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ABstRACt. Anticoagulant resistance is known as one of the major factors interfering with rodent control. 
Within this context we investigated the distribution of anticoagulant resistance in Flanders, northern Belgium. 
From 2003 to 2005, we tested 691 rats from different locations with blood clotting response tests for their 
susceptibility to the anticoagulant compounds warfarin, bromadiolone and difenacoum. Of these, 119 were also 
screened for a mutation in the VKORC1 gene that is suspected to be responsible for anticoagulant resistance. 
Warfarin resistant rats were found in the western and eastern parts of Flanders. the same distribution pattern was 
found for bromadiolone with the exception of the south-eastern area, where this form of resistance was largely 
absent. We detected difenacoum resistance in only six rats and did not observe any resistant rats in the central 
part of Flanders. susceptible rats were found all over Flanders. Genetic analyses showed that anticoagulant 
resistance in Belgium was related to two different mutations in VKORC1, namely Y139F and L120Q. Our 
results indicate that rodent control should be regionally tailored to be most effective.

KeY WORds. blood clotting response, rodent control, warfarin, bromadiolone, difenacoum, VKORC1

Belg. J. Zool., 142 (1) : 39-48 January 2012

IntroDuCtIon

through the ages brown rats have been 
poisoned because of the damage they cause 
and the diseases they carry (Meehan, 1984; 
Gratz, 2006; heyMan et al., 2009). Before 
the discovery of warfarin, rodent control was 
mostly achieved with acute poisons (Buckle, 
1994a). With the introduction of warfarin and 
related anticoagulant compounds, also known as 
coumarins, a new class of rodenticides became 
available in the 1940s. the delayed action of 
anticoagulants does not cause bait-shyness and 
makes them particularly suitable for the control 
of a neophobic species such as the brown rat. 
Furthermore they are relatively safe, due to 
the existence of the antidote vitamin K1. As a 
result, rodent control became largely an issue of 
chemical intervention with less emphasis placed 
on sanitation and exclusion measures (Frantz 
& Padula, 1998; Pelz et al., 2005). since the 
1950s, anticoagulants have been the most widely 
used rodenticides (Meehan, 1984).

Coumarins act as a vitamin K antagonist 
and block the vitamin K cycle in the liver, 
preventing the reduction of vitamin K epoxide 
to vitamin K by vitamin K epoxide reductase 
(VKOR). Vitamin K is an essential co-factor in 
the activation of several vitamin K-dependant 
coagulation factors through which it plays an 
important role in blood coagulation (OldenBurG 
et al., 2008). When coumarins bind with VKOR, 
intoxication with anticoagulants will lead to 
a deficiency of vitamin K and coagulation 
factors, causing coagulation disorders such as 
spontaneous bleeding and eventually death. In 
resistant rats, VKOR is slightly modified and 
prevents a proper binding with the rodenticide, 
which thus fails to work (thijssen, 1995). 
this mechanism is based on a single nucleotide 
polymorphism (sNP) in the VKORC1gene, 
which codes for the VKOR enzyme (rOst et al., 
2004). At least eight different sNPs are related 
to anticoagulant resistance in the brown rat. In 
Belgium, as in France, the mutation known as 
tAt-139-ttt or Y139F is present (Pelz et al., 
2005; GrandeManGe et al., 2010).
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After the first discovery of warfarin-resistant 
rats in scotland in 1958 (BOyle, 1960) other 
foci of resistance arose in Wales and southern 
england in the 1960s (kerins et al., 2001). 
On the European continent the first traces of 
resistance were found in denmark in 1962 
(lOdal, 2001). About ten years later it also 
occurred in Germany (Pelz, 1995) and in the 
meantime this trait developed in North Carolina 
UsA (Frantz & Padula, 1998). Furthermore, 
resistance to first-generation anticoagulants such 
as warfarin has also been found in France, Japan, 
Brazil, Portugal, Italy and Canada (MacnicOll 
& Gill, 1987; Greaves, 1994; Pelz et al., 2005).

due to increasing warfarin resistance, the 
industry developed stronger second-generation 
products such as bromadiolone, difenacoum, 
brodifacoum and difethialone. these rodenticides 
were also based on the 4-hydroxycoumarin 
structure, but with increased lipophilicity and 
thus prolonged half-lives (atterBy et al., 2001). 
Unfortunately, these stronger anticoagulants 
present a greater risk of primary intoxication of 
non-target species and secondary intoxication 
of scavengers and predators (Brakes & sMith, 
2005; hOare & hare, 2006).

Rodent pest management today depends on 
the anticoagulant rodenticides because of their 
outstanding efficiency and excellent safety 
profile. Monitoring for resistance is important if 
we are to understand the scope of its spread and 
to manage resistant rodent populations (Buckle, 
2006). Resistance is defined by the European and 
Mediterranean Plant Protection Organization 
as follows; “Rodenticide-resistant rodents 
should be able to survive doses of rodenticide 
that would kill ‘normal’ or ‘susceptible’ 
conspecifics” (ePPO, 1995). Greaves, (1994) 
describes anticoagulant resistance as a major 
loss of efficacy in practical conditions where the 
anticoagulant has been applied correctly, the loss 
of efficacy being due to the presence of a strain 
of rodent with a heritable and commensurately 
reduced sensitivity to the anticoagulant. In this 
study, resistance is based upon a positive blood 
clotting response (BCR) test result.

In denmark, but also in Germany and the 
United Kingdom, scientists monitored the 
evolution and distribution of resistance (kerins, 
2001; lOdal, 2001; Pelz, 2001). In these 
countries, they observed that resistance expan-
ded geographically and towards stronger active 
ingredients e.g. bromadiolone and difenacoum. 
In the United Kingdom brodifacoum resistance 
has also been reported (Gill et al., 1992). 
Resistance to different anticoagulants is known 
as cross resistance, and evolves often from 
first- to second-generation anticoagulants (also 
known as resistance hierarchy) (Pelz, 1995). 
this means that resistance to anticoagulants 
of higher potency will always be accompanied 
by resistance to compounds of lower potency. 
lund (1984) mentioned anticoagulant 
resistance in house mice in Belgium, but no data 
concerning resistant rats were provided. the 
work reported here is the first documented study 
of the distribution of anticoagulant-resistant rats 
in Belgium. the aim of this study was to assess 
the presence of any resistant rats in Flanders and 
to study the extent of this resistance trait, both 
geographically as well as functionally. More 
specifically, we wanted to test whether resistance 
in brown rats was restricted to warfarin, or 
whether it extended to frequently-used second-
generation anticoagulants like bromadiolone 
and difenacoum. In a later stage, we examined 
DNA samples to find out if mutations in the 
VKORC1 gene could explain our positive BCR 
results.

MaterIalS anD MethoDS

rats

Wild rats (Rattus norvegicus) were captured 
using live traps and caged individually in our 
laboratory for animal science. Once in the lab 
they received Carfil Quality maintenance rat 
food and fresh tap water. No extra menadione or 
vitamin K3 was administered. the rats were kept 
in the laboratory for at least three weeks before 
testing, in order to exclude rats in gestation and 
diseased or intoxicated rats.
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the use of living rats in our study was approved 
by the local ethics committee of ‘the Institute 
for Agricultural and Fisheries Research of the 
Flemish Government’ and was in agreement with 
the legislation on laboratory animal science.

Blood clotting response test

to distinguish resistant from susceptible rats 
we applied a blood clotting response (BCR) 
test, involving the measurement of changes 
in coagulation time after the administration 
of a small dose of anticoagulant. For the 
detection of warfarin resistance, we used the 
BCR test described by Martin et al. (1979) 
and MacnicOll & Gill (1993). BCR tests 
for bromadiolone and difenacoum resistance 
were carried out according to Gill et al. (1993, 
1994). Briefly, the rats received a solution of 
anticoagulant (2ml/kg) by oral gavage. the 
concentration used for warfarin and difenacoum 
was 0.25% (dose 5mg/kg). For bromadiolone, 
male and female rats were given a solution of 
0.05% (dose 1mg/kg) and 0.12% (dose 2.4mg/
kg) respectively. After 24 hours for warfarin 
and 96 hours for bromadiolone and difenacoum, 
we took blood by means of a retro-orbital 
puncture and measured the prothrombin time 
(Pt) (Coadata 501 coagulometer for whole 
blood, Helena capillary reagent rabbit brain 
thromboplastin). We converted the Pt into the 
percentage coagulation activity (PCA) by means 
of a calibration curve based on a dilution series of 
a mixed blood sample of five Wistar rats for each 
sex. the cutoff point for warfarin resistance was 
a PCA of 17%, for bromadiolone and difenacoum 
this was a PCA of 10%. Warfarin-susceptible 
rats were euthanized after the experiment. due 
to resistance hierarchy, we considered them as 
also bromadiolone and difenacoum susceptible. 
Warfarin-resistant rats were subsequently 
tested with bromadiolone and difenacoum. 
the minimum interval between warfarin and 
bromadiolone BCR tests was one week, while 
between bromadiolone and difenacoum tests it 
was six weeks. Anticoagulant administration and 
blood sampling were performed under isoflurane 
anaesthesia.

Genetic analysis

Rat dNA was extracted from tissue samples 
(tail tip) with the Qiagen tissue kit (Qiagen). 
PCR amplification of part of exon 3 of the 
VKORC1 gene was performed using the primers 
and conditions described in Pelz et al. (2005). 
the presence of a mutation in individual samples 
was analysed by temperature gradient capillary 
electrophoresis (tGCe) (chOu et al., 2005) on 
a sCe9610 Genetic Analyzer (spectrumedix 
Inc.) applying a 45-55 °C gradient with a 
ramp period of 24 minutes. electropherograms 
were analysed with the Revelation 2.41 
software (spectrumedix). samples showing a 
heteroduplex were considered as heterozygous 
mutants. samples showing a homoduplex were 
further analyzed by mixing the test sample with 
a known homozygous wild type (Wt) reference 
sample and repeating the tGCe analysis to 
distinguish between homozygous mutants and 
Wt. In this way, homozygous Wt animals 
could be discriminated from homozygous and 
heterozygous mutants.

samples from animals carrying a mutation as 
revealed by tGCe were further analysed using an 
allele-specific amplification refractory mutation 
system (ARMs) PCR (ye et al., 2001) for the 
presence of the Y139F mutation, which has been 
previously detected in Flanders (Pelz et al., 
2005). As the mutation Y139F is different from 
the one published (Y139C), the original inner 
ARMS primers were slightly modified: F-primer: 
5’-tGAtttCtGCAttGtttGCAtCACCAC
Gtt-3’ and R-primer: 5’-CAACAtCAGGCCC
GCATTGATGGAAT-3’. Amplification products 
were analyzed by agarose gel electrophoresis.

some of the samples that were negative in 
the ARMs PCR were sequenced and revealed 
the presence of the L120Q mutation (Pelz et 
al., 2005). For this mutation, a new ARMs 
PCR was developed with inner primers F: 
5’-tGGtGtCtGtCGCtGGttCtCtGtAGC
A-3’ and R: 5’-AtACAGGACAAAGAACAGG
AtCCAGGGCA-3’. 



42 Kristof Baert, Jan stuyck, Peter Breyne, dirk Maes & Jim Casaer

For routine analysis, the forward inner 
primers of the mutations Y139F and L120Q 
were labelled with an FAM-dye and a Ned-
dye, respectively, and analysed simultaneously 
on the sCe9610 sequencer. Results were 
analysed with the Genospectrum v3.0.0 
software (spectrumedix).

Statistical analysis

We used a Log-Linear analysis to test, per river 
catchment, whether more rats than expected 
were resistant to warfarin and subsequently to 
bromadiolone. the analysis was based on the 
Fisher exact test and the level of significance 
was corrected for multiple testing (table 1).

to measure the level of agreement between the 
BCR test and the genetic analysis we calculated 
kappa. Kappa expresses the proportion of 
agreement beyond chance and is only valuable 
when the results of both tests are not significantly 
different and the prevalence is between 0.2 and 
0.8 (dOhOO et al., 2003).

reSultS

From 2003 to 2005 we tested 691 rats from 
different locations for warfarin resistance. Of 
these, 550 had a PCA less than 17% and 141 rats had 
a PCA above 17% and were respectively warfarin 
susceptible and resistant. Between the BCR tests 
for warfarin and bromadiolone resistance, 19 rats 
died. Consequently only 122 warfarin-resistant 
rats were tested with bromadiolone. Of these, 88 
were also bromadiolone resistant. Between the 
bromadiolone and difenacoum BCR tests we lost 
28 rats. six bromadiolone resistant rats were also 
difenacoum resistant. 

Because advances in genetic research on 
resistance took place after the onset of this 
study we were not able to test all our rats 
for mutations in VKORC1. We screened 26 
susceptible and 93 resistant rats for the presence 
of a mutation in VKORC1. None of the 26 
susceptibles carried a mutation in VKORC1 but 

87 resistant rats did. six rats that had a positive 
BCR result for warfarin resistance did not 
carry a mutation in VKORC1; their PCA varied 
between 17 and 27 %. All the bromadiolone 
and difenacoum resistant rats tested genetically 
carried a mutation. two different mutations 
were found in exon 3. Mutation one showed an 
sNP in codon 139 where adenine was replaced 
by thymine (tAt-139-ttt), which resulted in 
a replacement of the amino acid tyrosine by 
phenylalanine in VKOR (Y139F). the second 
mutation was found in codon 120 where thymine 
was replaced by adenine (CtG-120-CAG) 
and the amino acid leucine was substituted by 
glutamine (L120Q).

the results of the BCR test and the mutation 
screening were not significantly different and 
the prevalence was between 0.2 and 0.8. With 
kappa=0.864, CI 95%: 0.758-0.969 higher than 
0.8 both tests agreed almost perfectly (dOhOO 
et al., 2003).

the geographical distribution of resistant 
brown rats in Flanders was significantly different 
from random (table 1, Fig. 1). We used the 
existing river catchments as geographical units. 
Anticoagulant resistance was found in three 
different regions. In the southeast region, which 
corresponds to the demer river catchment, 26 
rats were resistant to warfarin. Only four of these 
rats were bromadiolone resistant, resulting in 
significantly less bromadiolone resistance than 
expected (table 1). One rat was also difenacoum 
resistant. Between bromadiolone and difenacoum 
BCR tests there was a significantly higher loss 
of rats; 14 out of 25 rats compared to 14 out of 
97 rats for the other regions. All 26 warfarin-
resistant rats were tested genetically and carried 
mutation L120Q.

In the west and in the east of Flanders, we 
saw that the majority of the warfarin resistant 
rats (91%) were also resistant to bromadiolone. 
Five of these bromadiolone resistant rats were 
resistant to difenacoum. the rats in this region 
carried mutation Y139F. In the central part the 
resistance trait was absent.
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Fig. 1. − Three different areas with resistance were found in Flanders. In the west and east these areas were char-
acterised by bromadiolone resistance (full line) and linked to mutation Y139F in VKORC1. In the south-east the 
area was characterised by warfarin resistance (broken line) and the presence of mutation L120Q. the grey dots 
represent locations where only susceptible rats were found. the black dots stand for locations where at least one 
resistant rat was caught. the numbers correspond with the river catchments in table 1. 

rIVer CatChMent

1 Yser
2 Bruges Polder
3 Ghent Canals
4 Lower scheldt
5 Leie
6 Upper scheldt
7 dender
8 dijle
9 demer
10 Nete
11 Meuse Antwerp
12 Meuse Limburg
total

WS

30
20
30
145
47
0
81
38
61
49
7
42
550

Wr

18
13
4
6
32
2
1
0
26
0
0
39
141

level

ns
ns
ns

<0.001
<0.001

ns
<0.001
<0.01

ns
<0.001

ns
<0.001

BS

5
0
2
1
4
0
0
0
21
0
0
1
34

Br

11
11
2
3
24
1
1
0
4
0
0
31
88

level

ns
ns
ns
ns
ns
ns
ns
ns

<0.001
ns
ns

<0.01

tABLe 1

Warfarin- and bromadiolone-resistant rats (by BCR test) per river catchment. 691 rats were tested with warfarin, 
of which 141 were warfarin resistant. Of these rats 122 animals were also tested with bromadiolone. the geo-
graphical distribution of warfarin- and bromadiolone-resistant brown rats in Flanders was significantly different 
from random. Ws: warfarin susceptible, WR: warfarin resistant, Bs: bromadiolone susceptible, BR: bromadio-
lone resistant, level: level of significance based on Fisher exact and corrected for multiple testing.
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DISCuSSIon

this study shows that resistance to 
anticoagulants also occurs in Flanders, with a 
clear distribution pattern caused by a different 
genetic background and resistance to different 
coumarins. In a small region such as Flanders, 
which is one of the most densely populated 
and urbanised areas in europe (eeA 2007) and 
is characterized by a large amount of traffic 
along roads and watercourses enhancing rat 
migration, we expected less regional variation 
in anticoagulant resistance.  We know that 
brown rats are widespread (stuyck, 2003) 
and the availability and use of different types 
of anticoagulant rodenticides does not differ 
much between localities. therefore we believe 
that neither increased rodent control intensity, 
due to higher rat densities, nor different use of 
poisons, is responsible for the different levels 
of resistance. similarly, we can not explain the 
lack of resistance in the central part of Flanders; 
in Upper-scheldt, dender, dijle and Nete river 
catchments, significantly fewer than expected 
resistant rats were recorded (table 1). data from 
other countries such as denmark, Germany 
and the United Kingdom has shown that 
anticoagulant resistance expands (kerins, 2001; 
lOdal, 2001; Pelz, 2001), both geographically 
and functionally, from first to second generation 
rodenticides. the situation observed in Flanders 
provides a unique opportunity to follow the trend 
of resistance in a resistance-free area, surrounded 
by areas with resistant rats. 

In the west and east of Flanders, we found 
warfarin-resistant rats, most of which were also 
bromadiolone resistant. Only a few of these 
bromadiolone resistant rats were difenacoum 
resistant and this to a lesser degree than to 
bromadiolone. therefore we believe that the 
resistance hierarchy in both areas was as follows: 
warfarin < bromadiolone < difenacoum. the 
same hierarchy pattern was previously found in 
denmark and Germany (Pelz et al., 1995). the 
rats in these regions of Flanders carried mutation 
Y139F. this mutation is common in France 
where it also confers resistance to bromadiolone 

(GrandeManGe et al., 2009). More recently it 
was also found in Korea and in the UK (rOst 
et al., 2009; PrescOtt et al., 2011), the latter in 
a place where applications of the anticoagulant 
rodenticide bromadiolone had been unsuccessful. 
the situation in France as well as in the UK is 
consistent with our findings. 

In the demer river catchment, the majority of 
the resistant rats were resistant only to warfarin, 
with only a few rats also testing bromadiolone 
resistant. Compared to other river catchments 
this difference was significant (Table 1). 
Additionally, the bromadiolone-resistant rats 
showed a BCR test result for bromadiolone close 
to the cutoff point, indicating a very low degree 
of resistance. We also noticed a major loss of 
rats between the bromadiolone and difenacoum 
BCR tests. such a high mortality after a BCR 
test is exceptional as the doses used in these tests 
are considered as non-lethal (Gill et al., 1993). 
This observed mortality confirmed the presence 
of fewer bromadiolone resistant rats and resulted 
in a possible underestimation of difenacoum 
resistance. Moreover, the only difenacoum-
resistant rat caught in the demer river catchment 
showed a higher level of difenacoum resistance 
than bromadiolone resistance. the much lower 
degree of bromadiolone resistance and a possibly 
different resistance hierarchy, can be explained 
by the presence of another resistant strain in the 
demer river catchment. All the resistant rats in 
the demer carried mutation L120Q, a mutation 
initially found in the Berkshire and Hampshire 
strain in the UK (Pelz et al., 2005), and later, 
also in France (GrandeManGe et al., 2010). 
these strains in the UK are known for their 
difenacoum resistance (Gill et al., 1993), but 
in our study this mutation’s contribution to 
anticoagulant resistance is mainly restricted to 
the first generation rodenticide, warfarin.

At the beginning of this study, we chose to 
work with BCR tests to evaluate anticoagulant 
resistance in Flanders. At that time, it was 
probably the best solution as the BCR tests 
then had replaced feeding tests for reasons of 
accuracy and animal welfare (kerins et al., 
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2001). Nowadays, often only genetic tests are 
used to evaluate the presence of resistance. It is 
not clear how closely positive BCR test results 
correlate with the definition of Greaves (1994), 
which emphasises major loss of efficacy of the 
rodenticide in practical conditions. Although 
BCR tests provide no direct indication of the 
practical impact of the resistance observed 
(Buckle, 1994b), we now know that a positive 
BCR result has a high, positive predictive value 
for the presence of an sNP in the VKORC1 gene 
(Pelz et al., 2005), which certainly contributes 
to resistance. to assess the practical implications 
of anticoagulant resistance on rodent control 
using the BCR test, it is possible to work with 
a resistance factor based on the multiple of the 
discriminating dose as suggested by PrescOtt et 
al. (2007). In our opinion, the major advantage 
of a BCR test remains the fact that it measures 
the effect caused by the rodenticide itself apart 
from the resistance mechanisms behind it. this 
means that changes in pharmacodynamics or 
pharmacokinetics (Markussen et al., 2008) 
that differ from changes in VKORC1 will also 
be detected. A disadvantage of the BCR test is 
that rats trapped in the wild could bias the BCR 
test result because of an earlier bait uptake in the 
field. Indeed, the half-life of second-generation 
anticoagulants in the liver can extend to 300 
days (ePA 2007). the same bias also plays a role 
with subsequent testing of different compounds 
in the lab. At the beginning of our study, we 
found that an interval of three weeks between the 
bromadiolone and difenacoum BCR tests was 
not enough to normalise the Pt within its normal 
range. As a result, we extended the interval up to 
six weeks for all the following tests to normalize 
the Pt. However, this still did not guarantee the 
absence of any negative effects on the difenacoum 
BCR result. For these reasons, we believe that it 
is better not to test rats with more than one second 
generation anticoagulant, as this can lead to an 
underestimation of the resistance level. But more 
importantly, BCR tests should be part of each 
resistance screening as they indicate resistance 
independent of the mechanism behind it.

the BCR tests we used were based on the 

methods described by Martin et al. (1979), 
MacnicOll & Gill (1993) and Gill et al. 
(1993, 1994). It was PrescOtt et al. (2007) who 
re-evaluated these BCR tests and designed the 
standardised BCR (sBCR) test. this is a sensitive 
method designed to detect the slightest form of 
anticoagulant resistance. the discriminating dose 
was determined by using a group of susceptible 
rats. To predict the likely impact on field control, 
a resistance factor based on the multiple of the 
discriminating dose is used. the sBCR is based 
on the International Normalised Ratio (INR) 
and allows comparison of blood clotting data 
obtained by different thromboplastin reagents 
used in different labs. this is not possible with 
PCA values. As a consequence, the thresholds of 
PCA we used –17% for warfarin and PCA, 10% 
for bromadiolon and difenacoum, corresponding 
with INR values of about 3.5 and 7 respectively 
– probably do not match the thresholds used in 
the original BCR tests. the usual threshold for 
the sBCR test is an INR value of 5, and the time 
between administration of the anticoagulant 
and the blood sampling is reduced for all 
anticoagulants to 24h.

For the detection of warfarin resistance we 
used a discriminating dose of 5mg/kg versus 3.02 
mg/kg for male and 4.26 mg/kg for female rats 
used in the sBCR test. A higher discriminating 
dose together with a lower threshold means that 
we probably underestimated warfarin resistance 
compared to the sBCR test. A correction for 
the different threshold alone means that about 
12% of the rats that we regarded as susceptible 
should have been resistant under the sBCR test. 
this rather small difference in result between 
the BCR and the sBRC tests can be explained 
by the variation in our results. About 75% of 
the warfarin resistant rats have a PCA>30% or 
INR<2 and about 88% of the susceptible rats have 
a PCA<12% or INR>5. this means that about 
15% of the rats that we tested were in the range 
of INR 2 – 5. For this minority of rats, it is not 
always possible to tell whether they are resistant 
or susceptible, an uncertainty which also exists 
when using the sBCR test, since the cut off 
for that test was arbitrarily defined (PrescOtt 
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et al., 2007). this again shows that resistance 
to anticoagulants is not clear-cut. Based on our 
and previous results (Pelz et al., 2005), it seems 
that mutations in VKORC1, resulting in changes 
in pharmacodynamics, contribute more clearly 
to anticoagulant resistance as illustrated by the 
high kappa value we found. since the mutations 
in VKORC1 are probably responsible for the 
variation in blood clotting between the groups 
of resistant and susceptible rats, variation within 
the groups and overlap between the groups could 
then be explained by changes in metabolism or 
pharmacokinetics (Markussen et al., 2008).

Comparison of our results for bromadiolone 
and difenacoum resistance in the light of the 
sBCR is complex. the major advantage of 
second-generation anticoagulants in rodent 
control is their prolonged half-life, which is 
dependent on changes in clearance and apparent 
volume of distribution (BreckenridGe et al., 
1985). As a result, the plasma concentration 
and, therefore, also the effect of the rodenticide, 
remain higher for a longer period. In the sBCR, 
the interval between administration and blood 
sampling is reduced from 96h to 24h, to exclude 
changes in clotting time by pharmacokinetically-
based effects (PrescOtt et al., 2007). By 
shortening the interval, however, the beneficial 
effect of the prolonged half-life of second-
generation anticoagulants is untested, as is its 
benefit in the context of anticoagulant resistance. 
Furthermore, there are indications that changes in 
pharmacokinetics affect anticoagulant resistance 
in brown rats (Markussen et al., 2008). For the 
same reason heiBerG (2009) did not shorten the 
time interval of her BCR tests.

ConCluSIonS

In Flanders, the degree of resistance to different 
anticoagulants used in rodent control showed a 
clear geographical distribution and was linked 
to the presence of two different mutations in 
VKORC1. One strain of rats in the west and the 
east of Flanders was characterised by its resistance 
to warfarin and bromadiolone apparently related 

to mutation Y139F in VKORC1. Another strain 
located in the southeast, a region corresponding 
with the demer river basin, was mainly 
warfarin-resistant. Here, resistance was linked to 
mutation L120Q. In both strains, the first signs of 
difenacoum resistance had appeared. the central 
part of Flanders did not reveal any resistant rats 
and no mutations in VKORC1 were found. 

Our results show that resistance monitoring 
should be an essential part of adaptive rodent 
management when confronted with rodent control 
failure caused by anticoagulant resistance. 

We suggest that future research should focus 
on resistance monitoring not only in the central 
area of Flanders, where this trait is currently 
lacking but also in the resistant areas where we 
could determine possible changes in resistance 
prevalence and hierarchy. the BCR test and the 
detection of mutation in VKORC1 resulted in a 
similar outcome for warfarin resistance. despite 
their close agreement, a combination of genetic 
and (s)BRC tests should be used, especially for 
second generation anticoagulants and as long as 
some of the mechanisms causing anticoagulant 
resistance remain unclear.

aCKnoWleDGeMentS

We are grateful to the department Operational 
Water Management of the Flemish environment 
Agency (VMM) for providing the rats and 
their support. We also want to thank our INBO 
colleagues tim Adriaens, Frank Husentruyt, 
thomas scheppers and Koen Van den Berge for 
their valuable contribution to this manuscript, 
sabrina Neyrinck and david Halfmaerten for 
the genetic analysis and sebastien Pieters, Filip 
Berlengee and Bram Lens for their technical 
assistance in our laboratory. special thanks go to 
Andrea tongue for proofreading the manuscript.

referenCeS

atterBy h, kelly Mj & MacnicOll ad (2001). 
difenacoum resistance in rats is not a conse-



47Rats and anticoagulant resistance

quence of increased metabolism and excretion. 
In: Pelz hj, cOwan dP & Feare cj (eds.), 
Advances in Vertebrate Pest Management, 
Filander Verlag, Fürth: 193-201.

BreckenridGe aM, chOlertOn s, hart ja, 
Park Bk & scOtt ak (1985). A study of the 
relationship between the pharmacokinetics and 
the pharmacodynamics of the 4-hydroxycoumarin 
anticoagulants warfarin, difenacoum and 
brodifacoum in the rabbit. British Journal of 
Pharmacology, 84: 81-91.

BOyle CM (1960). Case of apparent resistance of 
Rattus norvegicus Berkenhout to anticoagulant 
poisons. Nature, 188: 517.

Brakes cr & sMith rh (2005). exposure of non-
target small mammals to rodenticides: short-term 
effects, recovery and implications for secondary 
poisoning. Journal of Applied ecology, 42: 118-
128.

Buckle aP (1994a). Rodent control methods: 
chemical. In: Buckle aP & sMith rh 
(eds), Rodent Pests and their Control, CAB 
International, Wallingford: 127-160.

Buckle aP (1994b). Resistance to the first and 
second generation anticoagulant rodenticides - 
a new perspective. Proceedings Vertebrate Pest 
Conference, 16: 138–144.

Buckle aP (2006). the Current status of 
anticoagulant resistance in rodents, resistance 
monitoring and management strategies. Forum 
for sustainable Management of disease Vectors. 
Beijing 21-23 April 2006.

chOu ls,  GedGe F & lyOn e (2005). Complete 
Gene scanning by temperature Gradient Capillary 
electrophoresis Using the Cystic Fibrosis 
transmembrane Conductance Regulator Gene 
as a Model. Journal of Molecular diagnostic, 7: 
111–120.

dOhOO i, Martin w & stryhn h (2003). Veterinary 
epidemiologic research. AVC Inc. Charlottetown.

eeA (2007). Halting the loss of biodiversity by 2010: 
proposal for a first set of indicators to monitor 
progress in europe. technical Report 11/2007. 
european environment Agency.

ePA (2007) Proposed risk mitigation decision for 
nine rodenticides. United states environmental 
protection agency. Washington, d.C.

ePPO (1995). Guideline for the evaluation of 
Resistance to Plant Protection Products: 
testing rodents for resistance to anticoagulant 
rodenticides. ePPO Bulletin, 25: 575-593.

Frantz sc & Padula cM (1998). Warfarin 
resistance revisited. In: Baker rO & craBB ac 
(eds), Proceedings eighteenth Vertebrate Pest 
Conference, Costa Mesa, California: 276-280. 

Gill je, kerins GM & MacnicOll ad (1992). 
Inheritance of low grade brodifacoum resistance in 
the Norway rat. Journal of Wildlife Management, 
56: 809–816.

Gill je, kerins GM, lanGtOn sd & MacnicOll 
ad (1993). the development of a blood clotting 
response test for discriminating between 
difenacoum-resistant and susceptible Norway 
rats (Rattus norvegicus, Berk.). Comparative 
Biochemistry and Physiology, 104C: 29-36.

Gill je, kerins GM, lanGtOn sd & MacnicOll 
ad (1994). Blood-clotting response test for 
bromadiolone resistance in Norway rats. Journal 
of Wildlife Management, 58: 454-461.

GrandeManGe a, Michael hk, lasseur r, 
lOnGin-sauvaGeOn c, Berny P & BenOit 
e (2009). Consequences of the Y139F Vkorc1 
mutation on resistance to AVKs: in-vivo 
investigation in a 7th generation of congenic 
Y139F strain of rats. Pharmacogenetics and 
Genomics, 19:742-750.

GrandeManGe a, lasseur r, lOnGin-sauvaGeOn 
c, BenOit e & Berny P (2010). distribution of 
VKORC1 single nucleotide polymorphism in wild 
Rattus norvegicus in France. Pest Management 
science, 66: 270-276.

Greaves jh (1994). Resistance to anticoagulant 
rodenticides. In: Buckle aP & sMith rh 
(eds.), Rodent Pests and their Control, CAB 
International, Wallingford: 127-160.

Gratz n (2006). Vector- and Rodent-borne diseases 
in europe and North America. Cambridge 
University Press, New York.

heiBerG ac (2009). Anticoagulant resistance: a 
relevant issue in sewer rat (Rattus norvegicus) 
control? Pest Management science, 65: 444-449.

heyMan P, Baert k, Plyusnina a, cOchez c, 
lundkvist a, esBrOeck M, GOOssens e, 
vandenvelde c, Plyusnin a & stuyck j 
(2009). serological and genetic evidence for the 
presence of seoul hantavirus in Rattus norvegicus 
in Flanders, Belgium. scandinavian Journal of 
Infectious diseases, 41: 51-56.

hOare jM & hare kM (2006). the impact of 
brodifacoum on non-target wildlife: gaps in 
knowledge. New Zealand Journal of ecology, 30: 
157-167.



48 Kristof Baert, Jan stuyck, Peter Breyne, dirk Maes & Jim Casaer

kerins GM, dennis n, atterBy h, Gill je 
& MacnicOll ad (2001). distribution of 
resistance to anticoagulant rodenticides in the 
Norway rat (Rattus norvegicus Berk.) in england 
1995-98. In: Pelz hj, cOwan dP & Feare cj 
(eds.), Advances in Vertebrate Pest Management, 
Filander Verlag, Fürth: 149-160.

lOdal j (2001). distribution and levels of 
anticoagulant resistance in rats (Rattus norvegicus) 
in denmark. In: Pelz hj, cOwan dP & Feare cj 
(eds.), Advances in Vertebrate Pest Management, 
Filander Verlag, Fürth: 139-148.

lund M (1984). Resistance to the second-generation 
anticoagulant rodenticides. Proceedings Verte-
brate Pest Conference, 11: 89–94.

MacnicOll ad & Gill je (1987). the occurrence 
and significance of rodenticide resistance in 
the UK. In: British Crop Protection Council 
Monograph No. 37, British Crop Protection 
Council, thornton Heath: 85–95.

MacnicOll ad & Gill je (1993). Revised 
methodology for a blood clotting response test for 
identification of warfarin-resistant Norway rats 
(Rattus norvegicus). ePPO Bulletin, 23: 701–707.

Markussen Md, heiBerG a-c, FredhOlM M & 
kristensen M (2008). differential expression of 
cytochrome P450 genes between bromadiolone-
resistant and anticoagulant-susceptible Norway 
rats: a possible role for pharmacokinetics in 
bromadiolone resistance. Pest Management 
science, 64: 239-248.

Martin ad, steed lc, redFern r, Gill je 
& husOn lw (1979). Warfarin-resistance 
genotype determination in the Norway rat, Rattus 
norvegicus. Laboratory Animals, 13: 209-214.

Meehan aP (1984). Rats and mice. their biology 
and control. Rentokil limited, east Grinstead.

OldenBurG j, MarinOva M, Müller-reiBle 
c & watzka M (2008). the vitamin K cycle. 
Vitamins and Hormones, 78: 35-62.

Pelz hj (2001). extensive distribution and 
high frequency of resistance to anticoagulant 
rodenticides in rat populations from northwestern 
Germany. In: Pelz hj, cOwan dP & Feare cj 
(eds.), Advances in Vertebrate Pest Management, 
Filander Verlag, Fürth: 161-170

Pelz hj, hänisch d & lauenstein G (1995). 
Resistance to anticoagulant rodenticides in 
Germany and future strategies to control Rattus 
norvegicus. Pesticide science, 43: 61-67.

Pelz hj, rOst s, hunerBerG M, FreGin a, 
heiBerG ac, Baert k, MacnicOll ad, 
PrescOtt cv, walker as, OldenBurG j 
& Muller cr (2005). the genetic basis of 
resistance to anticoagulants in rodents. Genetics, 
170: 1839-1847.

PrescOtt cv, Buckle aP, hussain i & endePOls 
s (2007). A standardised BCR resistance test 
for all anticoagulant rodenticides. International 
Journal of Pest Management, 53: 265-272.

PrescOtt cv, Buckle aP, GiBBinGs jG, allana 
nw & stuart aM (2011) Anticoagulant 
resistance in Norway rats (Rattus norvegicus 
Berk.) in Kent - a VKORC1 single nucleotide 
polymorphism, tyrosine139phenylalanine, new to 
the UK. International Journal of Pest Management, 
57: 61-65.

rOst s, FreGin a, ivaskevicius v, cOnzelManne, 
hOrtnaGel k, Pelz hj, laPPeGard k, seiFried 
e, scharrer i, tuddenhaM eG, Muller cr, 
strOM tM & OldenBurG j (2004). Mutations in 
VKORC1 cause warfarin resistance and multiple 
coagulation factor deficiency type 2. Nature, 427: 
537-541.

rOst s, Pelz hj, Menzel s, MacnicOll a, leOn 
v, sOnG kj, jakel t, OldenBurG j & Muller 
c (2009). Novel mutations in the VKORC1 gene 
of wild rats and mice - a response to 50 years of 
selection pressure by warfarin? BMC Genetics, 
10: 4.

stuyck J (2003). Bruine rat. In: verkeM s, de 
Maeseneer j, vandendriessche B, verBeylen 
G & yskOut s (eds.), Zoogdieren in Vlaanderen. 
ecologie en verspreiding van 1987 tot 2002, 
Natuurpunt studie & JNM-Zoogdierenwerkgroep, 
Mechelen & Gent: 211-215.

thijssen hhw (1995). Warfarin-based rodenticides: 
mode of action and mechanism of resistance. 
Pesticide science, 43: 73-78.

ye s, dhillOn s, ke X, cOllins ar & day inM 
(2001). An efficient procedure for genotyping 
single nucleotide polymorphisms. Nucleic Acids 
Research, 29: e88.

Received: March 2nd, 2011

Accepted: November 30th, 2011

Branch editor: Huybrechts Roger


