extractions from ear tissue from both R. norvegicus
and M. musculus collected from May to October in both 2020
and 2021 (permission animal ethics committee AVD 32600
20 172 104) by the National institute for Public Health and the
Environment (RIVM) were used. In addition,M. musculus tail tissue
collected by pest controllers and given to Utrecht University
between February andMay 2019 were used. From each individual
rodent the trapping/finding location was recorded based on the
first three digits of the postal code, as well as the cause of death
(i.e. trap, roadkill, rodenticide, ferrets).
Each rodent was visually identified to species level during sam-

pling by the pest controllers or the researchers. All samples (car-
cass, ear or tail) from the period September–December 2021
were stored at−18 °C. If rodents could not be frozen immediately,
they were transported to the Dutch Pest and Wildlife Expertise
Centre in a coolbox and frozen at −18 °C until 4-mm diameter
ear punches could be taken using a punch tool (Vanem Equip-
ment Manufacturing, Hoek van Holland, the Netherlands). Sam-
ples collected by the RIVM in 2020 and 2021 were stored at
−80 °C until further analysis. The tail tissue of M. musculus col-
lected by Utrecht University was stored at room temperature in
70% ethanol.

2.2 DNA extraction
DNA extraction was performed on ear and tail 4-mm diameter
punches, with a commercial extraction kit according to the man-
ufacturer's protocol (nexttec™ 1-Step Tissue & Cells; nexttec Bio-
technologie GmbH, Leverkusen, Germany). DNA samples from
the RIVM were extracted using the DNeasy blood and tissue kit
(Qiagen GmbH, Hilden, Germany) following the manufacturer's
protocol.

2.3 Molecular verification of species
For molecular verification of species identification, amplicon
sequencing of cytochrome oxidase I (COI) was used. To amplify
750 bp of COI, the primers BatL5310 and R6036R were used.37

The amplification reaction (30 μL) contained: GoTaq Reaction
buffer 1x containing 1.5 mM MgCl2; 0.75 U of GoTaq® G2
(Promega, Leiden, the Netherlands); forward and reverse primer
at 333 nM each; dNTPs at 200 μM each; DNA polymerase; 1 μL
DNA template. The PCR cycling conditions consisted of 5 min at
94 °C, followed by 40 cycles of 94 °C for 30 s, 48 °C for 45 s and
72 °C for 45 s and one final extension step of 72 °C for 10 min.
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After checking the PCR products on gel 1% agarose in TAE, all un-
purified PCR products were sent to Macrogen Europe
B.V. (Amsterdam, the Netherlands) for Sanger sequencing. Identi-
fication of the species was investigated using a BLAST search of the
GenBank nucleic acid database.

2.4 Detection of mutations at the Vkorc1 gene
A single tube tetra allelic TaqMan assay was performed for both
rats and mice to amplify the nuclear region of the Vkorc1 gene
and specific detection for the homozygous and heterozygous var-
iant of both Y139C and Y139F and the nonmutant variant. The
multiplex reaction (25 μL) contained: PerfeCTa Multiplex qPCR
ToughMix (Quantabio, Beverley, MA, USA); forward and reverse
primer at 300 nM each; four probes in different concentrations
Rat_Mm-139_A-P (50 nM), Rat_Mm-139_C-P (6.25 nM), Rat_Mm-
139_G-P (25 nM), Rat_Mm-139_T-P (100 nM); 1 μL DNA template
(Table 1). All primers and probes were obtained from Integrated
DNA Technologies (Leuven, Belgium).
Thermal cycling conditions was for 1 min at 95 °C, followed by

40 cycles with temperature steps of 95 °C for 10 s and 60 °C for
30 s using the Quantstudio 12 K flex real-time PCR machine (Life
Technologies, CA, USA). Afterwards, profiles were scored based
on the profiles compared to a set of references haplotypes using
synthetically DNA molecules gBlocks Gene Fragment (Integrated
DNA Technologies) (Table 2) in mixtures of 106 copies μL−1.

2.5 Statistical analyses
Confidence intervals (CI) of population proportions were obtained
using the asymptotic Wald method based on a normal approxi-
mation, using the EPITOOLS online programme.38

3 RESULTS
3.1 Samples collected and verification of species
Between September and December 2021 a total of 1801 rodent
samples were collected, consisting of 1404 R. norvegicus and
397 M. musculus. This included 207 tails from M. musculus col-
lected by Utrecht University, and 230 R. norvegicus and
25 M. musculus samples collected by the RIVM. For both
R. norvegicus and M. musculus samples a reasonably even spread
over the whole country was realized, with samples originating
from (respectively) 60 and 43 two-digit postal code areas out of
90 in total. The amplicon sequence results of COI confirmed sam-
ples to be R. norvegicus and M. musculus.

3.2 Detection of mutations at the Vkorc1 gene
Of the 1404 R. norvegicus samples, 215 (15%; 95% CI: 13–17%) car-
ried a genetic mutation linked to rodenticide resistance, classified
homo- and heterozygously for all four possible different amino
acids in position 139 (Fig. 1; Table 3; detailed maps per mutation
type are in Supplement S2). Of the 397 M. musculus samples,
151 (38%, 95% CI: 33–43%) carried a genetic mutation in amino-
acid position 139 linked to rodenticide resistance. Each mutation
type showed a different geographical pattern (see detailed maps
per class in Supplement 2). The scoring of genotypes in a tetra
allelic probe assay for Vkorc-139 on R. norvegicus samples is visu-
alized and can be found in Supplement 4.

4 DISCUSSION
Our results demonstrate that multiple genetic mutations at codon
139 of the Vkorc1 gene occur in both R. norvegicus (15.3%, 95% CI:
13–17%) and M. musculus (38.1%, 95% CI: 33–43%). As these
mutations are associated with rodenticide resistance this means
that rodenticide resistance is widespread in commensal rodent
populations in the Netherlands. Of all R. norvegicus samples ana-
lyzed, 215 (15.3%) carried a genetic mutation that is associated
with rodenticide resistance. This number is lower than reported
in our previous study in 2012–2013 on rodenticide resistance in
rodent droppings where 42 of 169 samples showed genetic muta-
tions (25%, 95% CI: 18–31%).19 The current 15.3% is a countrywide
average, based on many more samples and thereby providing
better statistical power to observe trends and quantitative differ-
ences. We observed noticeable differences between the sampled
regions. In some areas only rats without mutations were found, in
some only rats with rodenticide resistance-associated mutations,
and in most areas both R. norvegicus with and without mutations
were identified. Such spatial differences also have been observed
in other studies. In 250 mice and rats from nine countries (the UK,
Hungary, Portugal (Azores), Korea, Indonesia, Thailand, Japan,
Argentina and the USA) a prevalence of 72% mutations on the
Vkorc1 gene, consisting of 23 different mutation types, was
detected.
When looking for mutations at codon 139 per species individu-

ally, for R. norvegicus a British study from 2020 found a prevalence
of 86.9% homozygous resistant (n = 107) and only one individual
(0.01%) without mutations.39 Another study from the UK in 2015
found 124 (67.4%) samples from R. norvegicus with genetic muta-
tions associated with rodenticide resistance (n = 184).40 In France,
86 R. norvegicus rats were tested for the presence of mutations on
the Vkorc1 gene, and a prevalence of 55.8% of the Y139Fmutation

Table 1. List of primers and probes and their sequence for tetra allelic TaqMan assay

Target Primer/probe* Sequence (50 → 30) Dye Quencher

R. norvegicus/ M. musculus Rat-VKORC1-F ACGTTGGGCCTCTATCCTA
R. norvegicus Rat-VKORC1-R GGCAAAGCAAGTCATGTCAG
M. musculus Mm-VKORC1-R GCCAAGGCAAAGCAAGTTAG
R. norvegicus/ M. musculus Rat_Mm-139_A-P CA + C + CT + A + T + GCCA ATTO550 IABkFQ
R. norvegicus/ M. musculus Rat_Mm-139_C-P CA + CC + T + C + T + GCC ATTO647 IAbRQSp
R. norvegicus/ M. musculus Rat_Mm-139_G-P CAC + C + T + G + TGCCA FAM IBFQ
R. norvegicus/ M. musculus Rat_Mm-139_T-P CA + C + CT + TT + G + CCA HEX IBFQ

*Suffix F = forward primer, R = reverse primer, and P = hydrolysis probes. Integrated DNA Technologies, Leuven, Belgium.
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was found.41 A recent study from Finland reports two of 48 (4.2%)
R. norvegicus carrying a rodenticide resistance mutation, both a
rare type (Arg33Pro).22 So far, UK rats have demonstrated the
greatest diversity of alterations in the Vkorc1 gene. The high prev-
alence can be explained by the fact that rodents were collected
from anticoagulant-exposed areas.39 By contrast, during a study
in 2018 in Ireland, 65 R. norvegicus individuals from the eastern
part of the island were tested: no mutations linked to rodenticide
resistance were found.42

In the current study multiple mutation variants were found in
both R. norvegicus andM. musculus. Animals carrying the homozy-
gous Y139C genotype (‘German’mutation) were not only found in
areas already known to accommodate resistant animals (Twente,
Achterhoek), but also around Rotterdam (a major sea port in the

west of the country) and in the province of Noord-Holland. These
findings are in line with the Dutch study from 2012–2013. Animals
with the homozygous Y139F genotype (‘French’ mutation) also
were found in several areas in the south of the Netherlands
(Zuid-Brabant, Noord-Limburg). The heterozygous German- and
French-type resistant animals may have spread further over the
country compared to the study from 2012–2013. However, the
larger sample size could have increased the detection of animals
with mutations. The Y139F genotype is found more frequently
in the southern part of the Netherlands compared to the Y139C
genotype. The risk of presence of animals with heterozygous
genotype mutations is that during reproduction selection
towards homozygosity could occur, leading to more resistant
populations.43

Table 2. Sequences of the gBlocks used in this study

Target gBlock haplotype Sequence (50 → 30)

R. norvegicus wild-type 280 bp gBlock-Rat-VKORC1-A: TTCTACACCATACAGCTGTTGTTAGGTTGCTTGAGGGGACGTTGGGCCTCTATCCTACTGA
TCCTGAGTTCCCTGGTGTCTGTCGCTGGTTCTCTGTACCTGGCCTGGATCCTGTT
CTTTGTCCTGTATGATTTCTGCATTGTTTGCATCACCACCTATGCCATCAATGCGGGC
CTGATGTTGCTTAGCTTCCAGAAGGTGCCAGAACACAAGGTCAAAAAGCCCTGAGGT
CCCACCTCATGCCAGGCTGACATGACTTGCTTTGCCTTAGCACATGAGC

gBlock-Rat-VKORC1-C: TTCTACACCATACAGCTGTTGTTAGGTTGCTTGAGGGGACGTTGGGCCTCTATCCTACTG
ATCCTGAGTTCCCTGGTGTCTGTCGCTGGTTCTCTGTACCTGGCCTGGATCCTGTTCTT
TGTCCTGTATGATTTCTGCATTGTTTGCATCACCACCTCTGCCATCAATGCGGGCCTGA
TGTTGCTTAGCTTCCAGAAGGTGCCAGAACACAAGGTCAAAAAGCCCTGAGGTCCCA
CCTCATGCCAGGCTGACATGACTTGCTTTGCCTTAGCACATGAGC

gBlock-Rat-VKORC1-G: TTCTACACCATACAGCTGTTGTTAGGTTGCTTGAGGGGACGTTGGGCCTCTATCCTACTGA
TCCTGAGTTCCCTGGTGTCTGTCGCTGGTTCTCTGTACCTGGCCTGGATCCTGTTCTTTG
TCCTGTATGATTTCTGCATTGTTTGCATCACCACCTGTGCCATCAATGCGGGCCTGATG
TTGCTTAGCTTCCAGAAGGTGCCAGAACACAAGGTCAAAAAGCCCTGAGGTCCCACC
TCATGCCAGGCTGACATGACTTGCTTTGCCTTAGCACATGAGC

gBlock-Rat-VKORC1-T: TTCTACACCATACAGCTGTTGTTAGGTTGCTTGAGGGGACGTTGGGCCTCTATCCTACTGA
TCCTGAGTTCCCTGGTGTCTGTCGCTGGTTCTCTGTACCTGGCCTGGATCCTGTTCTTTG
TCCTGTATGATTTCTGCATTGTTTGCATCACCACCTTTGCCATCAATGCGGGCCTGATGT
TGCTTAGCTTCCAGAAGGTGCCAGAACACAAGGTCAAAAAGCCCTGAGGTCCCACCT
CATGCCAGGCTGACATGACTTGCTTTGCCTTAGCACATGAGC

M. musculus wild-type 289 bp gBlock-Mm-VKORC1-A: GATATACCATTACTGACCGTCTCTTGTTTTACAGGTTGCTTGAGGGGACGTTGGGCCTCTA
TCCTACTGGTGCTGAGTTCCCTGGTGTCCGTCGCTGGTTCCGTGTACCTGGCCTGGATC
CTGTTCTTTGTGTCATATGATTTCTGCATTGTGTGCATTACCACCTATGCCATCAATGTG
GGTCTGATGTTGCTTAGCTTCCAGAAGGTACCAGAACACAAGACCAAAAAGCACTG
AGTTCCCACCTCATGCCAGACTAACCTAACTTGCTTTGCCTTGGCACATGACC

gBlock-Mm-VKORC1-C: GATATACCATTACTGACCGTCTCTTGTTTTACAGGTTGCTTGAGGGGACGTTGGGCCTCTAT
CCTACTGGTGCTGAGTTCCCTGGTGTCCGTCGCTGGTTCCGTGTACCTGGCCTGGATCCT
GTTCTTTGTGTCATATGATTTCTGCATTGTGTGCATTACCACCTCTGCCATCAATGTGGGT
CTGATGTTGCTTAGCTTCCAGAAGGTACCAGAACACAAGACCAAAAAGCACTGAGTTCC
CACCTCATGCCAGACTAACCTAACTTGCTTTGCCTTGGCACATGACC

gBlock-Mm-VKORC1-G: GATATACCATTACTGACCGTCTCTTGTTTTACAGGTTGCTTGAGGGGACGTTGGGCCTCTAT
CCTACTGGTGCTGAGTTCCCTGGTGTCCGTCGCTGGTTCCGTGTACCTGGCCTGGATCCT
GTTCTTTGTGTCATATGATTTCTGCATTGTGTGCATTACCACCTGTGCCATCAATGTGGGT
CTGATGTTGCTTAGCTTCCAGAAGGTACCAGAACACAAGACCAAAAAGCACTGAGTTCC
CACCTCATGCCAGACTAACCTAACTTGCTTTGCCTTGGCACATGACC

gBlock-Mm-VKORC1-T: GATATACCATTACTGACCGTCTCTTGTTTTACAGGTTGCTTGAGGGGACGTTGGGCCTCTATC
CTACTGGTGCTGAGTTCCCTGGTGTCCGTCGCTGGTTCCGTGTACCTGGCCTGGATCCTG
TTCTTTGTGTCATATGATTTCTGCATTGTGTGCATTACCACCTTTGCCATCAATGTGGGTCT
GATGTTGCTTAGCTTCCAGAAGGTACCAGAACACAAGACCAAAAAGCACTGAGTTCCCA
CCTCATGCCAGACTAACCTAACTTGCTTTGCCTTGGCACATGACC

bold nucleotides are those that differentiate.
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In the current study, genetic resistance to anticoagulants was
more prevalent in M. musculus (38%) than in R. norvegicus (15.3%).
For M. musculus there are three major strains of proven resistant
mice known (139C, 128 S, Spretus-introgression).14,15,17,44–48 In the
M. musculus samples of this study only two types of mutations were
detected: the heterozygous Y139C (26%) and homozygous Y139C
variant (12%). ForM. musculus we observed variation in prevalence
between regions, which also has been found in other studies.22

Interestingly, resistance in mice was detected in different areas to
resistance in rats. The difference applies to both mutation types
found; the heterozygous and homozygous German-type mutation
(Y139C). For example M. musculus from the centre of the country
carried the Y139C mutation type, whereas R. norvegicus trapped in
the same areas did not carry this specific mutation. Unfortunately,
there is little research published where the prevalence per species
is compared between locations. However, we expect these regional
differences to occur everywhere. In Ireland 84% of 50 M. musculus
individuals tested positive for genetic mutation on the Vkorc1 gene,
withmutation types Y139C and L128S.42 In Finland, 65% of themice
tested (n = 48) showed a mutation on the Vkorc1 gene with three
mutation types found (Y139C, both heterozygous and homozygous,
and L128S).22 On the island of Martinique, 40% of 59 M. musculus
individuals showed Y139C mutations of the Vkorc1 gene, which is
in line with our findings.49 Reports from Germany and Switzerland
also record rodenticide resistance in M. musculus and in the same

two mutation types (Y139C and L128S).8 The Y139C mutation indi-
cates resistance against first-generation anticoagulants and two
second-generation anticoagulants (active substances bromadio-
lone and difenacoum; Tables 1 and 2).22,50

However, genetic resistance comes at a certain cost, as the
health of the animals may be affected in a negative way. Rats
with a genetic mutation on the Vkorc1 gene, have a greater
need for vitamin K in their diet than wild-type animals.51 The
heterozygote Y139C mutation also was suggested to have a
negative effect on reproduction, possibly with vitamin K as
underlying factor.52–54

In future studies in the Netherlands on rodenticide resistance,
more mutation types should be included, for example L120 and
L128. Particularly for M. musculus, mutation L128S could increase
the percentage of resistant individuals detected significantly.
However, the current study is the first report of rodenticide resis-
tance in M. musculus in the Netherlands and the high percentage
of resistant animals detected already allows a review of the strat-
egies of control using rodenticides.
Based on the current findings, it appears that rodenticide resis-

tance in M. musculus is a bigger issue than in R. norvegicus. This
also is in line with the findings of the questionnaire responses
from pest controllers who indicated that they experience more
resistance inmice than in rats. This could be the result of more fre-
quent use of rodenticides in mouse control. Further research on

Figure 1. Map of the Netherlands divided into two digit postal code areas showing regionswhere rodents were collected for analysis formutations in the
Vkorc1 gene codon 139 in 2021 (left and middle) and 2012 (right). Numbers in parentheses show the number of animals tested in that region. Area col-
oration: green, no genetic mutation found; blue, animals with and without genetic mutations; red, all tested animals had mutations. (A) M. musculus
(B) R. norvegicus, (C) R. norvegicus 2012, adjusted from Meerburg et al. 2014.19

Table 3. The presence of genetic mutations at codon 139 of the Vkorc1 gene in sampled M. musculus and R. norvegicus

Resistance mutations found

Total no. rodents

Y139C Y139F

Species No mutation found Heterozygote Homozygote Heterozygote Homozygote

House mouse (M. musculus) 397 246 (61.9%) 105 (26.4%) 46 (11.6%) 0 0
Norway rat (R. norvegicus) 1404 1189 (84.7%) 135 (9.6%) 28 (1.9%) 32 (2.3%) 20 (1.5%)
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the prevalence of rodenticide resistance inM. musculus is needed
to monitor the resistance status on a national scale. It also is
recommended to research other possible mutation types in
M. musculus, and to assess rodenticide presence or resistance in
other common mice species in the Netherlands.
The widespread rodenticide resistance detected in two com-

mon rodent species underlines the need for applying IPM and
EBRM. Pest controllers need to be educated more on behaviour
of the specific pest species to be able to manage conform IPM
and EBRM to manage rodent populations. More insight in the
use of rodenticides by pest controllers will facilitate the interpre-
tation of the occurrence, distribution, dynamics and consequently
mitigation of rodenticide resistance.

ACKNOWLEDGEMENTS
Financial support for this research was granted by the Dutch Min-
istry of Infrastructure and Environment. Their support and interest
are appreciated to a great extent. The authors also would like to
thank all participating professional rodent controllers for the
enormous efforts made during sample collection and the NVPB
and PLA..N for their help in finding professionals to collect sam-
ples and filling out the questionnaires, and all others who helped
collect rodent samples.

CONFLICT OF INTEREST DECLARATION
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

SUPPORTING INFORMATION
Supporting information may be found in the online version of this
article.

REFERENCES
1 Meerburg BG, Singleton GR and Kijlstra A, Rodent-borne diseases and

their risks for public health. Crit Rev Microbiol 35:221–270 (2009).
2 Singleton GR, Rodent outbreaks: ecology and impacts. Int Rice Res Inst

289 (2010).
3 Rijksinstituut voor Volksgezondheid enMilieu (RIVM). Staat van Zoöno-

sen 2016. State of Zoonotic Diseases 2016: Rijksinstituut voor Volks-
gezondheid en Milieu RIVM; 2017.

4 Burt SA and Lipman SA, What do they know? Comparing public knowl-
edge and opinions about rodent management to the expectations
of pest controllers. Animals 11:3429 (2021).

5 Buckle AP and Smith RH, Rodent Pests and their Control. CABI, Egham,
UK (2015).

6 Krijger IM, Belmain SR, Singleton GR, Groot Koerkamp PW and
Meerburg BG, The need to implement the landscape of fear within
rodent pest management strategies. Pest Manage Sci 73:2397–
2402 (2017).

7 Rost S, Pelz H-J, Menzel S, MacNicoll AD, León V, Song K-J et al., Novel
mutations in the VKORC1 gene of wild rats and mice–a response to
50 years of selection pressure by warfarin? BMC Genet 10:1–9 (2009).

8 Pelz HJ, Rost S, Müller E, Esther A, Ulrich RG and Müller CR, Distribution
and frequency of VKORC1 sequence variants conferring resistance to
anticoagulants in Mus musculus. Pest Manage Sci 68:254–259 (2012).

9 Leirs H, Singleton GR, Hinds LA. 23. Ecologically-based Rodent Man-
agement in Developing Countries: Where to Now? 1999.

10 Wilms E, Veldkamp R, Van Meegen E and Touw D, Partiële
acenocoumarol-en fenprocoumonresistentie door enzympolymor-
fisme. Ned Tijdschr Geneeskd 150:2095–2098 (2006).

11 Oldenburg J, Bevans CG, Fregin A, Geisen C, Müller-Reible C and
Watzka M, Current pharmacogenetic developments in oral anticoa-
gulation therapy: the influence of variant VKORC1 and CYP2C9
alleles. Thromb Haemost 98:570–578 (2007).

12 Pelz H-J, Rost S, Hünerberg M, Fregin A, Heiberg A-C, Baert K et al., The
genetic basis of resistance to anticoagulants in rodents. Genetics
170:1839–1847 (2005).

13 Li T, Chang C-Y, Jin D-Y, Lin P-J, Khvorova A and Stafford DW, Identifi-
cation of the gene for vitamin K epoxide reductase. Nature 427:
541–544 (2004).

14 Gryseels S, Leirs H, Makundi R and Goüy de Bellocq J, Polymorphism in
vkorc1 gene of natal multimammate mice, mastomys natalensis, in
Tanzania. J Hered 106:637–643 (2015).

15 Zhelev GG, Koev KP, Dimitrov VD and Petrov VS, Anticoagulant resis-
tance in synanthropic rodents in the Stara Zagora region, Bulgaria.
Maced Vet Rev 42:61–70 (2019).

16 Lal S, Jada SR, Xiang X, Lim W-T, Lee EJ and Chowbay B, Pharmacoge-
netics of target genes across the warfarin pharmacological pathway.
Clin Pharmacokinet 45:1189–1200 (2006).

17 McGee CF, McGilloway DA and Buckle AP, Anticoagulant rodenticides
and resistance development in rodent pest species – a comprehen-
sive review. J Stored Prod Res 88:101688 (2020).

18 van Blaaderen H and Bode A, Resistentie tegen anticoagulantia bij de
bruine rat in Twente. Rat en Muis 37:1–37 (1989).

19 Meerburg BG, van Gent-Pelzer MP, Schoelitsz B and van der Lee TA,
Distribution of anticoagulant rodenticide resistance in Rattus norve-
gicus in the Netherlands according to Vkorc1 mutations. Pest Man-
age Sci 70:1761–1766 (2014).

20 Buckle AP, Endepols S and Prescott CV, Relationship between resis-
tance factors and treatment efficacy when bromadiolone was used
against anticoagulant-resistant Norway rats (Rattus norvegicus
Berk.) in Wales. Int J Pest Manage 53:291–297 (2007).

21 Endepols S, Prescott CV, Klemann N and Buckle AP, Susceptibility to
the anticoagulants bromadiolone and coumatetralyl in wild
Norway rats (Rattus norvegicus) from the UK and Germany. Int J Pest
Manage 53:285–290 (2007).

22 Koivisto E, Esther A, Aivelo T, Koivisto S, Huitu O. Prevalence of Antico-
agulant Rodenticide Resistance (Vkorc1 Gene Polymorphism) in Two
Commensal Rodent Species in Finland. Finnish Safety and Chemicals
Agency (Tukes), Helsinki (2021).

23 Prescott C, Rymer D, Esther A. Anticoagulant rodenticide resistance
management RRAC [Available from: https://guide.rrac.info].

24 Komen C, Wezenbeek J. Particulier gebruik van rodenticiden en midde-
len tegen groene aanslag. Rijksinstituut voor Volksgezondheid en
Milieu, Bilthoven (2021).

25 Jacob J and Buckle A, Use of anticoagulant rodenticides in different
applications around the world, in Anticoagulant Rodenticides and
Wildlife, ed. by van den Brink NW, Elliott JE, Shore RF and
Rattner BA. Springer International Publishing, Cham, pp. 11–43 (2018).

26 Witmer GW, Perspectives on existing and potential new alternatives to
anticoagulant rodenticides and the implications for integrated pest
management, in Anticoagulant Rodenticides and Wildlife. Springer,
New York, USA pp. 357–378 (2018).

27 Hadler MR and Buckle AP eds, Forty-five years of anticoagulant
rodenticides--past, present and future trends, in Proceedings of the
Vertebrate Pest Conference. Vertebrate Pest Conference, Newport
Beach California (1992).

28 Lemus JA, Bravo C, García-Montijano M, Palacín C, Ponce C, Magaña M
et al., Side effects of rodent control on non-target species: rodenti-
cides increase parasite and pathogen burden in great bustards. Sci
Total Environ 409:4729–4734 (2011).

29 Regnery J, Friesen A, Geduhn A, Göckener B, Kotthoff M, Parrhysius P
et al., Rating the risks of anticoagulant rodenticides in the aquatic
environment: a review. Environ Chem Lett 17:215–240 (2019).

30 Walther B, Geduhn A, Schenke D, Schlötelburg A and Jacob J,
Baiting location affects anticoagulant rodenticide exposure of
non-target small mammals on farms. Pest Manage Sci 77:
611–619 (2021).

31 Tosh DG, McDonald RA, Bearhop S, Llewellyn NR, Ian Montgomery W
and Shore RF, Rodenticide exposure in wood mouse and house
mouse populations on farms and potential secondary risk to preda-
tors. Ecotoxicology 21:1325–1332 (2012).

www.soci.org IM Krijger et al.

wileyonlinelibrary.com/journal/ps © 2022 The Dutch Pest and Wildlife.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Pest Manag Sci 2023; 79: 989–995

994

https://guide.rrac.info
http://wileyonlinelibrary.com/journal/ps


32 Brakes CR and Smith RH, Exposure of non-target small mammals to
rodenticides: short-term effects, recovery and implications for sec-
ondary poisoning. J Appl Ecol 42:118–128 (2005).

33 Geduhn A, Esther A, Schenke D, Mattes H and Jacob J, Spatial and tem-
poral exposure patterns in non-target small mammals during brodi-
facoum rat control. Sci Total Environ 496:328–338 (2014).

34 Elmeros M, Bossi R, Christensen TK, Kjær LJ, Lassen P and Topping CJ,
Exposure of non-target small mammals to anticoagulant rodenti-
cide during chemical rodent control operations. Environ Sci Pollut
Res 26:6133–6140 (2019).

35 Guldemond A, Lommers J, Rijks J, Boudewijn T, van Silfhout M,
Gommer R, et al. Kans op vergiftiging met rodenticiden van niet-
doelsoorten in Nederland. 2020.

36 Davies MP and Anderson M, Rodenticide use in houses. Outlooks Pest
Manage 24:70–75 (2013).

37 Robins JH, Hingston M, Matisoo-Smith E and Ross HA, Identifying Rat-
tus species using mitochondrial DNA. Mol Ecol Notes 7:717–729
(2007).

38 Ausvet. Epitools - Epidemiological Calculators [13-06-2022]. Available
from: https://epitools.ausvet.com.au/ciproportion.

39 Buckle AP, Jones CR, Rymer DJ, Coan EE and Prescott CV, The
Hampshire-Berkshire focus of L120Q anticoagulant resistance in
the Norway rat (Rattus norvegicus) and field trials of bromadiolone,
difenacoum and brodifacoum. Crop Prot 137:105301 (2020).

40 Haniza MZ, Adams S, Jones EP, MacNicoll A, Mallon EB, Smith RH
et al., Large-scale structure of brown rat (Rattus norvegicus)
populations in England: effects on rodenticide resistance. PeerJ
3:e1458 (2015).

41 Desvars-Larrive A, Pascal M, Gasqui P, Cosson J-F, Benoit E, Lattard V
et al., Population genetics, community of parasites, and resistance
to rodenticides in an urban brown rat (Rattus norvegicus) popula-
tion. PLoS One 12:e0184015 (2017).

42 Mooney J, Lynch MR, Prescott CV, Clegg T, Loughlin M, Hannon B et al.,
VKORC1 sequence variants associated with resistance to anticoagu-
lant rodenticides in Irish populations of Rattus norvegicus and Mus
musculus domesticus. Sci Rep 8:1–6 (2018).

43 Buckle A, Endepols S, Klemann N and Jacob J, Resistance testing and
the effectiveness of difenacoum against Norway rats (Rattus

norvegicus) in a tyrosine139cysteine focus of anticoagulant resis-
tance, Westphalia, Germany. Pest Manage Sci 69:233–239 (2013).

44 Hedrick PW, Adaptive introgression in animals: examples and compar-
ison to new mutation and standing variation as sources of adaptive
variation. Mol Ecol 22:4606–4618 (2013).

45 Song Y, Endepols S, Klemann N, Richter D, Matuschka F-R, Shih C-H
et al., Adaptive introgression of anticoagulant rodent poison resis-
tance by hybridization between old world mice. Curr Biol 21:
1296–1301 (2011).

46 Liu KJ, Steinberg E, Yozzo A, Song Y, Kohn MH and Nakhleh L, Interspe-
cific introgressive origin of genomic diversity in the house mouse.
Proc Natl Acad Sci 112:196–201 (2015).

47 Ishizuka M, Tanikawa T, Tanaka KD, Heewon M, Okajima F,
Sakamoto KQ et al., Pesticide resistance in wild mammals-
mechanisms of anticoagulant resistance in wild rodents. J Toxicol
Sci 33:283–291 (2008).

48 Duncan BJML. A genetic investigation of anticoagulant rodenticide
resistance in Mus musculus of Western Australia: Implications for
conservation and biosecurity. 2021.

49 Marquez A, Abi Khalil R, Fourel I, Ovarbury T, Pinot A, Rosine A et al.,
Resistance to anticoagulant rodenticides in Martinique could lead
to inefficient rodent control in a context of endemic leptospirosis.
Sci Rep 9:1–11 (2019).

50 Blažić T, JokićG, GötzM, Esther A, VukšaM andĐedović S, Brodifacoum
as a first choice rodenticide for controlling bromadiolone-resistant
Mus musculus. J Stored Prod Res 79:29–33 (2018).

51 Jacob J and Freise JF, Food choice and impact of food sources from
farms on blood coagulation in rodenticide resistant Norway rats.
Crop Prot 30:1501–1507 (2011).

52 Heiberg A-C, Leirs H and Siegismund HR, Reproductive success of
bromadiolone-resistant rats in absence of anticoagulant pressure.
Pest Manage Sci 62:862–871 (2006).

53 Jacob J, Endepols S, Pelz H-J, Kampling E, Cooper TG, Yeung CH et al.,
Vitamin K requirement and reproduction in bromadiolone-resistant
Norway rats. Pest Manage Sci 68:378–385 (2012).

54 Sanyaolu AO, Oremosu AA, Osinubi AA, Vermeer C and Daramola AO,
Warfarin-induced vitamin K deficiency affects spermatogenesis in
Sprague-Dawley rats. Andrologia 51:e13416 (2019).

Rodenticide resistance in commensal rodent species in the Netherlands www.soci.org

Pest Manag Sci 2023; 79: 989–995 © 2022 The Dutch Pest and Wildlife.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

995

https://epitools.ausvet.com.au/ciproportion
http://wileyonlinelibrary.com/journal/ps

	Large-scale identification of rodenticide resistance in Rattus norvegicus and Mus musculus in the Netherlands based on Vkor...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Sample collection
	2.2  DNA extraction
	2.3  Molecular verification of species
	2.4  Detection of mutations at the Vkorc1 gene
	2.5  Statistical analyses

	3  RESULTS
	3.1  Samples collected and verification of species
	3.2  Detection of mutations at the Vkorc1 gene

	4  DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST DECLARATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


