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ABSTRACT 
Vkorc1-sequencing of the house mouse (Mus musculus domesticus), Norway rat (Rattus 

norvegicus), and roof rat (R. rattus) from the USA enables new inferences regarding the 

evolution and spread of anticoagulant rodenticide resistance 

By 

Juan Carlos Díaz 

Resistance to anticoagulant rodenticides emerged within less than 10 years after their 

introduction in the 1950s in three species of commensal rodents; the house mouse (Mus musculus 

domesticus), the Norway rat (Rattus norvegicus), and the roof rat (Rattus rattus). The resistance 

phenomenon provides an example of evolution in action and how chemical pest control and the 

movement of animals around the globe can drive it. Resistance is of relevance to public health as 

resistance impairs rodent control. The study of resistance trait aids understanding of the 

physiological response of humans to the anticoagulant drug warfarin. Resistance has evolved to 

first-generation anticoagulants (FGARs), including warfarin, and then, to some second-

generation anticoagulant rodenticides (SGARs), including SGARs++, which are recently 

developed SGARs that are more effective against rodents with resistance to FGARs and SGARs. 

The resistance phenomenon is a striking example of convergent evolution, as in the three rodent 

species resistance is at least partly, albeit strongly, mediated by mutations in the vitamin K 

epoxide reductase subcomponent 1 gene (Vkorc1). Some mutations are shared between the 

species, such as a Tyr139Cys resistance mutation seen in the house mouse and the Norway rat. In 

chapter 1 of this thesis, I provide background on rodenticide resistance and the rationale 

underlying my work. In chapter 2, I compile the published data on the distribution of rodenticide 

resistance. Available data mainly are in the form of physiological testing for resistance using 

feeding trials and blood coagulation tests, as well as in form of Vkorc1 nonsynonymous single 
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nucleotide polymorphisms (nsSNPs) used to infer the resistance. Subsets of the nsSNPs are 

known to be associated with the resistance phenotype, but this association depends on the criteria 

used, such as to whether nsSNPs cause resistance of practical relevance in the field or merely 

affect vitamin K cycle kinetics. The survey reveals substantial research efforts were conducted in 

Europe in the past and present, but revealed the absence of any recent information on resistance 

in the USA, albeit a burst of effort testing for resistance occurred in the 1980s using feeding 

trials. The mapping of results point to Europe and North America as the regions where resistance 

has been studied most extensively. However, monitoring of resistance has generally not been 

conducted in a systematic fashion, that is, the distribution of resistance generally reflects a 

geographical bias in research efforts and a possible reporting bias towards the detection of 

resistance. Therefore, research is needed to systematically collect information on resistance in 

most other regions of the globe. Interesting, Vkorc1 polymorphism data is found to be nearly 

absent for North America. To fill this gap, in chapter 3, I conduct a DNA sequencing survey of 

Vkorc1 in house mice, Norway rats and roof rats from the USA. This geographical focus is 

justified because the USA is the place where anticoagulant rodenticides were invented and used 

first, yet no recent work comparable to the work done in Europe has been conducted in the USA 

since the 1980s. Thus, currently it is impossible to assess the role of ancient population structure, 

historic gene flow, and convergence by de novo mutations in the origin and spread of resistance 

at any scale, be it local, regional or global. Furthermore, this focus on the USA is of practical 

relevance as the Environmental Protection Agency (EPA) recently has passed legislation that 

only FGARs are made available as over-the-counter anticoagulant rodenticides. This legislation 

was passed in the absence of data on Vkorc1 in the USA. I report that numerous Vkorc1 nsSNPs 

in the house mouse (six nsSNPs found), in the Norway rat (two nsSNPs found) and the roof rat 
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(one nsSNPs found) occur in the USA, out of those two (Leu128Ser and Tyr139Cys) are known 

to cause physiological and practical resistance (control problems in the field) in the house mouse. 

Arg35Pro and Tyr25Phe found in the Norway rat and roof rat, respectively, have physiological 

consequences and Arg35Pro appears to be responsible for practical resistance, such as reported 

from Chicago, USA. Other polymorphisms in Vkorc1 were also detected, but their role in 

mediating physiological responses or practical resistance causing rodent control problems in the 

field is unknown and requires further study. As inferred from the presence and absence of 

particular polymorphisms in the USA and Europe, resistance has evolved numerous times in 

geographically separated populations. In house mice, the Leu128Ser variant is rare in the USA 

but Tyr139Phe is common both in Europe and the USA, suggesting an independent geographic 

origin of both mutations. The occurrence of the Leu128Ser and Tyr139Cys variants in house 

mice from Europe and the USA also indicates a role for gene flow between populations within 

and between continents. However, at regional and local scales populations remain differentiated 

with several examples of adjoining populations carrying different resistance mutations. In the 

Norway rat the Arg35Pro variant is near exclusive to the USA. European Norway rats mainly 

carry Tyr139Phe/Cys/Ser variants, and Leu128Gln and Leu120Gln variants, and display 

considerable population differentiation at regional and local scales. Thus, in Norway rats, the 

signature of convergent molecular evolution to the trait is detectable still. Gene flow has not yet 

obscured this recent phenomenon. With only one widespread variant of uncertain effect on 

resistance, the roof rat may reflect a scenario of a single origin and subsequent widespread 

dispersal of a variant. To assess the role of ancient population structure and recent gene flow at 

global, regional and local scales, in chapter 4 I combined the previously published data and 

newly collected data on resistance and added published data and newly collected data on 



  V 

mitochondrial (mt) DNA haplotype variation. Analysis of mtDNA haplotype diversity and 

matrilineal gene flow estimates revealed the presence of widely (at a regional and global scale) 

distributed haplotypes that show association with resistance, and others that are locally restricted. 

Further analyses revealed the role of dispersal and resulting gene flow in the spatial occurrence 

of resistance. However, a prominent role for independent evolution at the Vkorc1 locus can be 

observed at the local, regional and global spatial scales. Thus, anticoagulant resistance provides 

an example of rapid convergent evolution of an adaptive trait at the population level when the 

selection regime is same or similar. Broader sampling of rodents needs to be done to fully 

understand the evolution of resistance and to provide more complete geographic coverage of the 

current distribution of resistance. My work, including mtDNA-based predictions, provides 

guidance as to where future sampling and testing should be conducted, and larger-scale analyses 

of gene flow in the nuclear genome, rather than the mtDNA genome, should be conducted. 

 

KEYWORDS: Anticoagulant rodenticide, convergent evolution, gene flow, mtDNA, Vkorc1, 

warfarin resistance  
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CHAPTER 1 
 

INTRODUCTION 
My thesis on Vkorc1-sequencing of the house mouse (Mus musculus), Norway rat (Rattus 

norvegicus), and roof rat (R. rattus) from the USA enables new inferences regarding the 

evolution and spread of anticoagulant rodenticide resistance. My work is motivated by questions 

in evolutionary biology as well as questions relevant to rodent control. 

First, understanding the origin of adaptive traits in natural populations is a major endeavor in 

evolutionary biology (Orr, 2005). The basic framework describing the process of evolution by 

natural selection is well established and studied theoretically, mathematically, in the laboratory 

and under field settings (Linnen and Hoekstra 2010; Barrett and Hoekstra 2011).  

Numerous details on patterns, processes, and mechanisms have been studied ever since Darwin’s 

work was published (Tseng, 2011), and since the Modern Synthesis era (Marks, 1988; 

Yokoyama, 1984) during which Mendelian genetics and population genetics were incorporated 

into the field of evolutionary biology. Mendelian genetics, population genetics and quantitative 

genetics helped explain details about phenotypic shifts (Hartl and Clark, 2006). The crucial role 

of new mutations and recombination to introduce and distribute genetic variation within and 

between populations onto which selection can act has been established ( Hamblin and Di Rienzo, 

2000; Barrett and Hoekstra, 2011).  

Efforts to dissect the genetic architecture of adaptive traits is an active research area in the field 

of evolutionary biology (Orr, 2005; Linnen et al., 2009; Barrett and Hoekstra, 2011; Domingues 

et al., 2012; Tiffin and Ross-Ibarra 2014; Pardo-Diaz et al., 2015). Genomic analyses have 

become a crucial part of this research program. Another area of research that has become 
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possible with emerging knowledge about the genetics underlying adaptive traits refers to the 

study of the origin of variation underlying traits.  

Specifically, a central question in the field of evolutionary biology is whether adaptive traits and 

their underlying genetic variants have single or multiple geographic origins? The system under 

study in this thesis (described in detail below) might be suitable to answer this question. In 

multigenic traits it is of interest to examine whether the same genes and pathways are involved, 

and whether the same alleles in each gene and pathway are involved. How much convergent 

evolution occurs at the molecular level if examined at the level of pathways, genes, and specific 

alleles and their mutations they carry?  

Here I take advantage of a study system where the association between genetic variation and a 

phenotype is comparatively well known. Resistance to anticoagulant rodenticides is found in the 

three-cosmopolitan commensal rodent species house mouse (Mus musculus Linnaeus, 1758), 

Norway rat (Rattus norvegicus Berkenhout, 1769) and roof rat (Rattus rattus Linnaeus, 1758).  

Resistance has evolved independently in these species of rodents, which cannot interbreed. The 

house mouse diverged from both members of the genus Rattus ~12 million years ago (MYA) 

(Robins et al., 2008). Norway rats diverge from roof rats ~2.5 MYA (Robins et al., 2008). As 

anticoagulant rodenticides were used broadly first during the ~1950s the assumption is that this 

convergent evolution is a response to selection in form of chemical rodent control by humans 

(Fig. 1.1. A).  

Notably, an alternative explanation is that resistance alleles may have persisted through long 

periods of evolutionary time. However, as I will show later, with the possible exception of the 

roof rat the ancestral populations of the rodents appear to be susceptible to anticoagulant 

rodenticides whereas derived populations that have colonized the globe display resistance. This 
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suggests that the long-term balancing selection argument is difficult to maintain. Nevertheless, it 

would be important to study the occurrence of resistance in many more rodent species that are 

related to the house mouse and the two species of rats studied here. 

The genetic basis of resistance to anticoagulant rodenticides now has been determined. A main 

gene underlying resistance that segregates in pedigrees and populations, a vitamin K epoxide 

reductase subcomponent 1 (Vkorc1), has been identified (Kohn et al., 2000; Rost et al., 2004, 

2009; Li et al., 2004). The link between the genetic variation that is associated with resistance to 

anticoagulants and the effects on fitness have been established in the field and in the laboratory 

(Greaves and Ayres, 1967; Smith et al., 1993; Rost et al., 2004; Pelz, 2005; Kohn et al., 2008; 

Rost et al., 2009; Müller et al., 2014). Auxiliary genes likely affect the resistance trait. DNA 

sequencing of the Vkorc1 in each of the three species, combined with conventional resistance 

testing by means of feeding trials, blood clotting response testing, and kinetic studies from 

tissues or recombinant cell lines revealed that the Vkorc1 is encoding the trait (Rost et al., 2004; 

Pelz, 2005; Rost et al., 2009).  

Thesis rationale 
 
Resistance to anticoagulants in the three species of rodents is an intriguing study system that 

allows exploring how common convergent evolution is, and how commonly convergent 

evolution affects biochemical pathways, genes, and specific mutations. My thesis will build on 

previous observations and potentially supplement these with additional information on 

previously undiscovered Vkorc1 mutations. My main interest is in examining convergent 

evolution at the population level within each species (Fig. 1.1 B), thereby studying the 

phenomenon of convergence at the molecular level covering shorter evolutionary distances. 

Rodenticide resistance is a compelling study system because of the knowledge about the mode of 
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action of the compounds, the gene and the enzymatic pathways affected by anticoagulants. Also, 

the three species under study are widespread and globally occur at large effective population size 

of ~100,000 each (Phifer-Rixey et al. 2012; Deinum et al. 2015). However, to varying degrees 

each species appears to have undergone population size bottlenecks during their paths colonizing 

the globe, and each species can display pronounced population subdivision at regional and local 

scales. Large population sizes would facilitate the origin of multiple mutations governed by 

selection rather than drift. Nevertheless, rodent populations tend to display population 

subdivision at global, regional and even local scales, such that I may be able to observe both, the 

role of gene flow, genetic drift, as well as convergent evolution in isolated populations. 

In this thesis, I fill a gap in the knowledge about genetic variation of Vkorc1 in the house mouse, 

Norway rat, and roof rat in the USA. This information enables new inferences regarding the 

evolution and spread of anticoagulant rodenticide resistance, at global, regional, and local scales. 

The new data also enable a discussion of potential consequences of recently (2016) passed policy 

by the USA Environmental Protection Agency (EPA) 

(https://www.epa.gov/rodenticides/restrictions-rodenticide-products and 

https://www.epa.gov/rodenticides/canceling-some-d-con-mouse-and-rat-control-products), 

restricting the availability of rodenticides to the general consumer largely to the FGARs 

chlorophacinone and diphacinone (see below).  

Anticoagulant rodenticides  
 
Anticoagulant rodenticides are compounds designed to control rodent populations that fall in the 

group of sub-acute compounds. Unlike acute acting compounds, which include zinc phosphide, 

alphachloralose, sodium fluorate, and fumigants, sub-acute acting compounds have a delayed 

mode of action. Rodents more readily accept compounds of delayed action as bait, i.e. display 
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comparatively low levels bait-shyness (Bonnet et al., 1951; Hayes, 1950; Hayes and Gaines, 

1959). Besides bromethalin and cholecalciferol, anticoagulants are the main group of sub-acute 

rodenticides. 

Anticoagulant rodenticides are commonly divided in two groups, within each of these two 

classes can be distinguished. The group of first-generation anticoagulants (FGARs) includes the 

4-hydroxycoumarin derivatives warfarin and coumatetralyl, and the indane-dione based 

chlorophacione and diphacione (Fig. 1.2). Anticoagulants were discovered in the late 40s in the 

USA where by 1950 the 4-hydroxycoumarin compound warfarin was chemically synthesized. At 

the appropriate concentrations warfarin served both as an antithrombotic drug in medicine and as 

a chemical tool to control rodent infestations (Wardrop and Keeling, 2008; Suttie, 2009). 

The group of second-generation anticoagulants (SGARs) initially was comprised out of the 4-

hydroxycoumarin derivatives bromadiolone and difenacoum (Fig. 1.3). The 4-hydroxycoumarin 

derivatives brodifacoum, flocoumafen, and difthialone were developed later (Fig. 1.3). 

It is commonly stated that developments of SGARs were motivated by the rapid appearance of 

resistance in the house mouse and the Norway rat to FGARs. Late SGARs (referred to here as 

SGARs ++ when appropriate) were developed in response to reports of resistance to early 

SGARs (Fig. 1.5). Specifically, about ten years after the introduction of warfarin resistance in the 

Norway rat was first documented in 1958 in Western Scotland, in 1961 in the house mouse in 

Harrogate, UK, and in the roof rat in 1966 in Vidarbha, India (Boyle, 1960; Dodsworth, 1961; 

Deoras, 1966). 

To counter this resistance, by 1970 more powerful SGARs were developed (Lund, 1984; 

Thijssen, 1995). SGARs initially seemed to be effective against rodents resistant to FGARs (Fig. 

1.6) (Apperson et al., 1981; Buckle et al., 1994; Heiberg et al., 2002). However, rodents also 
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evolved resistance to SGARs (Baert K, 2012; Guidobono et al., 2009; Heiberg, 2009; Lasseur et 

al., 2005).  

The varieties of FGARs and SGARs seen are explained also by the fact that at least 3 major 

corporations located in the USA, the UK, and France developed their own versions of 

anticoagulant rodenticides to compete for a share of the rodent pest control markets. Licensing of 

compounds is a long and highly scrutinized process, and the predominantly used rodenticides 

vary globally, regionally (e.g. countries in Europe and states in the USA), and locally. 

The mode of action of anticoagulant rodenticides often is referred to the ‘antivitamin K’ effect, 

such that anticoagulant rodenticides are referred to as AVKs. As shown for warfarin in Fig. 1.4, 

they target the vitamin K cycle at two steps of this cyclic series of redox reactions that restore the 

active vitamin K hydroquinone, or vitamin K quinol, from inactive vitamin K epoxide. The 

vitamin K epoxide reductase (VKOR) is the rate limiting enzyme complex in the vitamin K 

cycle. The cycle can be by-passed by dietary vitamin K intake with ingested vitamin K being 

recycled ~10,000 times (Thijssen et al., 1995; Stafford, 2005). The inactivation of VKORC1 

component of VKOR appears to be the common and crucial mode of action of all AVKs. Active 

vitamin K hydroquinone thus will be depleted and the activation of blood clotting factor pre-

cursors by gamma-carboxylation is slowed or halted, resulting in lethal hemorrhage after 

ingestion of the poison. FGARs require multiple uptake of the bait over several days whereas 

SGARs act more rapidly, or require only a single feeding.  

The commonly held view is that a physiological response can be interpreted as elevated tolerance 

to the anticoagulant, which is referred to as physiological resistance to FGARs and SGARs by 

the Rodenticide Resistance Action Committee (RRAC; http://www.rrac.info/). These 

physiological responses may or may not result in practical resistance in the field (Endepols et al., 
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2015), which is defined by some as the outcome in terms of percent population size reduction 

after rodent pest control in the field. Practical resistance to SGARs++ generally is not considered 

an issue, even when rodents are resistant to FGARs and SGARs. 

Methods to detect resistance to anticoagulants 
 
The methods to detect resistance to FGARs and SGARs, and to test for their efficiency on 

rodents, have been developed and applied mainly in countries where rodenticides are 

manufactured and/or licensed for use. Focal areas for research on rodenticide resistance appeared 

to be those countries where resistance to anticoagulants in house mouse, Norway rat, and roof 

rats has been detected initially. 

Resistance to anticoagulants can be detected by using physiological tests in the form of feeding 

trials and blood coagulation time measurements done on the live animals (Drummond and 

Bentley 1965; WHO 1970; Martin et al. 1979). Physiological tests can be done also as in vitro 

measurements of VKOR kinetics on crude liver extracts, microsomal extracts, or recombinant 

cell lines. With the discovery of the Vkorc1 genetic testing of samples collected in the field has 

become a possibility (Rost et al., 2004; Pelz, 2005; Rost et al., 2009).  

Physiological tests: One of the earliest published field trials came from Hawaii, where between 

1950 to 1959 experiments on the efficacy of warfarin to control invasive house mouse, Norway 

rats and roof rats were conducted and some discussion about details such as dosage, bait refusal, 

exposure times were initiated (Doty 1950; Bonnet et al. 1951; Bonnet and Gross 1953; Hayes 

and Gaines 1959; (Hayes, 1950; Hayes and Gaines, 1959). After the early reports of resistance a 

need for a standardized methodology to test for resistance to anticoagulant rodenticides became 

apparent and developed by the World Health Organization by 1970 (WHO 1970).  
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For example, the WHO established that for the house mouse a 21-day no choice feeding test with 

0.025% (250 ppm) warfarin bait was appropriate to detect practical resistance. For Norway rats a 

6-day no choice feeding test containing 0.005% (50 ppm) warfarin and for roof rats a 12-day no-

choice feeding period with 0.025% (250 ppm) warfarin bait were recommended. Males and 

females responded differently, with females having a tendency to display higher and/or longer 

survival rates. As new anticoagulants rodenticides were developed (SGARs) to counter 

resistance to FGARs WHO protocols were modified to meet the more rapid mode of action of 

SGARs. The goal of tests was to obtain counts and percentages of individuals that survived the 

presumed lethal feeding period required to kill 99% of animals within a defined period of time 

(LFP99).  

Feeding trials require the live trapping of the animals, their transport to the laboratory, and 

feeding trials over prolonged periods of time. Rodents need to be kept in the laboratory until any 

poison ingested prior to trapping is cleared from their bodies. Thus, feeding trials involve a great 

amount of personnel, time, and laboratory logistics. Another caveat of feeding trials is that they 

do not allow insights into the details of the mode of action of the various compounds.  

A more refined way to study resistance is the blood clotting response (BCR) test, where percent 

clotting activity (PCA) is measured after a sublethal dose of anticoagulant is injected and results 

can be obtained within 24 hrs (Graves and Ayres 1967; Martin et al., 1979; MacNicoll and Gill 

1993; Gill et al., 1993). Animal capture and husbandry are still required. Interpretation of PCA 

values measured required calibrations, including comparisons to feeding trial results to obtain 

meaningful thresholds at which animals can be classified as resistant or susceptible. Generally, 

PCA values as low as 10-20 percent of that measured in the absence of poison were sufficient for 
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animals to be judged resistant with practical relevance to rodent control. Efforts were made to 

standardize BCR (e.g. RRAC; Endepols et al., 2015).  

Genetic tests: Inferences of resistance to anticoagulants in house mouse, Norway rat, and roof rat 

became possible after the discovery of the Vkorc1 gene that encodes one component of the 

VKOR enzyme complex. This enzyme mediates the recycling of vitamin K, which is a redox-

cycle required to activate (carboxylate) proteins essential for blood coagulation (Li et al., 2004; 

Rost et al., 2004). Over the course of the past ~15 years DNA sequencing coupled with 

physiological testing and feeding trials, as well as refined in vitro VKOR activity assays in 

transfected cell systems, structural analysis and in silico modeling, have begun to lead to an 

accumulation of evidence supporting a key role for nsSNPs in the Vkorc1 in causing resistance to 

anticoagulants in rodents. Similarly, Vkorc1 variation in humans and their physiological response 

to therapy with CoumadinTM
, (the trademark of the drug now has expired and the drug is now 

called generic warfarin) has become a highly active field of research. 

In my research, to infer the occurrence of anticoagulant resistance in rodents in the USA, and to 

establish that the gene encodes resistance seen in the USA (c.f. Chapter 2), as it has been 

demonstrated for rodents studied from Europe, I will use the methodology of genetic testing of 

Vkorc1. Unlike in humans, where gene regulatory changes strongly affect the drug requirement 

(Rieder et al., 2005), in rodents resistance is inferred by nsSNPs in the protein-encoding region 

in one of the three exons of Vkorc1 (Fig 1.7). However, studies of the regulatory regions of 

Vkorc1 may reveal previously undiscovered mutations that affect the resistance trait. 

Some of the nsSNPs found in the Vkorc1 gene of the house mouse, Norway rat and roof rat are 

known to confer resistance, because individuals carrying those nsSNPs have been tested for 

resistance using physiological tests (Goulois et al., 2016a; Rost et al., 2009).   
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Six variants found in exon 3 of Vkorc1 (Tyr139Ser, Tyr139Phe, Tyr139Cys, Leu128Ser, 

Leu128Gln and Leu120Gln) confer resistance to anticoagulants. These are ‘approved’ as genetic 

markers during resistance testing according to the RRAC (Endepols et al., 2015). Two of those 

six markers are found in house mice and all six markers are found in Norway rats (Table 1.1).  

The mechanism of resistance requires further detailed empirical studies at the biochemical, 

structural, and modeling levels. However, mutations that occur in exon three, such as Tyr139Cys 

appear to lower the affinity of the VKOR to the substrates, both the vitamin K metabolite and the 

anticoagulants (Fig. 1.7) (Li et al., 2010). Besides such mutations that clearly confer resistance as 

defined as physiological resistance as well as practical resistance in the field, other nsSNPs in 

Vkorc1 may confer some degree of elevated tolerance to anticoagulants if assayed in vitro. 

However, research is needed to establish a link between in vitro measurements and practical 

resistance and an evolutionary relevant increase in fitness (Müller et al., 2014; Rost et al., 2009). 

In roof rats, none of those six markers have been found thus far, but other markers in Vkorc1 

may confer resistance to anticoagulants based on results from in vitro analyses (Table 1.2) (Diaz 

et al., 2010; Rost et al., 2009; Tanaka et al., 2012; Goulois et al., 2016a).  

Resistance to warfarin is a classic example of heterozygote advantage found throughout 

textbooks on evolution and population genetics. This advantage results in balancing selection, 

where both the wildtype allele and the resistance causing alleles are maintained in the population 

at some equilibrium frequencies that depend on the selection coefficient and dominance 

relationships amongst alleles. Whether this applies to all Vkorc1 resistance alleles or just to some 

is unknown. Studies reporting balancing selection on resistance alleles have only been conducted 

on Norway rats from the UK. The fitness cost of resistance detected is an elevated vitamin K 

requirement, which can also seen in generally lower VKOR activities in some mutant rodents 
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carrying nsSNPs in the gene. This relative reduction of activity of the enzyme in the absence of 

the poison varies between nsSNPs. Norway rats carrying a variant Tyr139Cys are negatively 

affected physiologically in terms of spontaneous hemorrhage, elevated vitamin K requirements, 

and lower reproduction and impaired cardiovascular health (Greaves et al., 1977; Jacob et al., 

2012; Kohn et al., 2008). 

Thesis outline 
 
This thesis is divided up into three research chapters. After this introductory chapter 1 in chapter 

2 I conduct a literature survey and data mining to compile and re-code results from published 

studies on rodenticide resistance worldwide. Generally, this survey covers studies employing 

physiological tests and more recently genetic testing. The time frame covered is ~60 years. Aim 

is to generate an up-to-date view of the geographic distribution of anticoagulant resistance and 

research activities to detect it. If possible, the survey may reveal which Vkorc1 mutations 

coincide with resistance in each of the three species and where. This literature survey will help to 

identify gaps in knowledge to be filled with view on applied issues like pest control or licensing 

of rodenticides. This chapter is instrumental in formulating in hypotheses regarding the evolution 

and spread of resistance. In chapter 3, I collect new data by DNA sequencing of Vkorc1 of house 

mice, Norway rats, and roof rats collected in the USA. Thereby I am filling the gap of knowledge 

about the resistance situation in the USA, as identified in chapter 2. In chapter 4, I compile 

published mtDNA sequences and collect new ones that enable analyses of gene flow to examine 

the evolution and spread of anticoagulant resistance. My thesis ends with a short chapter 5 

summarizing key findings, main conclusions, and future directions. 
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Tables 

Table 1.1. Non-synonymous SNPs in Vkorc1 currently accepted by the Rodenticide Resistance 
Action Committee (RRAC) to confer practical resistance. 
 

Mutation  House mouse Norway rat Roof rat 

Arg35Pro* X ✓ ✓ 

Leu120Gln X ✓ X 

Leu128Gln ✓ ✓ X 

Tyr139Cys ✓ ✓ X 

Tyr139Ser X ✓ X 

Tyr139Phe X ✓ X 

Vkorc1spr X n.a. n.a. 

*This SNP is discussed by RRAC as potentially resistance causing but not yet commonly used to 
map resistance. In the roof rat it is neither discussed nor known to cause resistance. This SNP is 
used to map resistance in the Norway rat but not in the roof rat.  

Vkorc1spr denotes the Vkorc1 allele found in house mice that is derived from hybridization with 
M. spretus shown to encode resistance. 

n.a. – not applicable 
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Table 1.2. Non-synonymous SNPs in Vkorc1 possibly associated with resistance to 
anticoagulants in roof rats as inferred from VKOR activity measurements   

Mutation House mouse Norway rat  Roof rat  

Tyr25Phe* X X ✓ 

Ala41Thr X X ✓ 

Ala41Val X X ✓ 

Arg61Trp X X ✓ 

Leu76Pro X X ✓ 

*This SNP is found by Goulous et al., (2016a) and tested for resistance using VKOR enzyme 
activity. The other SNPs are found by Tanaka et al., (2012) via physiological testing and VKOR 
activity. It is unknown whether any of these causes practical resistance during pest control, but 
these may confer a fitness advantage to the bearer of the mutation.  
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Figure Legends 

Figure 1.1. The evolutionary relationships between the Norway rat, roof rat, and house mouse 

and the evolution of resistance to anticoagulant rodenticides. A) Convergent evolution of the 

resistance locus and phenotype in rats (Rw) and in mice (war) presumably occurred 

independently by point mutation in Vkorc1 somewhere after the species have split at times T1 

and T2 at time T3 after the introduction of rodenticides in the 1950s, resulting in resistant 

populations (red lines) derived from susceptible wildtype populations (black lines). The three 

species are good biological species that are completely reproductively isolated. B) Example of 

possible paths from Rw+ to Rw in the rat by two independent mutations in Vkorc1 at e.g. position 

Tyr139 to Cys or one mutation and a subsequent migration and recombination event. Occurrence 

of different mutations in Vkorc1, such as Tyr139Cys and Tyr139Phe would exclude the 

possibility of migration and point towards independent evolution. However, Tyr139Cys could 

have mutated to Tyr139Phe after migration, if this position is a hotspot for mutation. There 

remains a small possibility that incomplete lineage sorting or long-term balancing selection has 

resulted in polymorphism sharing between species, notably the rats. In house mice another non-

bifurcating path to acquire the resistance trait involved the hybridization and introgression of the 

Vkorc1 allele of the sister species of house mice, Mus spretus (Vkorc1spr). 

Figure 1.2. Schematic depiction of the geographic origin of the house mouse important 

subsequent dispersal routes that led to the present distribution of the subspecies M. m. 

domesticus. Subspecies formation occurred roughly 1.7 MYA, with a subsequent westward 

spread of the domesticus subspecies presumably following human settlements and agriculture 

from the Fertile Crescent during human pre-history (Boursot, 1993; Macholan et al., 2012). 

Earlier dispersal may date back as far as 0.5 MYA, but the current population structure of house 
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mice of the domesticus subspecies likely has been shaped after house mice became commensals 

with humans during Neothilic times (~ 10 000 BC) (Cucchi, 2005). Spreading to North America 

may have occurred alongside with Viking travels, but mainly with the settlement of North 

America during Post Columbian times by Europeans. House mice following a northern route 

through the Balkans and a southern route through the Arabian Peninsula and Northern Africa 

arrived in Europe throughout the Mediterranean coastlines (Jones, 2011; Jones, 2012; Rajabi-

Maham, 2008; Searle, 2009). Hybridization between the house mouse and Mus spretus appears 

to have occurred recently in Southern Europe and presumably earlier at least twice, in unknown 

areas of secondary contact. The most recent hybridization event may have occurred after the 

introduction of anticoagulant rodenticides and has resulted in an independently acquired 

resistance allele that involves mutations in the Vkorc1 gene. Recent migration includes back 

migration between North America and Europe, but the timings and magnitudes are unknown.  

Figure 1.3. Schematic depiction of the geographic origin of the Norway rat and important 

dispersal routes that led to the present distribution. The Norway rat originated in an area in Asia 

that is now part of China ~1.2 – 1.6 MYA. The Norway rat followed a westward path to colonize 

the globe. However, the Norway rat invaded Europe via a northern route, hence the name 

Norway rat though this should not been taken literally. Unlike the invasion of Europe by the 

house mouse events appear to have been much more recent (~1500 A.D.) (Aplin et al., 2003; 

Long, 2003). The Norway rat arrived in North America by the mid 18th century and by the 19th 

century it was reported from Africa. The Norway rat underwent at least on drastic population 

size bottleneck. This is evident from mtDNA analysis that showed a dramatic genetic turnover 

when ancestral (Central Asian) and derived populations are compared. 

Figure 1.4. Schematic depiction of the geographic origin of the roof rat and important dispersal 
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routes the led to the present distribution. The roof rat has colonized the globe at times that fall in 

between those seen for the house mouse and the Norway rat. The roof rat displayed earlier 

southward migrations also. The roof rat originated in the Indo-Malayan region around ~2 MYA 

(Krinke, 2000). Archaeological findings show that roof rat arrived in Europe between the 4th and 

2nd centuries B.C. (McCormick, 2003) (Fig 1.10). During the Pleistocene roof rats dispersed 

from India to the Middle East. The dispersal via ships to other regions during the Age of 

exploration and human migrations extended the range of roof rats to the South Pacific, the 

Americas and numerous Islands (Aplin et al., 2011; O’Neill, 2015). The roof rat differs from the 

Norway rat, and the house mouse subspecies domesticus in that genetic differentiation occurred 

in the ancestral range already, such that specific lineages can be traced across the globe but that 

can be traced to their approximate areas of origin.  

Figure 1.5. Examples of the chemical structures of two classes of the first generation 

anticoagulant rodenticides (FGARs) referred to in this thesis. Despite their different chemical 

structures they were shown to affect the vitamin K cycle similarly. However, these results were 

obtained from crude microsomal extracts such that uncertainties remain as to a complete 

description of their mode of action. Cross-resistance has been observed in rodents to both 

classes, however. (Adopted from https://pubchem.ncbi.nlm.nih.gov/) 

Figure 1.6. Examples of the chemical structures of the second-generation anticoagulant 

rodenticides (SGARs) referred to in this thesis. Unlike FGARs all are 4-hydroxycoumarins, but 

vary in their side chains. SGARs++ are those developed once resistance to SGARs was 

discovered. Cross-resistance between FGARs and SGARs is commonly observed. (Adopted 

from https://pubchem.ncbi.nlm.nih.gov/) 

Figure 1.7. The vitamin K cycle and points of action of anticoagulant rodenticides. The main 
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point of action is the inhibition of the vitamin K epoxide reduction step, which is the rate-

limiting step of the vitamin K cycle where the enzyme complex VKOR begins with the 

reactivation of vitamin K after the gamma carboxylation step. The subsequent reaction also is 

warfarin sensitive but does not seem to be the main cause of the physiological response, or the 

anticoagulant effect, and is not the point at which resistance mechanisms have evolved. (Adopted 

from https://pubchem.ncbi.nlm.nih.gov/) 

Figure 1.8. Approximate timeline depicting the introduction of anticoagulant rodenticides. Dates 

vary depending on the country and states within countries owing to legislative procedures. 

Details at that resolution are not available, such that here we show the presumably earliest 

widespread use of any anticoagulant anywhere. Most anticoagulants remain in use but the 

popularity of particular ones varies depending on local legislation and the presence of local 

manufacturers (see text).  

Figure 1.9. Approximate timeline depicting methods to detect anticoagulant rodenticide 

resistance during field studies and/or studies conducted in the laboratory with aim to detect 

resistance.  

Figure 1.10. Examples of genetic variants found in the Vkorc1 polypeptide sequence and the 

location with respect to the two and three-dimensional structure of the subcomponent 1 of the 

VKOR enzyme complex that is located in the microsomal membranes in the liver, the primary 

location of the vitamin K cycle. Variants currently accepted as resistance markers by the RRAC 

(c.f. Table 2.7) are highlighted with an *. All of these appear to be involved in the binding of the 

Quinone. However, not all residues involved in Quinone binding appear to result in resistance, 

and thus, are not labeled with an *. These may affect the phenotype in vitro but not sufficiently 

so in vivo to result in rodent control problems in the field. TM1-4 denotes trans-membrane 



  18 

helices. Ala48, Tyr139, Arg58-Arg61 are located within close proximity to the conserved 

cysteine, serine, and threonine residues.  
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Figures 
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Figure 1.2.  
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Figure 1.4. 
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Figure 1.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. 
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Figure 1.7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. 
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Figure 1.9.  
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CHAPTER 2 
 

THE CURRENT STATE OF KNOWLEDGE ABOUT THE WORLDWIDE STATUS OF 

ANTICOAGULANT RODENTICIDE RESISTANCE IN THE HOUSE MOUSE, 

NORWAY RAT, AND ROOF RAT 

 
Abstract 

Data on the distribution of anticoagulant rodenticide resistance is widely distributed across the 

literature. Moreover, data and results are presented in a variety of ways, such that a compilation 

requires re-coding of data in terms of geo-referenced coordinates and Geographic Information 

System (GIS)-aided mapping, visualization and analysis. Here I compile data on the occurrence 

of resistance across the globe in three species of commensal rodents: the house mouse (Mus 

musculus domesticus), the Norway rat (Rattus norvegicus), and the roof rat (Rattus rattus). The 

survey consists of data collected by using feeding trials and a blood clotting response (BCR) test 

measuring percent clotting activity (PCA). More recently the inference of resistance by means of 

DNA sequencing of the vitamin K epoxide reductase gene subcomponent 1 (Vkorc1) has been 

used. Compiled studies generally covered field trials but when it was possible to trace the origin 

of rodents and these were not inbred laboratory strains, laboratory studies were included. In all, I 

compiled data points on physiological and genetic testing in the house mouse (N=3715), the 

Norway rat (N=14518) and the roof rat (N=1824) covering 18, 10 and 10 countries, respectively. 

Each species was most heavily studied in the USA and European countries. However, no 

research on the resistance phenomenon has been conducted in the USA since the 1980s, and 

genetic data from the USA are virtually absent. I compiled the evidence for research on 
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resistance to eight rodenticides in the house mouse and resistance to six rodenticides in the 

Norway rat and the roof rat. I compiled the occurrence of 14 nsSNPs in Vkorc1 in the house 

mouse, and 12 each in the Norway rat and the roof rat. All species displayed cross-resistance to 

warfarin, chlorophacione, bromadiolone, difenacoum, brodifacoum, diphacione, but only 

documentation of resistance against coumatetralyl and floucoumafen was reported for the mouse. 

Of the 35 Vkorc1 alleles carrying nsSNPs in the three species, four nsSNPs (Ala21Thr, 

Arg35Pro, Arg58Gly, Tyr139C) were shared between pairs of two of the three species. The 

VKORC1 polypeptide mutated multiple times at positions 26, 41, 58, 59, 128, and 139 within 

species and/or between species. The mapping of data reveals global, regional (continents) and 

local patterns of sampling efforts and the resistance found, and in some cases, Vkorc1 mutations 

that seem to encode the resistance detected. However, the USA is in need of an updated study to 

enable evolutionary inferences regarding the origin and spread of resistance causing mutations, 

and to reconstruct which Vkorc1 mutations may have encoded resistance detected in the USA in 

the 1980s survey, the last time the phenomenon was studied there systematically. Anticoagulant 

rodenticide resistance and its molecular basis appear to provide an extraordinary example of 

molecular convergence in the evolution of an adaptive trait. Any legislative change to constrain 

the use of rodenticides should consider the widespread phenomenon of resistance, and how 

readily resistance has evolved in each species and within populations of each of the species. 

 

Introduction  

The issue of controlling rodent infestations has preoccupied humans ever since these species 

have become commensals. Population explosions of rodents have been a concern in agricultural 
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and urban environments. In the western hemisphere the house mouse (Mus musculus), the 

Norway rat (Rattus norvegicus) and the roof rat (Rattus rattus) are the species of main concern. 

Since their discovery and chemical synthesis anticoagulant rodenticides have become an 

important tool to control rodent infestations in urban and agricultural settings (Bonnet et al., 

1951; Hayes, 1950; Hayes and Gaines, 1959). Anticoagulant rodenticides were discovered in 

1945 and by 1948 the first version of such rodenticides, known as warfarin, was chemically 

synthesized and widely distributed in the USA (Wardrop and Keeling, 2008). After that, 

anticoagulant rodenticides were used worldwide, but foremost, initially in North America and 

Europe (Bonnet et al., 1951; Ashton and Jackson 1982; Buckle et al., 1994). 

Anticoagulant rodenticides target the vitamin K epoxide reductase (VKOR) enzyme complex, 

the rate limiting enzyme complex in the vitamin K cycle (Thijssen et al., 1995; Stafford, 2005) 

resulting in lethal hemorrhage after rodents ingest the poison. The gene encoding the warfarin 

sensitive component of the VKOR is the vitamin K 2-3 epoxide reductase subcomponent 1 

(Vkorc1).  

Warfarin is perhaps the most widely known rodenticide. It was amongst the first-generation 

anticoagulant rodenticides (FGARs), which also include the 4-hydroxycoumarin coumatetralyl, 

and the indane-dione-based chlorophacione and diphacione (Fig. 1.2). So-called second-

generation anticoagulants (SGARs) are the 4-hydroxycoumarin derivatives bromadiolone and 

difenacoum (Fig. 1.3) and brodifacoum, flocoumafen, and difthialone (Fig. 1.3). The latter are 

referred to as SGARs++.  

SGARs were developed after the discovery of warfarin resistance in the Norway rat in 1958, in 

1961 in the house mouse, and in the roof rat in 1966 (Boyle, 1960; Dodsworth, 1961; Deoras, 

1966). Success of controlling rodent infestations with SGARs, initially effective against rodents 
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resistant to FGARs (Fig. 1.6) (Apperson et al., 1981; Buckle et al., 1994; Heiberg et al., 2002) 

locally became hampered by the emergence of resistance to these compounds (Dodsworth, 1961; 

Hayes and Gaines, 1959; Brown and Singleton, 1998; Lasseur et al., 2005; Guidobono et al., 

2009; Heiberg, 2009; Baert K, 2012), prompting further developments of SGARs++ (c.f. Chapter 

1 Fig. 1.6 ). 

Here I am providing an up-to-date and comprehensive compilation of studies documenting the 

phenomenon of anticoagulant resistance in rodents. The work involved the systematic data 

mining and data re-coding using geo-referencing and Geographical Information System (GIS). 

Generally this survey covers studies employing physiological tests and more recently genetic 

testing. The time frame covered by this survey is ~60 years.  

The first aim of this chapter is to map the available information on the geographic distribution of 

anticoagulant resistance, and if possible, to reveal which Vkorc1 mutations coincide with 

resistance in each of the three species. The mapping of reports on the occurrence of the trait in 

each of the three species house mouse (Mus musculus domesticus), the Norway rat (Rattus 

norvegicus) and the roof rat (Rattus rattus) will confirm or supplement our understanding of the 

degree to which convergent evolution has occurred.  

Second, anticoagulant resistance has become an issue in rodent pest control that also is affected 

by legislation changes affecting the registration and availability of rodenticides. Because of the 

high toxicity and bioaccumulation of SGARs there is a trend to restrict consumer access to 

SGARs. In light of the fact that resistance has evolved to FGARs and some SGARs it would be 

important to know where such resistance occurs, and where information on that issue is available 

and where it is not. This information will help understanding the evolution of resistant rodent 

populations at the global, regional and local levels; this also could help in the aim to control 
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rodent populations by having information of occurrence of resistant populations and the type of 

mutation(s) found. With such information in hand it would be possible to decide if at any 

location rodent control could be accomplished with the environmentally more begin and safe 

FGSRs or whether SGARs should be employed. Finally, the survey potentially can highlight 

which areas merit systematic sampling and resistance testing. 

 
Methods And Materials  
 
Literature survey! !

I compiled studies reporting data on resistance testing of house mice, Norway rats, and roof rats. 

Studies generally were reported in form of peer-reviewed manuscripts, but conference 

proceedings and abstracts were considered whenever possible also. For each study, I recorded 

the rodent species, date of collection and/or study, the geographic location (at the best possible 

resolution based on the methods sections or maps shown), the testing method used (see below), 

the type of anticoagulant(s), and the number of resistant and susceptible individuals observed or 

inferred.  

Studies were obtained by using computer-based searches of published literature in the following 

databases: ISI Web of Knowledge, Google Scholar, JSTOR, Web of Science, Medline, PubMed. 

For some of the historical studies, I used the Inter loan (IIL) service offered by the Fondren 

Library at Rice University, Houston, Tx, USA. In the search for the studies I used Individual key 

words and Boolean operators such as: warfarin and Mus musculus/Rattus norvegicus/Rattus 

rattus, anticoagulants, rodenticides, common species names, vitamin K cycle, Vkorc1 and 

VKOR.  
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With few exceptions (mentioned in the results section if applicable) the anticoagulants 

considered here were the FGARs warfarin, chlorophacinone and coumatetralyl, and the SGARs 

bromadiolone, difenacoum, brodifacoum, flocoumafen and difethialone. On occasion, I refer to 

the latter three compounds as SGARs ++, because during some studies these were shown to be 

effective against rodents that have developed a resistance to FGARs as well as some SGARs.  

Broadly spoken, studies can be divided into two categories. First, studies that employed in vivo 

physiological testing methods, which are feeding trials conducted in the field or in a controlled 

setting, and blood clotting response (BCR) tests. In general, the feeding trials used a multiple-

day and no-choice design to test for the survival of rodents kept in the laboratory, in enclosures, 

or in the field. In vivo testing and field studies vary in the amount (concentration) of 

anticoagulant given, the delivery method (bait type) and the type of anticoagulant. Thresholds 

used for separating resistant from susceptible animals by using BCR testing results vary 

depending on the anticoagulants and thresholds employed. A generally held view is that 

protocols underlying these types of testing procedures used by different laboratories and field 

studies varied more so prior to the release of WHO guidelines (WHO, 1970), which were 

developed to address this variation.  

Second, I considered studies that employed DNA sequencing of Vkorc1 and reported specific 

mutations. These may be reported in combination with in vivo and in vitro testing results of the 

types described above. Moreover, more recently developed methods for in vitro testing results 

were encountered. These refer to the expression of Vkorc1 mutations in cell systems followed by 

the measurement of vitamin K cycle activity and/or VKOR kinetics. I recorded all mutations and 

alleles found in Vkorc1 and kept track of cases where the mutations were investigated in 

combination with any other in vivo and in vitro tests. 
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Geo-referencing of data 
 

Generally, studies included described multiple samples from one or more locations. On occasion 

results on individual rodents were reported. The geographic coordinates latitude and longitude 

were estimated and obtained using a geo-referencing tool (www.gpsvisualizer.com). I generated 

maps in a GIS (Geographic Information System) using the software ArcGIS (ESRI 2011, 

ArcGIS Desktop: Release 10.4. Redlands, CA: Environmental Systems Research Institute).  

As is commonly done in this research area the resolution at which map locations are shown is 

coarse (between 10 to 100 km) to ensure the privacy of those that agreed to participate in studies, 

i.e. allowed sampling and testing of rodents on their properties. This is reflected also in the 

supplementary information (c.f. Chapter 2 supplementary Table 2.2), where the details on 

sampling locations provided are limited to ensure privacy.  

For the purpose of data description and the formulation of hypothesis regarding the evolution and 

spread of resistance on occasion I refer to global, regional and if appropriate local geographical 

scales. Moreover, I refer to the ancestral ranges of species (c.f. Chapter 1, Figures 1.7, 1.8, and 

1.9) where each species is thought to have originated and from where each species then dispersed 

across the globe.  

Genetic markers to infer resistance 
 
Guidelines to interpret the outcomes of feeding trials and physiological testing with the BCR 

method were established to relate such physiological resistance to practical resistance in the field 

(WHO Guidelines 1970). However, for the presence of mutations in Vkorc1 such guidelines do 

not seem to exist yet. Nevertheless, genetic markers to infer resistance in house mouse and 

Norway rat were chosen based on the criteria of the Rodenticide Resistance Action Committee 
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(RRAC). This group of specialists on anticoagulant rodenticide application, resistance testing, 

and rodent pest management (Endepols et al., 2015) has evaluated the evidence for Vkorc1 

mutations as resistance markers (c.f. Chapter 1 Table 1.1). In this context resistance is seen in 

terms of practical relevance, that is, it significantly reduces the success of rodent control with 

anticoagulant compounds. Thus, the set of Vkorc1 mutations accepted as markers for resistance 

is conservative and mutations of perhaps more subtle effect likely are missed. 

In addition to the RRAC guidelines, I considered other research papers for additional resistance 

markers in Vkorc1 whose presence may indicate resistance in the house mouse and Norway rat. 

For the roof rat I relied on recent research papers to infer resistant markers (Muller et al., 2014; 

Rost et al., 2009; Tanaka et al., 2012; Goulois et al., 2016b) given that the roof rat has not yet 

been included in the RRAC guidelines. In Chapter 1 Table 1.2 these additional Vkorc1 variants 

that may indicate the presence of resistance are shown. 

Potentially informative markers were identified from research papers that describe the activity of 

the VKOR complex for individual SNPs or combinations of SNPs expressed in cell culture (Rost 

et al., 2009; Endelops et al., 2011; Muller et al., 2014; Scepovic et al., 2015; Goulois et al., 

2016b). Activity was measured in the presence of different anticoagulant compounds. My 

confidence that these Vkorc1 alleles may affect the physiological response (physiological 

resistance) of rodents to the anticoagulants was noted as moderate or high. Whether the presence 

of such alleles in rodent populations would cause rodent control problems (practical resistance) 

is unknown. 
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Results 
 

Results on the house mouse, Norway rat, and roof rat using physiological testing methods and 

genetic testing using Vkorc1 markers confirms that resistance to anticoagulant rodenticides can 

be found in every one of the three-rodent species studied here. These are presented for each 

species in the following sections. 

The house mouse  
 
I was able to compile data on physiological testing on the house mouse for 18 countries. Testing 

results predominantly date between 1959 and 2013 (Table 2.1; Fig 2.1 A). For the house mouse 

2698 data points describing physiological testing on animals, and for 1017 animals Vkorc1 

genetic data were available. From the reports of the DNA sequencing of Vkorc1 I counted 11 

non-synonymous (ns) SNPs. Eight different combinations of double mutations were observed 

and a distinct Vkorc1 genotype, denoted as Vkorc1Spr because it is the result of hybridization and 

introgression of the Vkorc1 allele of Mus spretus into M. m. domesticus, which was found in 

several European countries (Table 2.2 and Fig. 2.2 A).  

North America: In the USA resistance was detected in 1959, in Savannah Georgia. Fewer than 

1% of animals tested positive during a feeding trial (Supp. Fig. 2.1). Later larger studies done in 

the 1980s in the USA detected 51% of animals in a sample that were resistant (Supp. Fig. 2.1). 

Noteworthy is that after the 1980s survey I could not locate further survey results. In Canada, a 

survey reported 79% of mice were resistant towards FGARs but none of them towards any 

SGARs (Table 2.1; Supp. Fig. 2.1 and Fig. 2.1 B). Thus, in North America only resistance to 

FGARS has been detected thus far. However, the vast majority of testing was done prior to the 

broad application of SGARs in North America. In the Pacific, west of the USA, in Hawaii, the 



  34 

FGAR warfarin was 100 percent effective during one of the earliest surveys conducted in the 

year of 1951 (Fig 2.1 A). 

I was unable to locate any Vkorc1-based genetic testing results for North American house mice. 

Thus, it is currently unknown which mutations in that gene may encode the trait, and how these 

mutations, if any, compare to those found in Europe (see below). This survey highlighted the 

need for a DNA sequencing based survey in the USA (c.f. Chapter 3). The closest location 

surveyed to North America is the Azore islands located in the Atlantic (Fig. 2.2 A). There, 62% 

animals carried single mutations (60% Tyr139Cys and 2 % Leu128Ser) and one double mutant 

(Table 2.2 and Fig 2.2 B).  

Europe: In Western and Central European countries, the UK is where most of the studies were 

conducted and the greatest variety of anticoagulant compounds were tested for. Between 1961 

and 1981 45% mice tested positive during feeding trials with FGARs. Nine percent of mice 

tested positive in response to SGARs and 21% tested positive towards SGARs ++ (Table 2.1, 

Fig. 2.1 B). Vkorc1 genetic testing data compiled for the UK revealed that 71% animals carried 

only one mutation (Leu128Ser) (Table 2.2). In France and Germany, 2% and 1% mice tested, 

respectively, displayed resistance to SGARs. Both countries shared two single mutations (79% 

Tyr139Cys in Germany and 65% Leu128Ser in France) but 8 other mutations are unique to their 

respective geographic locations (Table 2.2, Fig. 2.2 B). In Switzerland, I found reports on the 

Tyr139Cys and Leu128Ser mutation as well as the Vkorc1Spr genotype, which can also be seen in 

France and Germany. Double mutations were found in 5 mice in France and 2 mice in Germany 

but in none in Switzerland (Table 2.2 Fig. 2. 2 B) 

In Northern European countries resistance was found also. Specifically, in Sweden 50% of mice 

tested positive for FGAR resistance in 1977. SGARs resistance was 34% and 37% of mice 
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appeared to be resistant to SGARs++. In Denmark resistance was found in 1971, 1977 and 1994, 

and overall, 27% of mice tested were resistant to FGARs, 18% were resistant to SGARs, and 12 

% were resistant to SGARs ++. In the neighboring Netherlands 64% of mice were resistant. For 

this region the closest genetic testing data are from Northeastern Germany (Table 2.1; Fig. 2.1 B) 

where the Y139C variant occurs. 

In the Southeastern European countries resistance to anticoagulants was tested in 2013. A 100% 

of mice were resistant to FGARs in Bulgaria, while 16% of mice tested in Serbia were resistant 

to SGRAs. Genetic testing in Serbia revealed that 63% animals carried single mutations (36% 

Tyr139Cys, 24 % Leu128Ser and 3% Ala21Thr) and two double mutants 36% (Table 2.2 and 

Fig 2.2 B).  

In Southern Europe 19% of mice were resistant to SGARs during physiological testing 

conducted in Portugal in 1987, (Table 2.1). This region stood out during this compilation of 

Vkorc1 genetic data because notably in Spain only Vkorc1Spr sequence variants were revealed. 

Conceivable all of the resistance in this region is due to hybridization between the two species of 

mice, which are sympatric in this region, and the Vkorc1Spr genotype has spread from there into 

Central Europe (Fig 2.2 B). 

Comparatively rare are reports that investigated resistance but did not encounter any. This was 

the case for Vkorc1 studies conducted in Greece and Italy (Table 2.2 and Fig. 2.2 B). 

South America: In Argentina in 2009 resistance to SGARs (Bromadiolone) was found in 4% of 

the mice tested (Table 2.1; Supp. Fig. 2.1). A DNA sequencing survey in Argentina did not 

encounter any nsSNPs in Vkorc1 (Fig. 2.2 A) 
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Asia and Australia: Surveys conducted in Australia revealed a 100% resistance frequency to 

FGARs yet all animals tested were susceptible to SGARs (Table 2.1; Supp. Fig. 2.1). A survey 

conducted in India, which is the area closest to the ancestral range of the house mouse, only 

SGAR++ susceptible animals were reported in 1985 but no information on FGARs and other 

SGARs is available (Table 2.1; Supp. Fig. 2.1 and Fig. 2.1 A). 

Africa: A small survey conducted in 1987 in Egypt found that all mice were susceptible to 

SGARs (Table 2.1).    

In summary, I have found that the most widely distributed and most abundant Vkorc1 mutation 

in the house mouse is Leu128Ser, which is found in seven countries and in 300 individuals. The 

second most widely distributed and abundant mutation is Tyr139Cys, which is found in six 

countries and in 233 individuals (Table 2.2; Fig. 2.2 A). The geographical distribution of 

resistance and reported resistance frequencies obtained for the house mouse likely is biased by 

research effort spent in Europe and North America and reporting bias towards the detection of 

resistance when encountered. In Europe at least two Vkorc1 variants encode the physiological 

resistance observed, revealing convergent evolution towards resistance at the regional or local 

scales. In addition, convergent evolution towards the resistance trait is seen by the occurrence of 

a third Vkorc1 variant that has arisen by adaptive introgression from M. spretus into the house 

mouse, presumably in Southern Europe where the two species co-occur. In the absence of 

genetic testing data it is not known which Vkorc1 mutations, if any, encode the resistance 

encountered in the USA. Thus, this precludes the inference of convergent evolution in this case. 

The Norway rat 
 
The greatest amount of data was available for the Norway rat. I located 12323 data points on 

physiological testing and 2195 data points for Vkorc1 genetic variation. The majority of work 
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using physiological testing was conducted 1959-2005 and in 10 countries (Table 2.3; Supp. Fig. 

2.2). As for the house mouse, most of the research on Norway rats was conducted in North 

America and Western Europe (Fig. 2.3 A). A spike in research activity was seen in 1980 for 

North America, which is noteworthy because this vast amount of work covered physiological 

testing for FGAR resistance only (Fig. 2.3 B). Beginning in 1975 some reports on SGAR 

resistance testing begin to emerge. The literature search for molecular data in Vkorc1 revealed 

the occurrence of 11 nsSNPs, 6 different combinations of double mutations and one combination 

of triple mutations distributed in 14 countries (Table 2.5 and Fig. 2.4 A).  

North America: In the USA, testing for FGARs began in Georgia in 1959 finding all the animals 

were susceptible (Supp. Fig. 2.2). However, by 1971 the rate of resistance was 54% in North 

Carolina while all Norway rats were susceptible during physiological testing conducted in Ohio. 

Testing conducted in 1973 revealed that 4% of rats from New York were resistant to FGARs 

(Table 2.3; Supp. Fig 2.2). A large-scale survey conducted in the USA in the 1980s covered 31 

states; locations predominantly from the Midwest and East. The survey uncovered 13% of 

Norway rats were resistant (Fig. 2.3 B). A survey conducted in 1989 in Chicago discovered a 

resistance rate to warfarin of 71% (Table 2.3). During a small study Norway rats were tested for 

resistance towards SGARs++ in 1981 (Table 2.3) revealing a resistance rate of 22% (Fig. 2.3 B). 

The only Vkorc1 sequence data reported were from Chicago where the Arg35Pro variant 

occurred at a rate of 78% (Table 2.4; Fig. 2.4 A).  

Europe: Of the Western and Central European countries, the UK, Germany and Belgium are 

those where most of the physiological testing studies using different anticoagulants were 

performed (Fig. 2.3 C). In the UK, a study conducted in 1960 encountered a resistant rate to 

FGRARs of 54%. Studies conducted in 1961, in 1990 and in 1995 found resistant rates of 5%, 
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85% and 60%, respectively (Table 2.3; Supp. Fig. 2.2; Fig 2.3 C). Results for physiological 

resistance testing towards SGARs were found for 1975 (Table 2.3), where a resistant rate of 2% 

was encountered. Such testing conducted in 1982 and 1995 reported 16% and 43% were resistant 

to SGARs, respectively (Table 2.3; Supp. Fig. 2.2; Fig 2.3 C). Genetic variation data for Vkorc1 

for the UK revealed that 6 of the 11 known variants occur. Four of these are accepted as 

resistance markers and these occur at the following frequencies: 47% Tyr139Cys and 4% 

Tyr139Phe (these variants are shared with other countries, see below), 2% Tyr139Ser and 1% 

Leu128Gln (these are unique to the UK), Arg33Pro is shared with Japan (Table 2.4; Fig. 2.4 B). 

In the UK 5 of the 6 double mutants occur and the UK is the only place where a triple mutation 

was found.  

In France, I did not find reports using physiological testing in form of field trials. However, 

Vkorc1 genetic testing (Table 2.4) revealed the occurrence of 4 of the 11 known single 

mutations; two of those are associated with resistance and occur at 32% (Tyr139Phe) and 3% 

(Leu120Gln). Tyr139Ph is shared with the UK and Leu120Gln is shared with Belgium. The 

Arg35Pro variant is found at a rate of 0.3% (only one individual tested positive) and is the 

mutation that presumably is associated with resistance and is shared with the USA. A Glu155Lys 

is unique to France (Table 2.4; Fig 2.4 B).  

A physiological testing study conducted in Belgium in 2005 found 79% of Norway rats to be 

resistant to FGARs, and 28% to SGARs (Table 2.3; Supp. Fig. 2.2). Three Vkorc1 variants 

associated with resistance were found to occur at 11% (Leu129Gln), 2% (Tyr139Cys) and 83% 

(Tyr139Phe). Leu129Gln and Tyr139Cys are shared with other Western and Central European 

countries. Tyr139Phe is found also in Korea (Fig. 2.4 A, B) 
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Surveys conducted in Germany in 1995 and in 2000 uncovered resistance to FGARs at 45% and 

7%, respectively. Resistance to SGARs observed during these surveys was 14% and 18% (Supp. 

Fig. 2.2). The Tyr139Cys Vkorc1 variant was detected at 71%. Tyr139Cys is associated with 

resistance and is shared with other Western and Central European countries. Ser56Pro found in 

only 2 out of 560 rats tested is unique to Germany (Table 2.4; Fig. 2.4 B). 

In Hungary, physiological tests conducted in 1988 showed that all individuals were sensitive to 

SGARs (Fig. 2.4). Genetic testing uncovered 83% of Norway rats carried the Tyr139Cys variant 

that is associated with resistance. Tyr139Cys is shared with other Western and Central European 

countries (Fig. 2.4 B) 

In Northern Europe, in Denmark, during a resistance survey conducted in 1981 resistance to 

FGARs and SGARs occurred at 19% and 25%, respectively (Table 2.3; Supp. Fig. 2.2; Fig. 2.3 

C). Tyr139Cys that is associated with resistance occurs at 12% (Tyr139Cys) and is shared with 

other Western and Central European countries (Table 2.4; Fig. 2.4 B). Notably, Norway rats 

occupying sewers that appeared to be resistant but lacked any Vkorc1 nsSNPs were reported. 

In Southern Europe, in Italy, a 1980 survey reported resistance to FGARs at 7%. None of these 

rats tested were resistant to any SGARs (Table 2.3; Supp. Fig. 2.4; Fig. 2.3 C). Genetic data for 

this region are not available for this region; the closest country with sequences data available 

being southern France where the Tyr139Phe mutation occurs (Fig. 2.4 B).  

On the Azores (Portugal), testing for Vkorc1 variants yielded only wildtype sequences (Table 2.4 

and Fig. 2.4 A) 

South America: Only wildtype Vkorc1 genotypes were found in Argentina (Table 2.4 and Fig. 

2.4 A).  
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Asia and Australia: Physiological testing for SGAR resistance was conducted in Taiwan and 

India in 1981. In Taiwan, all the Norway rats were susceptible and in India 20% were scored as 

resistant (Table 2.3; Supp. Fig 2.2). Vkorc1 genetic data known from this large region come from 

China, Indonesia, New Zealand, Japan and Korea (Table 2.3; Supp. Fig 2.2; Fig 2.4 A). Korea is 

the only country in which the Tyr139Cys variant that is associated with resistance was found at 

75%. Norway rats from Japan appear to carry a unique variant Glu67Lys and one variant 

Arg35Pro that may be associated with resistance and is shared with the UK (Table 2.4; Fig. 2.4 

A). Other genetic testing results reported for this region yielded only susceptible wildtype 

genotypes (Table 2.4 and Fig. 2.4 A). 

Africa: In Egypt, all animals tested in 1981 were susceptible to SGARs (Table 2.3). 

In summary, two Tyr139 variants that cause resistance are widely distributed in Europe. The 

most widely distributed variant is Tyr139Cys, which is found in five European countries in 750 

individuals and is associated with resistance to anticoagulants. The second most widely 

distributed variant is Tyr139Phe, which is found in three European countries but also in Asia. 

Neither of these two variants was reported from the USA. These two variants occur in an 

interesting geographical pattern where Tyr139Cys occurs in Germany and Denmark and 

Tyr139Phe in France, with these three countries sharing borders. Only the Arg35Pro variant was 

found in the USA and in one instance in France. However, the survey clearly revealed a need for 

genetic testing data covering the USA (Table 2.4; Fig. 2.4 A and B).  

As for the house mouse, the inferred geographical distribution of resistance in the Norway rat 

likely is biased by the research effort spent in Europe and North America and reporting bias 

towards the detection of resistance when encountered. In Europe, at least two Vkorc1 variants 

encode the physiological resistance observed, revealing convergent evolution towards resistance 
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at the regional and local scales. In addition, convergent evolution towards the resistance trait is 

seen by the occurrence of a third Vkorc1 variant in the USA (found once in Europe as well), but 

more genetic testing in the USA needs to be conducted to determine whether North America and 

Europe may be the places of origin of these variants. Whether the resistance variants originated 

in Europe and/or in the North America, rather than in the countries where Norway rats 

originated, cannot be determined with certainty at this time. 

The roof rat  
 
Of the three rodent species considered here the least amount of data is available for roof rats. 

However, in North America and some European countries resistance has been recorded. I located 

1122 data points on physiological testing results from 8 countries dating between 1959 and 2013. 

A 702 data Vkorc1 sequencing data representing 10 countries were located (Table 2.5, Supp. Fig. 

2.3). As for Norway rats, during the 1980s a large amount of resistance testing to FGARs was 

conducted for the roof rat in the USA. After that, no other research was conducted and whether 

resistance to SGARs occurs is unknown (Fig. 2.5). Notably, sequence variants in Vkorc1 thought 

to occur in Norway rats were shown to be the wildtype sequence of roof rats (Diaz et al., 2010). 

In total, my literature search for Vkorc1 data yielded 12 nsSNPs, 4 genotypes carrying 

combinations of two variants and one genotype carrying a combination of three variants (Table 

2.6).  

North America: In the USA resistance towards FGARs was encountered in 1959 at 4%. During 

surveys conducted in 1980 resistance to FGARs was found at 6% in six states, surveys done in 

1981 found that all the individuals tested for resistance towards SGARs were susceptible (Table 

2.5; Supp. Fig 2.3). Roof rats carry an Ile90Leu Vkorc1 variant that is shared with the Azores 
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and Indonesia (Table 2.6; Fig. 2.6). However, it is unknown whether this variant confers 

resistance to anticoagulants.  

Europe: The UK is the sole Western and Central European country studied. In 1970 resistance to 

FGARs in was 37%, and during a 1975 survey 26% of roof rats were deemed resistant towards 

SGARs (Table 2.5; Supp. Fig 2.3; Fig 2.5). 

The Northern European country Denmark was studied 1981, when all roof rats studied were 

susceptible to SGARs (Table 2.5; Fig. 2. 5). 

Southern Europe, as represented by Spain, harbors roof rats carrying a Tyr25Phe variant that 

may confer resistant to anticoagulants if in vitro VKORC1 activity testing results are considered. 

This is not confirmed yet by in vivo testing.  This variant is shared with New Zealand where 

100% of roof rats carry this variant (Table 2.6; Fig. 2.6).  

On the Azores located in the Atlantic Ocean Ile90Leu occurs at 50%. This variant is shared with 

the USA and Indonesia. The variant also occurs in combination with a Val12Leu (Table 2.6; Fig 

2.6).  

In Southeastern European countries, such as in Bulgaria, a resistance survey conducted in 2013 

reported that 92% of roof rats are resistant to FGARs (Table 2.5; Supp. Fig. 2.3; Fig. 2.5).  

South America: Trp59Arg and Ile90Leu Vkorc1 variants occurring in combination with each 

other were reported from Argentina. The variants are not shared with any other country (Table 

2.5).    

Asia and Australia: In Japan, surveys conducted in 1986 found that 8% of roof rats tested were 

resistant towards SGARs (Table 2.5; Supp. Fig. 2.3). Vkorc1 sequencing revealed the presence of 

nine out of the 11 variants known from the roof rat. All of these are unique to Japan. Of these, 
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Ala41Thr, Ala41Val, Ala61Trp and Leu76Pro may confer resistance to anticoagulants and occur 

at 10%, 11%, 24%, and 28% respectively. The Arg35Pro, Arg40Gly and Arg58Trp variants 

appear to encode susceptible phenotypes. The remaining two variants observed remain to be 

studied with regard to resistance. Notably, all these inferences are based on in vitro VKOR 

enzyme activity assays with no information available of the resistance status of animals once 

tested in vivo (Table 2.6; Fig. 2.6).  

The roof rat is thought to have originated in Northern India. A survey conducted in 1966 

uncovered that 30% of rats were resistant towards FGARs. Surveys conducted in 1985 reported 

that 3% of roof rats were resistant to SGARs, but a survey done in 2014 did not encounter any 

resistance (Table 2.5, Supp. 2.3; Fig. 2.5). 

Work done in China reported only on wildtype Vkorc1 genotypes (Table 2.6; Fig 2.6).   

In Indonesia, an Ile90Leu variant occurred at 38%. It is shared with the Azores and the USA. In 

Indonesia the Ile90Leu variant combined with an Ala143Val variant and an Ile141Val variant, 

and all three variants were found in combination (Table 2.6; Fig. 2.6). The Ala143Val variant 

found in Indonesia was also found in Thailand (Table 2.6; Fig. 2.9). 

Roof rats from Australia tested in 2000 were susceptible towards FGARs (Table 2.5; Fig. 2.5). 

However, a Tyr25Phe variant (shared with Spain) was encountered with a frequency of 2% in 

New Zealand (Table 2.6; Fig. 2.6).    

Africa: Resistance testing conducted in Egypt in 1981 reported that all roof rats were sensitive to 

SGARs (Table 2.5; Fig. 2.5). DNA sequencing of roof rats from Uganda revealed wildtype 

genotypes only (Table 2.6 and Fig. 2.6).  



  44 

The most widely distributed mutation is Ile90Leu is found in 10 individuals, which is found in 

the Azores, Indonesia and USA. The second most widely distributed mutation is Tyr25Phe found 

in 18 individuals from New Zealand and Spain and this mutation may confer resistance to 

anticoagulants (Fig. 2.6). Tyr25Phe occurs in Spain and New Zealand but not in Japan. Arg35Pro 

is found only in Japan and is not associated with resistance as is in Norway rats.  

In sum, the outcome of research over the past ~60 years is summarized in Fig. 2.7. Resistance 

frequencies in the USA and Europe are comparable. Resistance estimated from 

Vkorc1 sequencing surveys (genetic testing) are above the ones obtained from physiological 

testing. This is somewhat unexpected because the nsSNPs accepted for use to infer resistance are 

chosen conservatively. In other words, I would have expected that false negative inferences 

would be common, as nsSNPs detected would not be taken into consideration when predicting 

resistance frequencies. Furthermore, it is reasonable to assume that Vkorc1 is not the only genetic 

factor determining resistance. Thus, again, by only using select nsSNPs in Vkorc1 one 

would expect to underestimate resistance frequencies. The USA has not been studied using 

Vkorc1 sequencing in any detail for any species. The reported frequency of close to 80% for 

Norway rats stems from an analysis of a laboratory strain of rats from Chicago.  This suggests 

that genetic testing may overestimate resistance frequencies. Alternatively, physiological testing 

may underestimate resistance frequencies. Both may apply, but the research bias towards 

sampling sites used for genetic testing that are located in regions for which it was already known 

or suspected that resistance occurs may have led to overestimates obtained from genetic testing. 

Japan is the country where the majority of Vkorc1variation was found in roof rats (Fig. 2.6), but 

also reflects that most work on roof rats was conducted in Japan. Noteworthy, is that none of the 
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mutations (i.e. markers) proposed by RRAC that confer resistance to anticoagulants in house 

mouse and Norway rats are found in roof rats.   

 

Discussion  
 
Since the discovery of anticoagulants, about six decades ago, results of research conducted on 

their mode of action and on method developments to measure anticoagulant resistance have 

accumulated (Brown and Singleton, 1998; Buckle et al., 2013; Colin V Prescott, 2000; Hayes 

and Gaines, 1959; Li et al., 2004; Rost et al., 2004). The way research on rodenticide resistance 

has been conducted could be described as sporadic in space and time, but with more intensive 

efforts observed for Europe and the USA (Supplementary figures 2.1-2.3). This statement applies 

mostly to the studies conducted in the field using feeding trials and BCR analyses. Biochemical 

studies of the anticoagulant effect of warfarin have been a tremendously active research area, 

especially how it relates to human biomedicine, but that is not the focus of my thesis. In terms of 

research efforts spent on any species, the Norway rat ranks above the house mouse and the roof 

rat. While I provided a summary of findings in numerical terms (resistance frequencies and 

counts of animals or alleles), the data perhaps are best treated as binary presence/absence data. 

The presence of resistance and specific mutations rarely would be false positive results. Vast 

areas of the distributions of each species have not been sampled at all. With the advent of DNA 

sequencing of Vkorc1 to infer resistance a better coverage may now be a realistic goal.   

The results of this survey that considered in vivo physiological testing methods, which were done 

as feeding trials on rodent infestations and BCR tests on rodents captured and taken to the 

laboratory, showed that resistance to anticoagulant rodenticides can be found in every one of the 

three species considered here. This survey thus illustrates the convergent evolution towards the 
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resistance trait in great detail.  There appears to be no difference between the species in terms of 

resistance to any of the anticoagulants examined (Table 2.7.). This seems to indicate that this 

response is mediated by the same major genetic mechanism that involves the Vkorc1 gene. 

Differences in the resistance to particular anticoagulants seen between species probably are best 

explained by the particular focus of researchers on a particular anticoagulant and species of 

rodent. The house mouse received the most attention in terms of the number of anticoagulants 

studied. 

The three rodent species studied cannot interbred successfully (Robins et al., 2008). An 

exception is the published case of acquired rodenticide resistance in house mice, which has 

occurred by hybridization and introgression of a Vkorc1 allele of Mus spretus. The roof rat may 

have acquired Vkorc1 alleles by interbreeding with other members of the R. rattus species group, 

but the degree of hybridization amongst numerous members of this recently radiated species 

group remains unknown. However, the great amount of genetic diversity of Vkorc1 in Asia, 

where dozens of R. rattus-like species co-occur, suggest that hybridization between species has 

taken place. 

In Table 2.8 I summarize the degree to which the three species display sharing of mutations in 

Vkorc1, some of those conferring resistance (c.f. Table 1.1). The degree to which the species 

share mutations in this enzyme thought to be crucial to an essential pathway such as blood 

coagulation, and conserved over millions of years, is striking. The sharing here refers to the 

occurrence of new variants, rather than sequence conservation. Some of the most important 

positions in the gene, and some of the most conserved positions, such as position 139 in the 

amino-acid sequence, appear to have become a ‘hotspot’ for mutations in rodents.  
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Qualitatively spoken, testing efforts for the various anticoagulants were most pronounced in 

countries where different types of anticoagulants were developed and distributed first. For 

example, warfarin was developed and used first during the 1950s in the USA (Wardrop and 

Keeling, 2008). Resistance testing efforts in the USA were the most intensive in each of the three 

species considered by 1980 (Tables 2.1-2.3) (Jackson, 1985). More intensive testing of the 

efficacy of brodifacoum, difenacoum and other SGARs was done in Europe, notably the UK 

(Buckle and Prescott, 2012). Testing for resistance towards SGARs was more intensively done 

for the Norway rat when compared to the house mouse and the roof rat. Notably, in the USA the 

majority of tests conducted predate the licensing and broad deployment of any SGARs.  

Using the variants found in Vkorc1 genetic surveys began to supplement or even replace 

physiological testing. European countries, especially Germany, France, UK, and Denmark were 

most actively testing and applying the method in house mice and Norway rats. The region-

specific bias in research activities is seen when the effort to study roof rats in Japan are 

considered (Tanaka et al., 2012). The species has received the least amount of attention in the 

USA and Europe. 

Even though the research done on resistance monitoring appears large in numbers, most of those 

stem from Europe and North America. In terms of the applied issues considered in this thesis this 

geographical bias is of less concern because my work presented in chapter 3 covers the USA as 

its focus. However, the absence of data from the areas where the rodents have evolved and 

dispersed from, precludes me from investigating the origin of the trait and Vkorc1 mutations and 

if these have evolved in any of these regions. Thus, the observation that resistance occurs in 

North America and Europe, mainly, and the common conclusion that these are the places where 

the trait has originated, should be viewed as an assumption, or hypothesis, rather than a 



  48 

systematically obtained result. Resistance testing and Vkorc1 sequencing should be done more 

systematically and at a global scale. However, the finer-scale distribution of Vkorc1 variants 

points to the need to conduct such surveys at regional and local scales also. 

I was able to confirm the convergent evolution towards the resistance trait in each of the three 

species considered here. The house mouse shares the Tyr139Cys polymorphisms with the 

Norway rat. This mutation is well known for its effect on resistance. The house mouse shares the 

Ala21Thr polymorphism with the roof rat, but it is unknown if this mutation confer resistance in 

any of the two species. The Norway rat shares the Arg35Pro polymorphism with the roof rat. 

This mutation presumably confers physiological resistance to anticoagulants in the Norway rat, 

but RRAC (Endepols et al., 2015) guidelines mention a lack of evidence for any practical issues 

when controlling rodents in the field (practical resistance). The effect of Arg35Pro on physiology 

and control of the roof rat is unknown, this mutation is sensitive to warfarin according to Tanaka 

et al., (2012). However, the Tyr25Pro variant seen in roof rats may confer resistance to 

anticoagulants found in Spain and New Zealand (Goulois et al., 2016b; Cowan et al., 2017) but 

studies are needed to confirm this finding.  

As a general observation, I note that it does not seem meaningful to over-interpret the frequency 

or count data, such as shown in Figure 2.1 (A), in quantitative terms except that these reflect the 

research efforts rather than actual resistance frequencies. Virtually none of the individual studies 

can be looked at with some confidence to study frequency and frequency change. This is because 

study sites have not been revisited in meaningful intervals, except when a short-term experiment 

was done where animals were tested before and after the application of rodenticide.  

However, the emergence of resistance to FGARs and then SGARs can be seen from my survey. 

In an attempt to extract more information from these data I transformed counts into frequencies 
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and treated the USA and Europe separately (Fig. 2.7). Physiological testing generally was done 

earlier and prior to the introduction of genetic testing. Physiological testing in the USA and 

Europe showed that resistance occurs at frequencies between ~10-40 percent. In the USA 

resistance is more common in the house mouse than in the Norway rat, with the roof rat 

displaying low resistance frequencies. In Europe, the house mouse and Norway rat appear to 

display similar resistance frequencies, followed by the roof rat. Again, these figures must be 

interpreted with great caution. When physiological testing results are compared for each species 

it appears that genetic testing leads to higher resistance frequency estimates than does 

physiological testing. This could mean that resistance has gone up in frequency with time. 

However, a multitude of factors could account for this observation. One important such factor is 

that genetic testing is generally done in areas where resistance was already known to occur. The 

extrapolation from specific variants to practical resistance requires research.  

Vkorc1 sequence data on house mice from the USA are needed to discuss the evolution and 

spread of resistance on a larger geographic scale. Inspecting Vkorc1 variation in Europe reveals 

evidence for convergent evolution of the trait in the house mouse. However, data from North 

America are needed nonetheless because either Tyr139Cys or Leu128Ser could have developed 

in geographically disjoint populations on both continents and then mixed subsequently. Any 

survey of mice in the USA should take note of the fact that another subspecies of house mice, M. 

m. castaneous, occur mainly in the western parts of the USA (Orth et al., 1998). Sampling of the 

wrong subspecies or their interbreeding may obscure patterns of Vkorc1 variation and their 

relationship to the resistance trait.  

The situation of the Norway rat data is similar to that seen in the house mouse. However, the 

distribution of Vkorc1 mutations does seem to provide clues as to which of the scenarios of the 
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spread of resistance variants is more likely. First, albeit the sample is small it appears that the 

USA harbors a mutation Arg35Pro found in only one rat from central France (Pelz, 2005) that 

could easily be explained as a recent migrant. In turn, European Norway rats have developed 

resistance mainly through mutations at the Tyr139 position, either an Tyr139Cys, Tyr139Phe or 

Tyr139Ser change (Endepols et al., 2015). These have not been found in the small sample from 

the USA, from Chicago, studied thus far. It is worth noting on how sharply the Tyr139Cys and 

Tyr139Phe are spatially adjacent yet separate, virtually aligning with the borders between 

Germany and the Netherlands, Belgium and France. Tyr139Cys appears to be a variant that 

originated and spread from the Northern parts of Europe whereas Tyr139Phe from the Southern 

and Western parts of Europe. The close association of Tyr139Phe with the Leu120Gln mutation 

of unknown effect on resistance is worth noting as they both follow a similar pattern.  

As for the house mouse, the geographical patterning at a regional, if not local scale indicates that 

we are observing a dynamic ongoing and recent process. It appears unlikely that either 

Tyr139Cys or Leu128Ser has developed in North America and has spread from there to Europe. 

The nsSNPs underlying these variants should be more common in the USA. Moreover, mixing of 

these mutations at any spatial scale in Europe should be more pronounced than is observed. 

Similar to the case of the house mouse, in the Norway rat the data from Europe point to 

convergent evolution towards resistance. However, data from the USA are needed to examine 

the phenomenon at a larger geographic scale and by potentially adding another such example of 

evolutionary convergence in Norway rats.  

Finally, the evolution and spread of resistance in the roof rat is difficult to discern given the 

available data. As mentioned above, the distribution of resistance is consistent with a recent 

origin and westward spread. However, resistance was also reported east of the ancestral range of 
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the roof rat and on the western borders of North America, such that this might have been a route 

for the spread of the resistance trait also. Recent dispersal of rodents via trade and other human 

activities could complicate interpretation of the geography of resistance. 

Roof rats from Europe and New Zealand appear to carry a unique Vkorc1 mutation Tyr25Phe. 

Recent studies indicate that this mutation may confer resistance to anticoagulants (Cowen et al., 

2016). In Southeast Asia and the western USA an Ile90Leu mutation occurs, which is now found 

on the Azores as well (Rost et al., 2009). In the absence of additional data on Vkorc1 variation 

and gene flow of the roof rat it is premature to deliberate on the possible scenarios that would 

explain the evolution and spread of resistance in the roof rat. In addition, the evidence for any of 

the mutations to cause resistance may be considered weak, such that the roof rat may not be a 

good candidate species to investigate the phenomenon of independent evolution of the trait, at 

least unless further data suggest otherwise.  

The high amount of genetic variation in Vkorc1 found in Japan is difficult to explain. It is 

possible that the roof rat has interbred with other species of the R. rattus species complex, many 

of which may be incompletely reproductively isolated from each other and the roof rat. For 

example, R. tanezumi until recently was called R. rattus tanezumi. Numerous other R. rattus like 

species occur in Southeast Asia, with their phylogeny being difficult to resolve with confidence 

(Aplin et al., 2011). Thus, species misclassification and or interbreeding and incomplete lineage 

sorting (Lack et al., 2012) may still need to be considered possibilities when discussing the 

observed genetic variation data from Japan. 

My work was motivated by an interest in the evolution and spread of resistance and its 

underlying mutations in Vkorc1 in order to gauge the importance of convergent evolution in the 

three species. Furthermore, my work was motivated by an interest in applied questions. 
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Specifically, as I will outline in more detail in chapter 3, both in Europe and in the USA changes 

in legislation are discussed or already have been implemented, such as in the USA, that limit the 

access of the general public to SGARs. SGARs may pose considerable risks to children, pets, 

and livestock if inappropriately applied, as well as to wildlife via the bioaccumulation in the food 

chain. Thus, in the USA, the Environmental Protection Agency has passed legislation that will 

result in the availability of FGARs through over the counter sales. For the USA my work merely 

confirms what has been published in the 1980s, that is, resistance towards FGARs occurs in the 

USA. I could not identify further details in the literature, such as updated more recent surveys or 

information on Vkorc1 mutations. Clearly, new data on resistance in the USA are needed. In 

chapter 3, I will address this information vacuum and return to a brief discussion on the 

implications.  
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Figure Legends 

Figure 2.1. Geographical distributions of published accounts on anticoagulant rodenticide 

resistance in the house mouse (presumably all M. m. domesticus) as determined by physiological 

testing methods. A) Worldwide view, B) North America and C) Europe. Colors depict the 

anticoagulant rodenticide used during testing, and the obtained frequencies of resistant (R) and 

susceptible (S) individuals. The size of the circle reflects sample size. Grey lines point to the site 

where samples were collected and tested.  

Figure 2.2. Geographical distributions of published accounts of non-synonymous SNPs in 

Vkorc1 determined by DNA analysis in the house mouse (presumably all M. m. domesticus). A) 

Worldwide view that shows all variants identified and the wildtype sequences detected, B) Zoom 

in on Europe depicting variants only (no wildtype shown). on anticoagulant rodenticide 

resistance 

Figure 2.3. Geographical distributions of published accounts on anticoagulant rodenticide 

resistance in the Norway rat (R. norvegicus) as determined by physiological testing methods. A) 

Worldwide view, B) North America and C) Europe. Colors depict the anticoagulant rodenticide 

used during testing, and the obtained frequencies of resistant (R) and susceptible (S) individuals. 

The size of the circle reflects sample size. Grey lines point to the site where samples were 

collected and tested. 

Figure 2.4. Geographical distributions of published accounts of non-synonymous SNPs in 

Vkorc1 determined by DNA analysis in the Norway rat (R. norvegicus). A) Worldwide view that 

shows all variants identified and the wildtype sequences detected, B) Zoom in on Europe 

depicting variants only (no wildtype shown). 
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Figure 2.5. Geographical distributions of published accounts on anticoagulant rodenticide 

resistance in the roof rat (presumably all R. rattus) as determined by physiological testing 

methods. A) Worldwide view, B) North America and C) Europe. Colors depict the anticoagulant 

rodenticide used during testing, and the obtained frequencies of resistant (R) and susceptible (S) 

individuals. The size of the circle reflects sample size. Grey lines point to the site where samples 

were collected and tested.  

Figure 2.6. Geographical distributions of published accounts of non-synonymous SNPs in 

Vkorc1 determined by DNA analysis in the roof rat (presumably all R. rattus). A) Worldwide 

view that shows all variants identified and the wildtype sequences detected, B) Zoom in on 

Europe depicting variants only (no wildtype shown). 

Figure 2.7. Proportion of resistant individuals inferred for Europe (EU) and North America from 

physiological and Vkorc1-based genetic testing.    
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Tables  

Table 2.1. House mice surveyed employing physiological tests to infer resistance (R) and 
susceptibility (S) towards FGARs, SGARs, and SGARs++ in countries and years represented by 
the literature review. 

 - nd no data obtained  
 

Country FGARs  
R 

FGARs 
S 

YEAR SGARs 
R 

SGARs 
S 

YEAR SGARs 
++ 

R 

SGARs 
++ 

S 

YEAR Total 

USA 298 406 1959, 1980 nd nd nd nd nd nd 704 

Canada 64 17 1982 0 10 1982 0 12 1982 103 

Argentina nd nd nd 3 64 2009 nd nd nd 67 

UK 185 221 1961,1964, 
1965, 1975 

1977 

40 397 1974, 
1975, 
1981 

20 73 1974, 
1981 

936 

Sweden 5 5 1977 28 53 1977 26 44 1977 161 

Denmark 24 63 1971, 1977, 
1994 

26 119 1977, 
1994 

5 35 1977 272 

Bulgaria 41 0 2013 nd nd nd nd nd nd 41 

Netherlands 20 11 1978 nd nd nd nd nd nd 31 

France nd nd nd 1 40 1987 nd nd nd 41 

Germany nd nd nd 1 80 1987 nd nd nd 81 

Portugal nd nd nd 3 13 1987 nd nd nd 16 

Serbia nd nd nd 20 106 2013 nd nd nd 126 

Finland nd nd nd nd nd nd 3 21 1986 24 

Hawaii 0 15 1951 nd nd nd nd nd nd 15 

Australia 34 0 2000 nd nd nd 0 16 1988 50 

Egypt nd nd nd 0 19 1987 nd nd nd 19 

India nd nd nd nd nd nd 0 11 1985 11 

Total 671 738  122 901  54 212  2698 
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Table 2.2. House mice surveyed employing Vkorc1 DNA testing to determine SNPs and to infer 
resistance towards FGARs, SGARs, and SGARs++ in countries represented by the literature 
review. 

 Mutation  Argentina 
(n=20) 

Azores 
(n=35) 

France 
(n=286) 

Germany 
(n=529) 

Greece 
(n=7) 

Italy 
(n=9) 

Serbia 
(n=33) 

Spain 
(n=29) 

Switzerland 
(n=48) 

UK 
(n=21) Total 

Ala21Thr  - - - - - - 1 - - - 1 

Ala26Ser - - 5 - - - - - - - 5 

Ala26Thr - - 4 - - - - - - - 4 

Glu37Gly - - - 25 - - - - - - 25 

Arg58Gly - - - 66 - - - - - - 66 

Trp59Leu - - - 2 - - - - - - 2 

Trp59Ser - - - 13 - - - - - - 13 

Trp59Gly - - 14 - - - - - - - 14 

Leu124Met - - 11 - - - - - - - 11 

Leu128Ser* - 1 48 188 - - 8 - 1 15 261 

Tyr139Cys* - 21 42 22 - - 12 - 28 - 125 

Ala26Thr/ 
Leu128Ser - - 17 - - - - - - - 17 

Ala26Ser/ 
Leu128Ser* - - 2 - - - - - - - 2 

Ala26Ser/ 
Arg61Leu - - 1 - - - - - - - 1 

Trp59Gly/ 
Leu124Met - - 6 - - - - - - - 6 

Trp59Gly/ 
Leu128Ser* - - 1 - - - - - - - 1 

Leu128Ser/ 
Tyr139Cys* - 4 - 6 - - 11 - - - 21 

Leu124Gln/ 
Leu128Ser* - - - 2 - - - - - - 2 

Ala21Thr/ 
Tyr139Cys* - - - - - - 1 - - - 1 

Vkorc1Spr * - - 61 49 - - - 12 19 - 141 

Total 
mutations  0 26 12 373 0 0 33 12 48 15 719 
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- Inferred or presumed absence of SNPs 

Vkorc1spr denotes the Vkorc1 allele found in house mice that is derived from hybridization with 
M. spretus shown to encode resistance. 

* RRAC (c.f. Table 1.1) inferred resistance 
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Table 2.3. Norway rats surveyed employing physiological tests to infer resistance (R) and 
susceptibility (S) towards FGARs, SGARs, and SGARs++ in countries and years represented by 
the literature review. 
 

Country FGARs  
R 

FGARs 
S 

YEAR SGARs 
R 

SGARs 
S 

YEAR SGARs 
++ 

R 

SGARs 
++ 

S 

YEAR Total 

USA 1252 7098 
1959, 1971, 

1973 
1980,1989 

nd nd nd 29 121 1981 8500 

UK 705 314 1960, 1961, 
1990, 1995 275 621 

1975, 
1982, 
1995 

nd nd nd 1915 

Germany 195 192 1995, 2000 172 286 1995, 
2000 nd nd nd 845 

Belgium 550 141 2005 34 88 2005 nd nd nd 813 

Denmark 10 42 1981 17 49 1981 nd nd nd 118 

Hungary  nd nd nd nd nd nd 0 5 1984 5 

Italy 6 86 1980 nd nd nd nd nd nd 92 

Egypt nd nd nd nd nd nd 0 9 1981 9 

India  nd nd nd nd nd nd 4 16 1982 20 

Taiwan  nd nd nd nd nd nd 0 6 1981 6 

Total  2718 7873 
 

498 1044 
 

33 157 
 

12323 
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Table 2.4. Norway rats surveyed employing Vkorc1 DNA testing to determine SNPs and to infer 
resistance towards FGARs, SGARs, and SGARs++ in countries represented by the literature 
review. 
 

 

 

 

 

 

 

 

 

 

 

 

 

- Inferred or presumed absence of SNPs 

* RRAC (c.f. Table 1.1) inferred resistance 
 

  

Mutation Argentina
(n=8)

Azores
(n= 12)

Belgium
(n=385)

China
(n=12)

Denmark
(n=252)

UK
(n=234)

France
(n=285)

Germany
(n=830)

Hungary
(n=12)

Indonesia
(n=3)

Japan
(n=18)

Korea
(n=8)

New 
Zealand
(n=118)

USA
(n=18) Total 

Arg33Pro - - - - - 2 - - - - 6 - - - 8

Arg35Pro* - - - - - - 1 - - - - - - 17 18
Ser56Pro - - - - - - - 2 - - - - - - 2

Phe63cys - - - - - 15 - - - - - - - - 15

Glu67Lys - - - - - - - - - - 6 - - - 6

Leu120Gln* - - 44 - - - 10 - - - - - - - 54

Leu128Gln* - - - - - 4 - - - - - - - - 4

Tyr139Cys* - - 8 - 31 111 - 590 10 - - - - - 750

Tyr139Ser* - - - - - 6 - - - - - - - - 6

Tyr139Phe*
- - 320 - - 10 93 - - - - 6 - -

429

Glu155Lys
- - - - - - 1 - - - - - - -

1

Leu120Gln/
Tyr139Cys* - - - - - 12 - - - - - - - -

12

Tyr139Cys/
Tyr139Ser* - - - - - 4 - - - - - - - -

4

Leu120Gln/
Tyr139Cys/
Tyr139Ser* - - - - - 1 - - - - - - - -

1

Tyr139Cys/
Leu128Gln* - - - - - 1 - - - - - - - -

1

Tyr139Phe/
Ala21Thr* - - - - - - - - - - - 1 - -

1

Phe63cys/Al
a26Thr* - - - - - 1 - - - - - - - -

1

Phe63cys/Ty
r39Asn* - - - - - 1 - - - - - - - -

1

Total 
mutations 0 0 372 0 31 168 105 592 10 0 12 7 0 17 1314
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Table 2.5. Roof rats surveyed employing physiological tests to infer resistance (R) and 
susceptibility (S) towards FGARs, SGARs, and SGARs++ in countries and years 
represented by the literature review. 
 

Country FGARs  

R 

FGARs 

S 

YEAR SGARs 

R 

SGARs 

S 

YEAR SGARs ++ 

R 

SGARs ++ 

S 

YEAR Total 

USA 34 513 1959, 1980 0 32 1981 nd nd nd 579 

UK 29 49 1970 12 33 1975 nd nd nd 123 

Bulgaria 70 6 2013 nd nd nd nd nd nd 76 

Denmark nd nd nd nd nd nd 0 40 1981 40 

Japan  nd nd nd 2 21 1986 nd nd nd 23 

India 17 38 1966 6 168 1985, 
2014 nd nd nd 229 

Egypt nd nd nd 0 29 1981 nd nd nd 29 

Australia  0 23 2000 nd nd nd nd nd nd 23 

Total 150 629 
 

20 283 
 

0 40 
 

1122 

 

- nd no data obtained  
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Table 2.6. Roof rats surveyed employing Vkorc1 DNA testing to determine SNPs and to 
infer resistance towards FGARs, SGARs, and SGARs++ in countries represented by the 
literature review. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Inferred or presumed absence of SNPs 

* RRAC (c.f. Table 1.1) inferred resistance not applicable 
  

Mutation Argentina 
(n=7)

Azores 
(n=4)

China 
(n=1)

Indonesia 
(n=13)

Japan 
(n=154)

New Zealand  
(n=482)  

Spain  
(n=10)

Thailand 
(n=2)

Uganda 
(n=26)

USA 
(n=3) Total

Ala21Thr - - - - 3 - - - - - 3
Tyr25Phe
* - - - - - 8 10 - - - 18

His28Gly - - - - 5 - - - - - 5

Arg35Pro - - - - 16 - - - - - 16

Arg40Gly - - - - 2 - - - - - 2

Ala41Thr* - - - - 16 - - - - - 16

Ala41Val* - - - - 17 - - - - - 17

Arg58Trp - - - - 11 - - - - - 11
Arg61Trp
* - - - - 38 - - - - - 38

Leu76Pro
* - - - - 44 - - - - - 44

Ile90Leu - 2 - 5 - - - - - 3 10

Ala143Val - - - - - - - 2 - - 2

Trp59Arg/
Ile90Leu 7 - - - - - - - - - 7

Ile90Leu/
Val112Le
u

- 2 - - - - - - - - 2

Ile90Leu/
Ala143Val - - - 1 - - - - - - 1

Ile90Leu/I
le141Val/
Ala143Val

- - - 1 - - - - - - 1

Ile90Leu/I
le141Val - - - 6 - - - - - - 6

Total 
mutations 7 4 0 13 152 8 10 2 0 3 199
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Table 2.7. Summary of resistance phenotypes as defined by the anticoagulant rodenticide 
used during the study. 

 
Anticoagulant House mouse Norway rat Roof rat 
Warfarin x x x 
Chlorophacione x x x 

Coumatetralyl x   
Bromadiolone x x x 

Difenacoum x x x 
Brodifacoum x x x 

Floucoumafen x   
Diphacione x x x 
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Table 2.8. Overview of nsSNP sharing (bold type font) between the house mouse, 
Norway rat and the roof rat. Note that some amino-acid positions mutated on multiple 
occasions within species. 
 
Amino-acids 
position and 
change 
 

House mouse Norway rat Roof rat 

Arg12Trp x   
Ala21Thr x  x 
Tyr25Phe   x 
Ala26Ser x   
Ala26Thr x   
His28Gly   x 
Arg33Pro  x  
Arg35Pro  x x 
Glu37Gly x   
Arg40Gly   x 
Ala41Thr   x 
Ala41Val   x 
Gly46Ser  x  
Ser56Pro  x  
Arg58Gly x  x 
Arg58Trp    
Trp59Leu x   
Trp59Gly x   
Trp59Ser x   
Arg61Trp   x 
Phe63Cys  x  
Glu67Lys  x  
Leu76Pro   x 
Ile90Leu   x 
Leu118Ser x   
Leu120Gln  x  
Leu124Met x   
Leu128Ser x   
Leu128Gln  x  
Tyr139Cys x x  
Tyr139Ser  x  
Tyr139Phe  x  
Ala143Val   x 
Glu155Lys  x  
Vkorc1spretus x n.a. n.a. 
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Supplementary Files 

Supplementary Table 2.1. Details on samples included in the literature survey 

(references provided, see main thesis text also) on rodenticide resistance inferred from 

physiological testing. Geo-referencing results shown in latitude and longitude to the third 

decimal behind the comma.   

Supplementary Table 2.2. Details on samples included in the Vkorc1 genetic data 

survey from published data and Vkorc1 genetic data obtained in this study (references 

provided, see main thesis text also) on rodenticide resistance inferred from RRAC (c.f 

chapter 1 table 1.1) for house mouse and Norway rat. Roof rat inferred resistance was 

based on publications (c.f. Chapter 1 Table 2.1). Geo-referencing results shown in 

latitude and longitude to the third decimal behind the comma.   

Supplementary Figure 2.1. Overview of data availability and publication dates used to 

infer anticoagulant resistance in the house mouse (presumably all M. musculus 

domesticus) based on physiological testing worldwide. Columns showing the year and the 

number of house mice reported as resistant (R) or susceptible (S) to anticoagulants 

classified as FGARs, SGARs and SGARs++ as in chapter 1. 

Supplementary Figure 2.2. Overview of data availability and publication dates used to 

infer anticoagulant resistance in the Norway rat (R. norvegicus) based on physiological 

testing worldwide. Columns showing the year and the number of house mice reported as 

resistant (R) or susceptible (S) to anticoagulants classified as FGARs, SGARs and 

SGARs++ as in chapter 1. 
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Supplementary Figure 2.3. Overview of data availability and publication dates used to 

infer anticoagulant resistance in the roof rat (presumably all Rattus rattus) based on 

physiological testing worldwide. Columns showing the year and the number of house 

mice reported as resistant (R) or susceptible (S) to anticoagulants classified as FGARs, 

SGARs and SGARs++ as in chapter 1. 
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Figures 

Figure 2.1 
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B)  
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Figure 2.2 
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Figure 2.3 
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C) 
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Figure 2.4 
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Figure 2.5 
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Figure 2.7 
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CHAPTER 3 

A VKORC1-BASED SURVEY OF ANTICOAGULANT RODENTICIDE 

RESISTANCE IN THE HOUSE MOUSE, NORWAY RAT, AND ROOF RAT IN 

THE USA. 

Abstract 
 
In this chapter I report on a DNA sequencing survey targeting the Vkorc1 gene of three 

commensal rodent species in the USA: the house mouse (Mus musculus domesticus), the 

Norway rat (Rattus norvegicus), and the roof rat (R. rattus). Anticoagulant rodenticides 

were invented and used first in the USA, yet no recent surveys of resistance have been 

conducted. The last surveys, based on resistance testing using feeding trials, date back to 

the 1980s. Moreover, the role of mutations in the vitamin K epoxide reductase 

subcomponent 1 (Vkorc1) in conferring the resistance detected in the USA at that time is 

virtually unknown. Thus, currently it is impossible to assess the roles of convergent 

evolution and gene flow in the resistance trait distribution seen in the three rodent species 

at a global scale, notably between the USA and Europe from where the most information 

on the molecular basis underlying resistance currently is available. Furthermore, data on 

the occurrence of resistance in the USA is of practical relevance as the US Environmental 

Protection Agency (EPA) recently has passed legislation that only FGARs, notably 

chlorophacinone and diphacinone, will commonly be made available to the public as 

over-the-counter anticoagulant rodenticides. Access to select SGARs would be restricted 

to pest control professionals. This legislation was passed in the absence of data on Vkorc1 

in the USA or any recent resistance testing. Here I show that six non-synonymous single 

nucleotide polymorphisms (nsSNPs) in Vkorc1 occur in house mice, two nsSNPs in the 

Norway rat, and one nsSNPs in the roof rat. Of these, two nsSNPs (Leu128Ser and 
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Tyr139Cys) are known resistance markers in mice. In Norway rats, the nsSNP underlying 

the Arg35Pro variant can be considered a resistance marker. In the roof rat, an nsSNP 

encoding the Tyr25Phe variant may affect the physiology of the animals, but whether the 

variant confers practical resistance is unknown. Comparison of resistance occurrences in 

the three species based on feeding trials and the current Vkorc1-based study indicates that 

resistance detected in the 1980s was caused by Vkorc1 mutations, but it is unknown 

which ones were present at that time. While in Europe Vkorc1 based inferences (genetic 

testing) yielded higher resistance frequency estimates compared to physiological testing 

(c.f. Fig. 2.7), in the USA the pattern is reversed and physiological tests done in the 

1980s yielded higher resistance levels than this current Vkorc1 survey. Patterns of Vkorc1 

variant sharing with Europe indicate a strong recent influence of gene flow in house mice 

in spreading the resistance trait between continents. In the Norway rat, however, the USA 

and Europe are highly differentiated in their predominant variants (Arg35Pro vs. three 

different Tyr139 alleles), indicating recent convergent evolution of these and insufficient 

time for migration and recombination to erase the signal. Though limited, data on the roof 

rat indicate the presence of one globally widespread variant.  

 
Introduction 
 
From my survey presented in chapter 2 it can be seen that the status of anticoagulant 

resistance in the house mouse (Mus musculus domesticus), the Norway rat (Rattus 

norvegicus), and the roof rat (R. rattus) has been reasonably well monitored using a range 

of available methods over the last few decades in Europe (Baert K, 2012; Goulois et al., 

2016a; Haniza et al., 2015; Kohn et al., 2000, 2003; Lasseur et al., 2005; Pelz, 2005; Pelz 

et al., 2012; Rost et al., 2009; Šćepović et al., 2016). The monitoring and status of 
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resistance in the USA to FGARs was investigated with a spike in interest in the 

phenomenon in the 1980s after finding resistance in 1971 (Jackson and Kaukeinen, 1972; 

Jackson et al., 1971, 1985, 1988). In house mice and Norway rats a few additional tests 

with SGARs were conducted in 1988 (Jackson et al., 1988). In Canada resistance to 

warfarin was found in the house mouse in 1982 (Siddiqi and Blaine, 1982). Interesting 

and unclear is why after those findings the USA did not develop a program to detect, 

monitor and investigate resistance in commensal rodents.   

It is known that the vitamin K epoxide reductase subcomponent 1 gene (Vkorc1) encodes 

the warfarin sensitive vitamin K epoxide reductase subunit (VKOR) that plays an 

important role in recycling vitamin K required to activate (carboxylate) proteins essential 

for blood coagulation (Rost et al., 2004; Li et al., 2004). Resistance to anticoagulants in 

the house mouse, Norway rat and roof rat is encoded by non-synonymous (ns) protein-

sequence altering SNPs in the protein-encoding region of Vkorc1. Perhaps the best-

established non-synonymous single nucleotide polymorphisms (nsSNPs) in house mice 

and Norway rats are Tyr139Ser, Tyr139Phe, Tyr139Cys, Leu128Ser, Leu128Gln and 

Leu120Gln located in exon 3 of Vkorc1. These variants mediate resistance to FGARs and 

some SGARs (Endepols et al., 2015; Grandemange et al., 2010; Pelz et al., 2012; Rost et 

al., 2009). In vitro and in vivo studies confirm that those nsSNPs are correlated with 

resistance in wild populations as well as in rodents studied in the lab (Kohn, Price, and 

Pelz 2008; Rost et al. 2009b; Müller et al. 2014b; Endepols et al. 2015; Šćepović et al. 

2016; Goulois et al. 2016a). 

Two of those six variants are found in house mice and all six markers are found in 

Norway rats. These mutations that occur in exon three can lower the affinity for warfarin 
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by the VKOR enzyme, indicating one possible mechanism that confers resistance (c.f. 

Chapter 1 Fig. 1.7) (Li et al., 2010). Additionally, it is found that other nsSNPs in Vkorc1 

may confer some degree of physiological tolerance to anticoagulants, but additional 

research is needed to establish the mechanisms and the association with practical 

resistance to anticoagulants (Rost et al., 2009; Muller et al., 2014; Tanaka et al., 2013; 

Šćepović et al., 2016; Goulois et al., 2016a). In roof rats, none of those six variants have 

been found, but other variants may confer some levels of physiological tolerance or 

resistance (Cowan et al., 2016; Diaz et al., 2010; Goulois et al., 2016b; Rost et al., 2009; 

Tanaka et al., 2012) (c.f. Table 1.2). Therefore, with the discovery of those nsSNPs in 

Vkorc1 (Heiberg, 2009; Lasseur et al., 2005;Li et al., 2004; Rost et al., 2004; Baert, 2012; 

Goulois et al., 2016a) that can be linked to the resistance to FGARs and SGARs, genetic 

testing and inferences regarding the presence of resistance is now feasible.  

This genetic testing approach has not been used to conduct surveys for rodenticide 

resistance in the USA. Thus, presently no information on the status of resistance is 

available. Moreover, it is unknown, which mutations occur in the USA, if any, whether 

these encode(d) the resistance observed in the 1980s, and how these compare to variants 

observed in Europe. The latter precludes us from making inferences, or to formulate 

hypotheses, regarding the origin and spread of resistance in each of these three species. 

Thus, in this chapter I report on a DNA sequencing survey targeting the Vkorc1 gene in 

the three rodent species collected in the USA. 

 
Methods And Materials  

Population Sampling 
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Samples of the USA feral house mice (n=873), Norway rat (n=323) and roof rat (n=138) 

were collected by pest control officers (PCOs) and from other academic laboratories that 

collaborate in this research during 2013 and 2014. Collaborators originally collected 

samples either at select locations or along transects; yet, neither of these types of studies 

was set in the context of resistance testing. Tissue samples of each rodent species were 

collected, by PCOs and by collaborators. PCOs collected tail clips, tissue snippets, or 

whole animals (either fresh bodies or carcasses) of house mouse and shipped on dry ice 

to the laboratory at Rice University, Houston, TX, USA under the supervision of 

Smithers Viscient Carolina Research Center, Snow Camp, North Carolina, USA 

(http://www.smithersviscient.com/documents/Avian-Technical-Brief-2012.pdf). 

Collaborators sent samples in the form of DNA aliquots and tissue (liver) stored at -20°C. 

Smithers Viscient was included in the study owing to its experience with wildlife studies, 

toxological studies, and its contacts to PCOs. In the laboratory at Rice University tissues 

were processed, transferred into Ambion RNAlater solution (Life Technologies 

Corporation, CA, USA) and stored at -20°C.  

To obtain the approximate geographic coordinates for the locations were each sample 

was collected; I used the web tool GPS visualizer (www.gpsvisualizer.com) to geocode 

the addresses given by the PCOs and collaborators (see table S 2.2 for detailed 

information for each sample collected).  

 
DNA extraction  
 
Different methods for DNA extraction were applied depending on the type and quality of 

collected tissues. Generally, I used two methods, a phenol–chloroform extraction method 

as done during previous work on resistant rats (Kohn et al., 2000), followed by Phase 
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Lock Gel Heavy purification (5 PRIME®, Gaithersburg, MD, USA) and the 

MasterPure™ complete DNA purification kit (Epicentre, WC, USA). Both methods yield 

large amounts of DNA but the MasterPureTM  kit was easier and faster than the phenol-

chloroform method. For poorly preserved and/or very small tail clips I used the Wizard® 

SV 96 Genomic DNA purification System 1 x 96, followed by DNA Clean and 

Concentrator® -5 (ZYMO Research, CA, USA).  

 
Sequencing  
 
Vkorc1 spans ~2,500 base pairs (bp) in length and has three protein encoding exons. 

Primers for Polymerase Chain Reaction (PCR) to amplify and to determine the DNA 

sequence (Sanger method) of Vkorc1 of the house mouse were previously developed 

(Song et al., 2008) (c.f. Table S 3.2). For Norway rat and roof rat, the primers were 

obtained from Diaz et al., (2010) (c.f. Table S 3.2).  PCR cycling conditions for all primer 

pairs generally were as follows: 94ºC for 2 min 30 s, 31 cycles of: 94ºC for 30 s, 54ºC for 

30 s, 72ºC for 1 min, followed by an extension time of 72ºC for 5 min, and idling at 4ºC 

for storage until processing. Each PCR mixture contained 3µl of 5x Green GoTaq® 

(Promega, Madison WI, USA), 0.5µl of a 10mM stock of F and R primer each, 0.3µl of 

dNTP (10mM), 0.07µl of TAQ polymerase (Promega, Madison WI, USA) 10µl of sterile 

deionized water, 1.8µl of DNA and extra 1.8µl of MgCl2 (25mM). To monitor for 

contamination across experiments and samples negative controls were run with PCR 

reactions where the DNA extract was replaced by water (molecular biology grade) see 

picture (c.f Fig. S 3.1), and the negative control extractions were included. The absence 

of contamination was deduced from the absence of a PCR product on agarose gels 

because amplicons where not produced by the PCR reactions.  
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PCR products were cleaned using ExoSAP-IT® (USB Corporation, Cleveland, OH, 

USA) to improve amplification. Sequences reactions were sent to a private laboratory 

(DeWalch Life Technologies, Houston, TX, USA) to be amplified using the Sanger 

sequencing method on an ABI Prism genetic analyzer sequencer (Applied Biosystems, 

Foster City, CA, USA).  

 
Genotyping 
 
For genotyping I used a high-resolution melting (HRM) instrument Rotor-Gene Q 5plex, 

Type-it® (Qiagen, Hilden, Germany). It detects SNPs based on differences in melting 

curve profiles of different alleles and relative to samples with known DNA sequence for 

the Vkorc1 segment under study. I was able to genotype samples of house mice and 

Norway rats. I did not conduct this analysis on roof rat samples as it was decided to 

proceed with DNA sequencing and the location of specific nsSNPs in the roof rat was 

unknown. The main reason, of not genotyping roof rats was because I was not able to 

obtain any sequence reference for exon thee of Vkorc1. Thus, for genotype analyses of 

nsSNPs found in exon three of Vkorc1 that previously were shown to cause resistance, I 

was focused in house mouse and Norway rats, for both I had reference sequence from 

former lab members (Pers. communication Shuwei Li and Ying Song).  Specifically, it 

was designed to detect nsSNPs that change Tyr139 to Cys (Tyr139Cys) and Leu128 to 

Ser (Leu128Ser); resulting in the possible heterozygous mutant genotypes 139Tyr/Cys 

and 128Leu/Ser and homozygous mutant genotypes 139Cys/Cys and 128Ser/Ser. Primers 

to amplify short regions (~ 70 bp) suitable for SNP detection using High Resolution 

Melting Analysis (HRMA) were designed for this chapter (Table S 3.2). 
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These SNPs are located within only 33 base pairs (bp) such that these cannot be assayed 

independently using this approach. Thus, in effect we assay both mutations in one assay 

but by using two sets of primer pairs during HRMA. This design was possible because 

we previously obtained the sequences of the region by applying the Sanger sequencing 

method.  Sequences containing nsSNPs 139Tyr and 128Leu were scored as non-mutant, 

or as wild type and interpreted as susceptible, 139Tyr/Cys and 128Leu/Ser inferred as 

resistant heterozygous, and, 139Cys/Cys and 128Ser/Ser inferred as resistant 

homozygote.  

HRMA cycling conditions consisted of an initial denaturation step at 95°C for 5 min., 2-

step cycles of 95°C for 10 sec., annealing/extension of 58°C 5 min., for 40 cycles, HRM 

analysis from 65°C to 95 °C for 1 sec., with a final cooling step of 40°C each 1 sec. Each 

reaction mixture contained 5 µl of 2x HRMA master mix (QIAGEN, Hilden, Germany), 

0.7 µl of each forward and reverse primers (10 mM), 2.6 µl RNase-free water and 1.0 µl 

of genomic DNA template. Prior to the HRMA analysis DNA templates were quantified 

using a NanoDrop 1000 (Thermo Fisher Scientific Inc. MA, USA) to adjust reactions to 

contain similar amounts of genomic template (~ 30 ng). Negative controls were run 

alongside samples on HRM to monitor for contamination across experiments and 

samples. The evaluation of melting curves relative to the reference samples was 

conducted using the software Rotor-Gene 1.7 (Qiagen, Hilden, Germany) following the 

manufacturer’s instructions. The leading normalization range was set at 75.8 - 76.5°C and 

the trailing normalization range was set at 88.6 - 89.3°C. Only genotypes called with a 

confidence threshold > 85% were accepted.                                                                                                                    
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Validation of Vkorc1 analysis between laboratories  
 

I use only the samples of Mus musculus to validate our sequencing and genotyping 

results, given that this was the largest data set. Here validation refers to the confirmation 

of, or rejection of, 46 Vkorc1 genotypes obtained for samples either by sequencing or by 

HRMA in our laboratory by comparing our results to those obtained by SeqWright Inc. 

This was necessary giving that there is a number of considerations when interpreting the 

primary data. First, DNA sequencing is more reliable than HRMA genotyping as the 

chromatograms obtained from sequencing can be easily inspected to confirm any SNP, or 

to deduce that the quality of the sequencing is insufficient to identify particular SNPs 

with confidence. HRMA analysis is more prone to error than is DNA sequencing, notably 

for the two spatially proximate SNPs I assayed and thus, I validated a subset of samples 

for which we obtained HRM-called SNPs by DNA sequencing in our laboratory 

(SeqWright DNA Technology Services, Houston, TX, USA. 

(http://www.seqwright.com/). I considered a variant call validated if the results obtained 

by our laboratory corresponded to the results obtained by the other laboratory. Of course, 

the laboratory used for validation could make errors as well; we assumed their results are 

correct. As shown below, the main limitation of our study is not due to errors in genotype 

determination but it in terms of sampling limitations.  

Nevertheless, briefly, as part of the effort to validate the results I provided to the 

company SeqWright DNA Technology Services, Houston, TX, USA. 

(http://www.seqwright.com/) with 46 tissue samples to conduct DNA sequencing. This 

validation step was intended to reveal any inaccuracy caused by any laboratory steps 
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conducted during my lab practice, including contamination, DNA extraction, PCR, 

HRMA, and DNA sequencing. 

The company SeqWright Inc. Houston, Tx, when conducting the independent validation 

of some of our results, employed the following procedures. Briefly, tissues were removed 

from the RNAlater buffer and DNA was extracted using the Qiagen DNA mini kit 

(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s instructions. PCR 

was performed using the FastStart Taq mastermix (Roche, Indianapolis, IN, USA) with a 

touchdown PCR program. The annealing temperature was decreased 1°C per cycle from 

65°C to 55°C over 10 cycles; 55°C was then used as the annealing temperature for an 

additional 25 cycles. DNA cycle sequencing was performed on the PCR products using 

ABI BigDye Terminator v3.1 chemistry (Applied Biosystems, Foster City, CA, USA).  

Sequencing reactions were cleaned up using Sephadex (GE Healthcare Lifesciences, 

Piscataway, NJ, USA) and sequence delineation and base calling was performed using 

automated fluorescent DNA sequencers, ABI model 3730xl (Applied Biosystems, Foster 

City, CA, USA). 

If I use the results obtained by the external laboratory used for validation as the standard 

to estimate a potential error rate in our laboratory, then I estimated that this approach 

consisting out of a combination of HRMA SNP typing and DNA sequencing incorrectly 

classified 4/46 (6.5%) of samples (Table S2). Of these, one case must be due to sample 

mislabeling in either our laboratory or the validating laboratory, as the DNA sequences 

from both laboratories are unambiguous. In the second case one sequence was of poor 

quality and was misread by me, in the third case two samples analyzed by HRMA 

provided different results when the DNA was sequenced. In one case DNA sequences 
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from both laboratories would be considered consistent with both a heterozygous and a 

homozygous individual, i.e. both laboratories agree. In all, I find that 82.6% genotypes 

were correct using the HRM SNP assay. The overall genotyping accuracy of this survey 

using either HRM or DNA sequencing is estimated as 91.3%. 

 
Analyses of DNA polymorphisms 
 

Sanger sequences obtained here, from validated samples of house mouse, from house 

mouse, from Norway rat and from roof rat were inspected, edited and assembled using 

the software package LASERGENE SeqMan 8.1.3 (Burland, 2000).  SNPs were 

confirmed by manual inspection. Subsequently, all edited sequences for each rodent 

specie, were aligned by implementing the MUSCLE algorithm v3.8.31(Edgar, 2008) in 

SEAVIEW 4.5.4 (Gouy, 2009) using the complete published sequence of Vkorc1 of Mus 

musculus domesticus (NM178600.2). Rattus norvegiucs (ENSRNOT00000073596) and 

Rattus rattus (HM181982.1) as reference respectively. Then from the alignments 

previously generated I use the software MEGA (Tamura et al., 2007) to obtain all the 

polymorphic sites and annotate their respective position from the start codon (ATG) in 

the Vkorc1 gene for house mouse, Norway rat and roof rat. Vkorc1 Sequences for each 

rodent species obtained here are deposited in Gen-Bank (http://www.ncbi.nlm.nih.gov/) 

and they can be found under isolate ID names of each sample (c.f. S Table 5). I used the 

software PLINK 1.07 (Purcell et al., 2007) to manage SNP data and to obtain basic 

statistics, such as heterozygote counts.  

 
Species identification 
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In order to classify rodent species collected here I use the segregating sites between house 

mouse subspecies and separately between Norway rat and roof rat that are found in the 

coding sequences (CDS) of Vkorc1 gene. Two separate alignments were generated using 

the standard settings implementing the MUSCLE algorithm v3.8.31 (Edgar, 2004) in 

SEAVIEW 4.5.4 (Gouy, 2009) to ensure the correct alignment. In the first alignment, I 

use the complete published CDS of Vkorc1 of subspecies of Mus musculus: Mus 

musculus domesticus (C57BL6J), Mus musculus musculus (c.f. Song et al., 2011), Mus 

musculus castaneous (c.f. Song et al., 2011) and Mus musculus spretus (c.f. Song et al., 

2011).  In the second alignment, I used the complete published CDS of Rattus norvegicus 

(ENSRNOT00000073596) and Rattus rattus (HM181982.1) to identify segregating sites 

that are diagnsotic for each species.  

GIS spatial visualization of USA resistant markers 
 
Maps to show the resistant markers (nsSNPs) found in the USA were generated using 

GIS (Geographic Information System) implemented in the software ArcGIS (ESRI 2011. 

ArcGIS Desktop: Release 10.4. Redlands, CA, USA: Environmental Systems Research 

Institute). Markers for house mouse, Norway rat and roof rat were selected with the same 

criteria as is described in Tables 1.1 and 1.2. 

 
Results 
 
Vkorc1-based status of resistance in the house mouse 
 
The number of samples collected per location from 26 states ranged between 1 and 140 

rodents (c.f. Table S 3.1). The majority of the samples were obtained from the 
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Northeastern, Southeastern and Midwestern parts of the US, with a small number of 

samples coming from the Southwest and the West Coast (c.f. Fig. S 3.2).  

A total of 332 Sanger sequences and 227 HRM genotypes covered exon 3 of Vkorc1, 

which represents 64.0% of the total samples obtained. Exons 1 and 2 were covered by 

113 and 85 sequence reads, or 12.9% and 9.7% of genotypes obtained, respectively (Fig. 

3.1).  

Based on the segregating sites in the alignment of published Vkorc1 coding sequences 

and the coding sequences of the samples of mice collected here subspecies of M. 

musculus can be distinguished (Fig. 3.2). In the samples collected here I found six M. 

musculus sequences from Arizona that correspond to the M. m. castaneous subspecies. 

These carry a missense mutation encoding the Ala21Thr variant (one homozygote and 

five heterozygotes were observed) and a silent mutation Glu37Glu (all heterozygotes). 

One M. musculus genotype from Pennsylvania partially matched M. m. spretus by one 

missense mutation Arg12Trp. However, this low quality genotype obtained from a low 

quality sample requires verification. During our earlier studies in Europe, where M. 

spretus variants were detected in M. musculus domesticus we encountered similar issues 

during PCR and sequencing (Song et al., 2008). The remaining samples presumed to be 

from house mice most closely matched the M. m. domesticus sequence (Fig. 3.2 C).  

Inspection of Vkorc1 sequences resulted in a total of 24 different polymorphic sites. 

Seven were missense, two were silent and 15 were found in the non-coding regions (from 

start codon ATG upstream, intron 1 and intron 2) (c.f. S Table 3.3). See table S 3.3 for 

the genotype counts (phased and designated as Ho= homozygote and He= heterozygous) 
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and for the minor and the major alleles. Ho and He were highest for the Tyr139Cys 

variant (23.5% and 18.7).  

Of the seven missense alleles found in house mice from the USA, two (Ile104Val and 

Val118Leu) have not been reported to occur on their own. Ile104Val was found in 

combination with Tyr139Cys (lle104Val/Tyr139Cys) before (Fig. 2.4). The other three 

variants Arg12Trp, Ala21Thr and Trp59Leu were found at low frequencies (Table 3.1).   

Vkorc1 polymorphisms associated with resistance (Tyr139Cys and Leu128Ser) occur in 

16 of the 26 (61%) US States surveyed. As shown in table 3.1 and figure 3.4, the 

frequency of the Leu128Ser heterozygous variant was 46/566 (8%). The Tyr139Cys 

variant had a frequency of 6%. The silent polymorphisms underlying Ser128Ser and 

Cys139Cys homozygous variants were rare (<1%). In addition, 18/566 (3%) mice carry 

one or the other of these mutant resistance genotypes as determined by HRM analysis. In 

all, 31% of mice are heterozygous or homozygous for SNPs underlying the amino-acid 

changes at positions 128 and 139, and thus, are considered to be resistant to FGARs and 

perhaps select SGARs (Table 3.1). Sixteen mice had a double mutant heterozygous for 

Tyr139Tyr/Cys and Leu128Leu/Ser; of which 15 were found in New York and 1 in 

Georgia (Table 3.1 and Fig. 3.3).  

 
Vkorc1-based status of resistance in the Norway rat 
 
The number of Norway rats collected at 31 different locations from 13 states ranged from 

1 to 100 (Table 3.2). The majority of the samples were obtained from the Northeastern, 

Southeastern and Midwestern parts of the USA (c.f. Fig. S 3.3).  
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A total of 156 Sanger sequence reads and 27 samples that were genotyped using HRM 

covered exon 3 of Vkorc1, which represents 57% of the total samples obtained. Exon 1 

and 2 were covered for ~27% of samples (Fig. 3.1).  

Based on the segregating sites in the alignment of R. norvegicus with R. rattus species 

classification was confirmed for all samples included (Fig. 3.3).  

Inspection of Vkorc1 sequences resulted in a total of 9 different polymorphic sites. Two 

of these were encoded by nsSNPs resulting in the Arg35Pro and Gly46Ser variants, the 

others were found in the non-coding regions of Vkorc1 (c.f. Table 3.4). Allele Arg35Pro 

is the only mutation found that can be associated with resistance. It occurs in Illinois, 

Iowa and Louisiana at 48%, 30% and 14%, respectively (Table 3.2; Fig. 3.5)     

 
Vkorc1-based status of resistance in the roof rat 
 
Between 1 and 56 roof rats were collected at 29 different locations in 9 states (c.f. Table 

S 3.1). The majority of the samples were obtained from the Northeastern, Southeastern 

and Midwestern parts of the US, with a small number of samples coming from the 

Southwest and the West Coast (c.f. Fig. S 3.4).  

Based on the segregating sites in the alignment of R. norvegicus with R. rattus species 

classification was confirmed for all samples included (Fig. 3.3).  

Vkorc1 sequences of the roof rat displayed 26 different polymorphic sites. Only one of 

these was an nsSNP that resulted in a Tyr25Phe variant. Three synonymous SNPs were 

found in the coding region of exon 1 (Tyr39Tyr and Ala41Ala) and exon 3 (Val143Val). 

A 22 SNPs were identified in the non-coding regions of Vkorc1 (c.f. Table S 3.5). 
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Tyr25Phe, found in Arizona and Georgia, is the only variant in roof rats from the USA 

that may encode resistance (Table 3.3; Fig. 3.6). 

 

Discussion 
 
Here I report on the occurrences of Vkorc1 variants in the house mouse, Norway rats, and 

roof rat collected in the USA (Fig. 3.7). In chapter 2, I reported that recently updated data 

on rodenticide resistance from the USA currently is unavailable, which motivated this 

work. Thus, it is unclear what the current status of resistance in the USA is, which 

mutations in Vkorc1 may encode it, and how the situation in the USA compares to that 

observed in Europe. This lack of data precludes evolutionary inferences regarding 

convergent evolution at Vkorc1. Moreover, the management of rodent infestations using 

the appropriate anticoagulant compounds would rely on information on the presence or 

absence of resistance causing variants. 

With regard to proposed legislative changes made by the EPA in the USA that would 

restrict consumer access to FGARs (www.epa.gov/rodenticides/restrictions-rodenticide-

products), the results obtained here would predict that in areas where I observed known 

resistance mutations (Endepols et al., 2015), control programs with FGARs is expected to 

promote the further increase in frequency and spread of resistance alleles. Results would 

indicate that in some locations where I did not find resistance mutations rodent control 

with FGARs would be successful.  

To increase the confidence in the above statement, more comprehensive sampling would 

need to be achieved on the regional and local scales to exclude the possibility that 
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resistance alleles were missed during this survey, and to better resolve the population 

structure at the resistance locus locally. Additional sampling from currently un-sampled 

areas, or sparsely sampled areas is required because previous surveys conducted in the 

1980s (Jackson et al., 1985) encountered resistance in areas where this survey did not 

find mutations in Vkorc1. In this context this survey should be considered conservative in 

that I most likely underestimated, or even missed, the presence of resistant rodents in 

poorly sampled areas.  

Results obtained here enable the proposition of interesting hypothesis regarding the 

evolution of resistance by mutation in Vkorc1. House mice in the USA and in Europe 

share Vkorc1 variants (c.f. Chapter 2). Several scenarios could explain this observation. 

First, mutations occurred both in Europe and North America independently, with 

subsequent mixture by back-and-forth migration of mice between the continents. Second, 

mutations could all have occurred in the USA first, where rodenticides were invented and 

used first, and then spread to Europe. The reverse scenario is a possibility as well, with 

mutations originating in Europe and spreading to the USA. Analyses of gene flow will be 

required to map the origin and spread on Vkorc1 mutation on the population structure of 

mice. Unfortunately, while we have recorded synonymous and non-coding variation in 

our samples these are not reported from Europe (e.g. Rost et al., 2009), such that I was 

unable to compare Vkorc1 sequences and their relationships. In mice, such an approach 

would help elucidating the origin and spread of resistance alleles. Future studies 

conducted anywhere should report on such synonymous and non-coding variation. 

In Norway rats a scenario of independent origin of mutations in Europe and North 

America can be inferred from the current distribution of resistance causing variants. The 
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Arg35Pro mutation is observed almost exclusively in the USA, with only one rat from 

France carrying it (Pelz, 2005). This indicates that this mutation may have originated in 

the USA. In Europe other variants in Vkorc1 were found in the Norway rat (c.f Chapter 

2).  The reason for such higher levels of variation in Vkorc1 is unclear unless the 

population structure and diversity of rats is compared between the USA and Europe. 

However, in Europe the set of Tyr139Cys, Tyr139Ser and Tyr139Phe variants clearly 

predominates. Whether these originated separately or sequentially (repeated mutation at 

the same position) cannot be discerned from the data available. Given the presumably 

frequent opportunities for rats to be transported between the USA and Europe it is 

surprising that neither of the Tyr139 variants has been observed in the USA, especially 

the East Coast. Conceivably additional sampling will reveal the presence of these 

variants, or with time these may arrive in the USA. Their incomplete spreading globally 

and regionally supports a hypothesis that posits that these variants originated recently or 

were extremely rare prior to the introduction of anticoagulant rodenticides. 

The roof rat displays little variation in Vkorc1 in the US, except for a vast amount of 

variants seen in Japan (c.f. Chapter 2). It is interesting to observe that only one variant 

has attained a global distribution (Goulois et al., 2016b; Crown et al., 2016). Whether this 

variant confers any selective advantage remains to be elucidated, but in vitro research on 

the variant provide some support to this hypothesis. Resistance in the roof rat may have 

originated anywhere along the many routes the now prevalent cosmopolitan lineage of 

the species has taken. 

Vkorc1-based resistance calling may overestimate resistance frequencies. Alternatively, 

physiological testing is underestimating resistance frequencies. Both may apply, but the 
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research bias of the Vkorc1 sequencing survey towards areas for sampling already known 

or suspected to harbor resistant rodents may have led to the higher frequency of 

resistance. The fact that the opposite pattern is seen in the USA could indicate that 

resistance frequencies in fact have dropped since the last survey was conducted in the 

1980s. However, these surveys in the 1980s measured resistance to FGSRs, not SGARs. 

Since then, SGARs largely have replaced FGARs and it is possible that levels of 

resistance to SGARs simply are lower than resistance to FGARs, as would be expected 

based on the fact that these were specifically designed to be effective against rodents 

resistant to FGARs. It should also be noted that a rate of 91.3% genotyping success and 

accuracy might have resulted in lower estimates of resistance frequencies. 

In sum, this survey documented the presence of nsSNPs in house mice and Norway rats 

that confer resistance to FGARs and potentially to some SGARs. A comparison between 

the distribution and frequency of resistance is hampered by the fact that different areas 

were sampled and the methods to infer resistance are different. However, The work 

provides an important starting point for the design of studies that may consider 

employing both physiological testing and further genetic testing to document the 

resistance in the USA. Moreover, the detection of specific nsSNPs now enables studies 

interested in documenting the role of convergent evolution and gene flow in the origin 

and spread of anticoagulant resistance. 
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Figure Legends  

Figure 3.1. Vkorc1 sequence coverage achieved for each species. Primers were designed 

to amplify the Vkorc1 coding region by three sets of primers, each designed to cover exon 

1 (172 bp), exon 2 (109 bp), exon 3 (202 bp) (exons shown in black), respectively, while 

including partial introns. Coverage attained (read counts) for each species is shown (see 

legend). Primer names are as follows:  VkM (for house mouse) VkR (for rats) F/R 1, 2 

and 3 where F denotes forward primers and R denotes reverse primers (for sequences of 

primers see Supplementary Table S. 3.2).  

Figure 3.2. Segregating sites in the exon sequences of Vkorc1 of mice of the genus Mus 

relevant to this study. A) The nucleotide positions counted from the start codon (ATG) 

where the segregating sites are located. B) effect of segregating sites on amino-acid 

sequence (non-synonymous or synonymous). C) Number of samples in USA study 

carrying the corresponding site.  

Figure 3.3. Segregating sites in the exon sequences of Vkorc1 of rats of the genus Rattus  

relevant to this study. A) The nucleotide positions counted from the start codon (ATG) 

where the segregating sites are located. B) effect of segregating sites on amino-acid 

sequence (non-synonymous or synonymous). C) Number of samples in USA study 

carrying the corresponding site. 

Figure 3.4. Geographical distributions of nsSNPs detected during the Vkorc1 DNA 

analysis survey of the house mouse in the USA. Size of pie charts proportional to sample 

size. Each nsSNPs is color coded (c.f. Legend). Shown in blue are the samples in which 

no nsSNPs (wildtype genotypes, or classified here as no variant). Species assumed to be 

Mus musculus domesticus, and not M. m. castaneus, unless specified or identified during 
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our study otherwise (see chapter 3 for details). Hybridization between the two subspecies 

may obscure results, especially in the Western Section of the USA, such as in California 

and Arizona. Note that Leu118Ser is a nsSNP first reported here, not reported from 

elsewhere, and may be unique to the USA. 

Figure 3.5. Geographical distributions of nsSNPs detected during the Vkorc1 DNA 

survey of the Norway rat in the USA. Size of pie charts proportional to sample size. Each 

nsSNPs is color coded (c.f. Legend). Shown in blue are samples in which no nsSNPs 

(wildtype genotypes, or classified here as no variant). Arg35Pro is the previously 

reported Chicago strain of resistant rats, detected in a laboratory kept strain reported in 

1990, and found only in one individual rat in France. Also, note that Gly46Ser is a nsSNP 

first reported here, not reported from elsewhere, and may be unique to the USA.  

Figure 3.6.  Geographical distributions of nsSNPs detected during the Vkorc1 DNA 

analysis survey of the roof rat in the USA. Size of pie charts proportional to sample size. 

Each nsSNPs is color coded (c.f. Legend). Shown in blue are the samples in which no 

nsSNPs (wildtype genotypes, or classified here as no variant). Species assumed to be roof 

rat (R. rattus, and not Rattus tanezumi known to occur in the US as well, with 

hybridization reported for the two former subspecies now classified as species. See main 

text in chapter 3 for discussion of this potential source for misclassification of 

polymorphisms, especially in the Southwestern part of the USA such as in Arizona. Note 

that Tyr25Phe, possibly an nsSNP conferring physiological tolerance to anticoagulants 

but with no reported practical consequences during pest control, was the only nsSNP 

identified in roof rats which was found previously in Europe (Spain) and Oceania (New 

Zealand). 
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Figure 3.7. Proportion of resistant individuals inferred for Europe and North America 

from physiological and Vkorc1 DNA testing, that includes results from this study 
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Tables 

Table 3.1. Summary of house mice** tested and collected in the US, nsSNPs identified, 
and genotype counts*. 
 

State 

No. 
individuals 
tested nsSNPs  Heterozygous Homozygous 

Arizona   21/77 
57/77 

Ala21Thr 
Leu128Ser 

5 
3 

1 
0 

California   36/55 Trp59Leu 4 0 
Dist. of 
Columbia 1/1 none none none 

Florida   10/10 Tyr139Cys 1 8 

Georgia   10/10 Tyr139Cys 
Leu128Ser/Tyr139Cys 

3 
1/1 

0 
0/0 

Iowa   18/62 Trp59Leu 
Leu128Ser 

4 
6 

4 
2 

Illinois   104/140    
104/140 

Leu128Ser 
Tyr139Cys 

4 
13 

0 
1 

Indiana   
34/118 
104/118 
104/118 

Val118Leu 
Leu128Ser 
Tyr139Cys 

4 
1 
8 

0 
0 
1 

Kansas  8/11 none none none 
Kentucky   29/40 Leu128Ser 2 0 
Louisiana   5/6 Tyr139Cys 2 1 

Maryland   19/31 
19/31 

Leu128Ser 
Tyr139Cys 

2 
1 

0 
0 

Michigan   10/10 Leu128Ser 6 0 

Minnesota   
7/23 
19/23 
19/23 

Trp59Leu 
Leu128Ser 
Tyr139Cys 

1 
1 
3 

0 
0 
4 

Missouri   19/34 
19/34 

Leu128Ser 
Tyr139Cys 

1 
2 

0 
0 

North 
Carolina  17/23 none none none 

Nebraska   4/8 Leu128Ser 3 1 
New 
Hampshire  6/7 None   
New Jersey   11/18 Leu128Ser 1 0 

New York   

87/100 
87/100 
87/100 
87/100 

Leu128Ser 
Tyr139Cys 
Ile104Val/Tyr139Cys 
Leu128Ser/Tyr139Cys 

0 
0 
4/0 
15/15 

2 
64 
0/4 
0/0 
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Pennsylvania   
1/30 
13/30 
13/30 

Arg12Trp 
Leu128Ser 
Tyr139Cys 

0 
2 
1 

1 
1 
0 

Tennessee   1/16 
11/16 

Trp59Leu 
none 

1 
none 

0 
none 

Texas  8/23 none none none 
Virginia  14/14 none none none 
Vermont  5/5 none none none 
 
nsSNPs – non-synonymous single nucleotide polymorphism. 
* wildtype genotypes not shown, but account for the remainder, e.g. for Arizona, 6 out of 
21 tested animals carried nsSNP encoding the AlaT21Thr variant either as homozygote or 
heterozygote, all others were homozygous wildtype. 
**Species assumed to be Mus musculus domesticus, and not M. m. castaneus, unless 
specified or identified during our study otherwise (see chapter 3 for details). 
Hybridization between the two subspecies may obscure results. 
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Table 3.2.. Summary of Norway rats tested and collected in the US, nsSNPs identified, 
and genotype counts*. 
 

State 
No. individuals 
tested nsSNPs found  Heterozygous Homozygous 

Illinois*   26/54 
20/54 

  Arg35Phe 
none  

7 
0 

6 
20 

Indiana  1/1 none 0 1 

Iowa*  
4/13 
4/13 
10/13 

Arg35Phe 
Gly46Ser 
none 

0 
0 
0 

1 
1 
10 

Kansas  14/15 none 0 14 

Louisiana*  10/68 
19/68 

Arg35Phe 
none 

0 
0 

1 
19 

Maryland  3/3 none 0 3 

Missouri  21/24 none 0 21 

New York  55/100 none 0 55 

North Carolina  13/25 none 0 13 

Tennessee  7/7 none 0 7 

Texas  4/5 none 0 5 

 
 
nsSNPs – non-synonymous single nucleotide polymorphism. 
* wildtype genotypes not shown, but account for the remainder, e.g. for Arizona, 6 out of 
21 tested animals carried nsSNP encoding the AlaT21Thr variant either as homozygote or 
heterozygote, all others were homozygous wildtype 
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Table 3.3. Summary of roof rats** tested and collected in the US, nsSNPs identified, and 
genotype counts*. 
 

State 
No. individuals 
tested nsSNPs found  Heterozygous Homozygous 

Arizona*   19/44 
17/44 

Tyr25Phe 
none 

6 
0 

6 
17 

Georgia*   3/10 
5/10 

Tyr25Phe 
none 

1 
0 

0 
5 

Maryland 2/2 none 0 2 

Tennessee  1/1 none 0 1 

Texas  11/60 none 0 11 

 
 
nsSNPs – non-synonymous single nucleotide polymorphism. 
* wildtype genotypes not shown, but account for the remainder, e.g. for Arizona, 6 out of 
21 tested animals carried the nsSNP encoding the AlaT21Thr variant  either as 
homozygote or heterozygote, all others were homozygous wildtype 
** Species assumed to be roof rat (R. rattus, and not R. tanezumi known to occur in the 
US as well, with hybridization reported for the two former subspecies now classified as 
species. See main text in chapter 3 for discussion of this potential source for 
misclassification of polymorphisms. 
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Supplementary Files 

Supplementary Table 3.1. Samples obtained for each species. 

Supplementary Table 3.2. Primer sequences employed for PCR amplification and 

Sanger sequencing of the Vkorc1 of house mouse, Norway rat, and roof rat. See figure 

3.1 for details. Primer sequences employed for HRM genotyping for house mouse and 

Norway rat.   

Supplementary Table 3.3. Complete listing of SNPs identified in house mice* from the 

USA during DNA analysis of Vkorc1. 

Supplementary Table 3.4. Complete listing of SNPs identified in Norway rats from the 

USA during DNA analysis of Vkorc1. 

Supplementary Table 3.5. Complete listing of SNPs identified in roof rats* from the 

USA during DNA analysis of Vkorc1. 
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Figures 

Figure 3.1. 
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Figure 3.2. 

 

 

 

 

 

 

 

 

 

Figure 3.3. 

 

 

 

 

 

 

 

 

Nucleotide position 

A) Published sequences 30 34 61 76 111 142 182 396

M.  m. domesticus C C G G A G G C

M. m. musculus G . . . G . . T

M. m. castaneus . . A . G . . .

M. spretus . T . T G A T .

B) Published sequences Amino acid change 

M.  m. domesticus Leu10Leu Arg12Arg Ala21Ala Ala26Ala Glu37Glu Ala48Ala Arg61Arg Cys132Cys

M. m. musculus Leu10Leu . . . Glu37Glu . . Cys132Cys

M. m. castaneus . . Ala21Thr . Glu37Glu . . .

M. spretus . Arg12Trp . Ala26Ser Glu37Glu Ala48Thr Arg61Phy .

C) USA samples Number of samples 

M.  m. domesticus 109 108 103 109 103 85 316 316

M. m. musculus 0 0 0 0 0 0 0 0

M. m. castaneus 0 0 6 0 5 0 0 0

M. spretus 0 1 0 0 0 0 0 0

Nucleotide position 

A) Published sequences 36 204 268 321 411

R. norvegicus G C A C C

R. rattus A T T A T

B) Published sequences Amino acid change 

R. norvegicus Arg12Arg His68His Ile90Leu Ile107Ile Thr137Thr

R. rattus Arg12Arg His68His Ile90Leu Ile107Ile Thr137Thr

C) USA samples Number of samples 

R. norvegicus 87 0 0 156 156

R. rattus 26 13 13 38 38
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Figure 3.4. 

 

 

 

 

 

 

 

 

 

Figure 3.5 
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Figure 3.6. 
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Figure 3.7. 
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CHAPTER 4 

MTDNA-BASED POPULATION GENETIC INFERENCES OF THE 

EVOLUTION AND SPREAD OF ANTICOAGULANT RODENTICIDE 

RESISTANCE IN THE HOUSE MOUSE, NORWAY RAT, AND ROOF RAT 

Abstract 

The geographic distribution patterns of the anticoagulant rodenticide resistance trait in 

the house mouse (Mus musculus domesticus), the Norway rat (Rattus norvegicus) and the 

roof rat (R. rattus) provide interesting opportunities for studies of the evolution of an 

adaptive trait. Convergent evolution has taken place and given rise to the trait in each 

species independently at least once. To further examine convergent evolution and the role 

of gene flow in spreading resistance within each species here I combined the previously 

published data on the occurrences of resistance (chapter 2) with the data newly collected 

in my thesis (chapter 3). Furthermore, I added published data on mtDNA haplotype 

variation and collected new mtDNA sequences for the USA. The house mouse has 

developed the resistance at least twice by point mutation and at least once by 

hybridization with Mus spretus. Subsequent migration and recombination is yielding an 

increasing number of resistance genotypes and alleles. While the evidence is weak it is 

compatible with the independent evolution of resistance via different Vkorc1 alleles at a 

global scale (in the USA and Europe), but gene flow has begun to obscure the pattern. 

Interestingly, however, at regional and local scales mouse populations differ in their 

genetic make-up encoding resistance. This latter phenomenon is even more pronounced 

in Norway rats. The Norway rat provides a likely case of independent convergent 

evolution of the resistance trait in Europe and North America, and within Europe. Lastly, 
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the roof rat may follow the simplest model thought to underlie the evolution of an 

adaptive trait by mutation and subsequent spread. Inspection of the distributions of 

resistance mutations across mtDNA haplotypes indicates that in the house mouse and the 

Norway rat resistance likely is due to de novo mutations that occurred in derived 

populations or were exceedingly rare standing variants. In the roof rat the distribution of 

nsSNPs across mtDNA haplotypes indicated that these mutations could either be old and 

frequent standing ancestral variants that have become adaptive, or de novo mutations 

attaining their distribution across mtDNA haplotypes that are explained by demographic 

processes. Broader sampling of rodents needs to be done to better understand the 

evolution of resistance and to provide more complete geographic coverage of the current 

distribution of resistance. My work, including mtDNA-based predictions, provides 

guidance as to where future sampling and testing should be conducted, and larger-scale 

analysis of gene flow at the nuclear genome, rather than the mtDNA genome, should be 

conducted. 

 

Introduction  

Since Charles Darwin’s publication on the ‘Origin of Species’, at the latest, evolutionary 

biologist have been intrigued by the diversity seen at and below the species level 

(Hoekstra, 2010). The mapping of phenotypic variation and the analyses of these with 

regard to environmental variables has long been a crucial step during research programs 

that establish a role for natural selection in adaptation. 

Resistance to the anticoagulant rodenticide warfarin, and its derivatives, is a classical 

example of selection in action that can be followed during the lifetime of researchers. 
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Other such examples increasingly have emerged during the past few decades. 

Evolutionary genetic studies began to employ neutral markers to reconstruct population 

histories, and compare those with the observed phenotype to observe the role of gene 

flow in the spread of the adaptive traits studied, and to pinpoint their origins. 

Increasingly it has become possible to identify the genetic basis, or components thereof, 

of adaptive traits. Thus, markers tagging specific genes and mutations can be added in the 

process of following the origins and spread of adaptive traits. This type of work at this 

level of resolution has revealed that adaptive traits, indistinguishable to the eye or at other 

levels of experimental resolution, such as coat coloration, have complex genetic 

underpinnings with numerous opportunities for convergent evolution at the molecular 

genetic level (Linnen et al., 2009). Resistance to anticoagulant rodenticides may provide 

another example of this phenomenon that up to now rarely could be documented. 

In the house mouse (Mus musculus domesticus), Norway rat (Rattus norvegicus) and roof 

rat (R. rattus) the distribution of resistance, where sampled sufficiently, and the genetic 

variation underlying it, together suggest that there were numerous opportunities for 

convergent evolution towards the resistance trait. In this chapter I use the data and results 

obtained in the earlier chapters to examine this phenomenon.  

The main gene encoding the anticoagulant resistance trait is the vitamin K epoxide 

reductase subcomponent 1 (Vkorc1) gene (Li et al. 2004; Rost et al. 2004). 

Anticoagulants, such as warfarin act by inhibiting the gene and thus, the rodents ingesting 

the poison die of lethal hemorrhage (c.f. Chapter 1). Data have begun to emerge that 

document the variation in the gene, with several mutations now known to confer 

resistance. Thus, it is already clear, yet not systematically compiled and discussed, that 
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the evolution of resistance in each of the three species, as well as the multiple occurrence 

of resistance due to different mutations in Vkorc1, represent another fascinating example 

of convergence at and below the level of species.  

However, the spatial pattern underlying the phenomenon, and information on neutral 

gene flow, has not been compiled. Moreover, important conclusions regarding the timing 

and geography of the process remain unknown. Thus, the spatial scale and temporal scale 

at which convergent evolution may act remain uncertain in this system. 

Here I combine the results from chapter 2 and 3 and add mtDNA data to provide an up-

to-date view of the geography and genetics of anticoagulant resistance in three species of 

rodents. The aim is not to proof the existence of the phenomenon of evolutionary 

convergence at and below the species level, which can be taken away from the existing 

literature as is, but to compile the evidence for it and both test scenarios and/or generate 

testable hypothesis that should be tested during future studies. Moreover, the spatial 

scales at which the phenomenon is documented here should inform evolutionary theory in 

that here scales ranging from global, regional and local are considered. 

 

Methods And Materials   
 

PCR amplification and sequencing 

DNA was available from the molecular work described in chapter 3. MtDNA Sequences 

for each rodent species obtained here are deposited in Gen-Bank 

(http://www.ncbi.nlm.nih.gov/) and they can be found under isolate ID names (c.f. S 

Table 5). For the house mouse, I amplified the mtDNA Dloop region. Sequences were 

obtained using the forward and reverse primers from (Rajabi-Maham et al., 2008). For 
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the Norway rat and the roof rat I amplified the mtDNA Cytb region using the forward and 

reverse primers designed over the sequences published (AB033713) (See supplementary 

Table 4.1). 

PCR amplification of the mtDNA Dloop and Cytb regions were conducted with an initial 

3 min of denaturation (94°C) followed by 33 cycles of 1 min at 94°C, 40s at 55°C and 1 

min at 72°C, and a final extension of 5 min at 72°C.  All PCR products were purified 

using ExoSAP-IT® (USB Corporation, Cleveland, OH, USA). The purified PCR 

products were sequenced using the M13F and M13R primers on ABI Prism™ 3730xl 

DNA sequencers (Applied Biosystems, Foster City, CA). 

Sampling and sequence data compilation  

House mouse 

From two published papers (Song et al. 2012; Song et al., 2014) mtDNA haplotypes and 

their Vkorc1 were obtained. PCR amplification was done for samples studied in chapter 3 

for which Vkorc1 genotype information was available. Specifically, for sequencing I 

selected 150 individuals from 25 US states of house mice carrying the Vkorc1 alleles 

Tyr139Cys, Leu128Ser or WT (no variation found).  

I used mtDNA Dloop sequence data set (Bonhome et al., 2010) obtained from sequencing 

of 1466 house mice carrying 330 haplotypes (Supplementary Table 4.1)  

Norway rat and roof rat  

MtDNA Cytb sequences were obtained from previous publications (Song et al. 2012; 

Song et al., 2014). In total, the Cytb data contains 130 Norway rats. Additional rats were 

sequenced here to obtain the mtDNA haplotypes of rats of known Vkorc1 genotypes. 
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Specifically, I selected 50 individuals from 10 US states carrying the Vkorc1 alleles 

Arg35Pro and WT (Supplementary Table 4.2). 

For the roof rat I used the MtDNA Cytb haplotypes found by Tanaka et al., (2012) and 

Golouis et al. (2016b) (c.f. Chapter 1 Table 1.2). In addition to these 292 roof rat 

sequences I selected 30 individuals from 7 US states with the Vkorc1 alleles Tyr25Phe 

and WT (Supplementary Table 4.3). 

Data customization  
 
I use the software PGDSpider (Lischer and Excoffier, 2012) to convert mtDNA 

alignments generated in fasta format (.fas) into the MIGRATE file format (.seq) (see text 

below). I used a customized script made in the computer language Python (version 2.7) to 

modify the names of the sequences and to add their respective geographic location for 

each rodent data showing continent (global) and country (regional) to estimate population 

genetic parameters for each species.  

For all published mtDNA Dloop and Cytb sequences the geographic location was 

estimated and transformed into the geographic coordinates latitude and longitude using 

the web tool www.gpsvisualizer.com (Supplementary Tables 4.1-3).  

Phylogenetic and network relationships among haplotypes 
 

Analyses to reconstruct the mtDNA haplotype trees for each species were run separately 

using Bayesian methods as implemented in MrBayes 3.1.2. (Ronquist and Huelsenbeck, 

2003). Trees were generated by applying Markov Chain Monte Carlo (MCMC) 

simulations in combination with the best Model (HKY+G) (Hasegawa et al., 1985) 

deduced by MODELTEST 3.7 (Posada and Crandall, 1998). The analyses were set for 
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four chains and simultaneously for 1,000,000 generations during the MCMC simulations.  

Then the calculation was set to sample trees every 100 generations and a consensus tree 

was obtained with nodal values representing the posterior probability. Haplotype trees 

were edited in FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/). Median-Joining 

haplotype networks were reconstructed using the software Network 4.6 (Bandelt et al., 

1999).  

Population genetic analyses  

All mtDNA sequences for each species were aligned using MUSCLE v3.8.31 (Edgar, 

2004) and edited by hand using SEAVIEW v.4.2 (Gouy et al., 2010).  

The nucleotide diversity (π), haplotype numbers (h) and haplotype diversity (h.d.) at the 

global and regional scales were calculated for each rodent species using DnaSP 5.0 

(Librado and Rozas, 2009). The global scale analysis included all the samples whereas 

the regional scale is when samples where grouped by continent. If appropriate, analysis at 

the local scale, such as France vs. Germany was conducted. For each species we 

considered a subset of samples from Asia as those representing their ancestral ranges. 

FST as implemented in DnaSP 5.0 (Librado and Rozas 2009) was calculated as 

FST = HT - HS/HT…………………………………………………………………………(1) 

Where: FST is the Wright’s fixation index, HT is the is the average heterozygosity 

assuming that the sample is in Hardy-Weinberg Equilibrium (HWE) and HS is the is the 

average heterozygosity assuming that the sample is in HWE (Hartl and Clark, 2006). To 

interpret FST I use (Wright, 1978) qualitative guidelines. FST ranging between 0-0.05 

indicates little genetic differentiation, FST ranging between 0.05- 0.15 indicates moderate 
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genetic differentiation, FST ranging between 0.15-0.25 indicates great genetic 

differentiation and FST ranging >0.25 indicates very great genetic differentiation. To 

confirm estimates of gene flow between the USA and European populations, I used a 

Bayesian inference method based on coalescence, as implemented in MIGRATE version 

3.6.11 (Beerli, 2006, 2007, 2009). MIGRATE uses an equilibrium model that estimates 

migration rates averaged across the coalescent history.  

Results and Discussion 

MtDNA reflects the matrilineal history of each species and population. The use of 

mtDNA molecular data to reconstruct population histories has advantages and 

disadvantages (Hurst and Jiggins, 2005). For example, as in many mammalian species in 

the house mouse and both rat species males disperse more so than do females (Pocock et 

al., 2005). Thus, population structure deduced from mtDNA analysis tends to 

underestimate the amount of gene flow and population admixture. On the other hand, 

owing to the faster mutation rate of mtDNA, which is ~10 times higher for the Dloop 

region studied in mice compared to the Cytb region studied in rats, its mode of 

inheritance and absence of recombination, mtDNA haplotype analyses display good 

resolution while holding information on events that occurred thousands of years ago, i.e. 

pre-historical formation of population structure in these rodents. 

The house mouse 

In the house mouse the anticoagulant resistance trait is widely distributed across the 

globe (Fig. 4.1). The concentration of occurrences observed for Europe and the USA 

clearly reflect a particular high occurrence of resistance in these regions but also reflects 
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the research efforts dedicated to study these regions until now. Thus, the presence of 

resistance is interpreted here but the absence of resistance is discussed with caution. 

If the observed distribution of the resistance trait holds a meaningful biological signal 

then this pattern would be consistent with the evolution of the trait in Europe and/or 

North America where rodenticides were most heavily used first, with subsequent 

spreading to other parts of the world. The absence of the resistance trait in the ancestral 

area of the mouse in Asia could indicate that the resistance trait is derived. 

The amount of data available for Europe and the USA point to these regions as those 

where further analysis may be most revealing in terms of the evolution and spread of 

resistance and its underlying mutations in Vkorc1 by analyzing mtDNA sequence data. 

However, data from the ancestral area where the mouse has originated are needed to 

assess whether the resistance alleles are derived or pre-date the introduction of 

rodenticides.  

The distribution patterns of Vkorc1 variants, including those that mediate resistance 

Leu128Ser, Tyr139Cys, and the Vkorc1spr alleles, indicates that there is genetic 

differentiation between resistant mouse populations at the global and regional scales, with 

variation observed at local scales also (Fig. 4.2).  

At the global scale Leu128Ser is more common in Europe, Tyr139Cys is more common 

in the USA, and within Europe the Vkorc1spr allele appear to be unique (with one possible 

exception of a recombinant sequence of a mouse found in the USA, not shown) (Fig. 4.2 

and 4.3). Of the other variants, for which little evidence for their effect on resistance is 

available, Leu118Ser is unique to the USA while Arg58Gly occurs in both regions. 

Arg58Gly has attained notable frequencies in Europe, which may indicate that mice 
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carrying these alleles have a fitness advantage. However, these could reflect genetic drift 

events. 

At a regional scale in the USA we observe the admixture of Leu128Ser and Tyr139Cys 

alleles overall, but at local and regional scales samples may display differentiation with 

regard to the frequencies of Leu128Ser and Tyr139Cys (Fig. 4.2 and 4.3). The near 

fixation of mice analyzed from New York City for Tyr139Cys compared to mice from 

Chicago, USA, carrying Leu128Ser provide such examples. In Europe the pattern is 

similar but here we observe that Vkorc1spr alleles are common locally. Arg58Gly has 

attained notable frequencies in Europe also, which may indicate that mice carrying these 

alleles have a fitness advantage. However, these could reflect genetic drift events. 

Both Europe and North America are well represented by mtDNA Dloop sequences of 

house mice, such that analysis of population structure and genetic differentiation 

comparing these regions, and some analyses at the local scale are possible (Fig. 4.4). 

Specifically, mtDNA Dloop sequences defined ten haplotypes D1-D10 represented as 

Mus musculus domesticus. While sampling effort for particular geographic regions may 

affect counts, in this data set four haplotypes D2, D3, D5 and D6 were much more 

abundant than the remaining haplotype (Table 4.1, Fig. 4.4).  

Genetic diversity was similar and moderately high for each of the regions sampled (Table 

4.2). The exception is the poorly sampled ancestral area of the mouse in Asia. It is 

unlikely that this ancestral area is properly represented by the available data, as this 

would imply a gain in diversity in mice that have dispersed and colonized the globe 

(Bonhomme et al., 2010).  
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The relationships of haplotypes of mice sampled cannot be resolved with much resolution 

during phylogenetic analysis, which reflects their recent evolution after the subspecies M. 

m. domesticus has evolved (Fig. 4.5). Loss of haplotypes by population size bottlenecks 

(Weber et al., 2004) unlike caused the pattern because such bottlenecks would likely have 

left mtDNA lineages of older ages also, if these had been present before any population 

size crash. Only haplotypes D2 and D6 can be grouped. All mice studied here were of the 

M. m. domesticus subspecies, unless other subspecies with introgressed M. m. domesticus 

mtDNA were accidentally included and cannot be identified in this mtDNA analysis. 

Median-Joining network analysis and network depiction with regard to sample size and 

geographic distributions reveal the abundance of D3 followed by D2, D6 and D5 (Fig. 

4.6 A). D2 and D6, haplotypes that group during phylogenetic analysis, have strikingly 

different distributions; D2 being abundant in Europe and D6 in the USA. D8 is a rarely 

sampled example of a putatively ancestral haplotype. D3 may also be ancestrally and 

represents a lineage that became highly successful after dispersal to Europe, North 

America, and the rest of the globe. 

Patterns of genetic differentiation between mice from the regions sampled reveal most 

negligible to low levels of differentiation as measured as FST (Table 4.3). The ancestral 

region in Asia is the most differentiated from all derived populations, which is consistent 

with the proposed dispersal scenario for the mouse (c.f. Chapter 1). The low levels of 

differentiation between regions where derived populations of mice occur, some with the 

resistant trait, reveal a prominent role of gene flow in shaping the current distribution of 

nsSNPs in Vkorc1 and resistance. 
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I mapped Vkorc1 variants known from mice carrying any of the haplotypes onto the 

network (Fig. 4.6 B) and coded these as anticoagulant resistance or susceptible following 

RRAC guidelines (c.f. Chapter 1) (Fig. 4.6 C). Four haplotypes D3, 4, 6 and 10 may 

represent the lineages and possibly, populations, where resistance has evolved originally. 

With exception of D3, which was also found in the ancestral area of the house mouse, 

these all are found in derived cosmopolitan populations. Notably, sampling bias 

considered, these predominantly occur in Europe and North America, with some 

examples of their occurrences elsewhere. The pattern is consistent with the evolution of 

resistance and the individual Vkorc1 variants in Europe and North America, where 

anticoagulants were developed and used most heavily first, with some dispersal and 

spread to other parts of the world. This pattern and interpretation could be used as a 

hypothesis used for future studies. 

In conjunction with measures of genetic differentiation results (Table 4.3) the observed 

patterns do not enable conclusive statements regarding the origins of Vkorc1 variants. 

The spatial distribution and relative abundances of D3 and D6, and their association with 

resistance despite free recombination between the nuclear and mitochondrial markers, 

indicates that resistance has evolved recently. The skew in the frequency of Leu128Ser 

and Tyr139Cys could reflect independent origins of these in Europe and North America, 

respectively, with subsequent admixture by recent human enabled gene flow. 

Of particular interest is the evolution and spread of the Vkorc1spr allele. This clearly is a 

striking example of convergent evolution not by point mutation but by adaptive 

introgressive hybridization between the two species M. m. domesticus and M. spretus, 

which co-occur in Northern Africa and Southern Europe (Song et al., 2011, Lui et al., 
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2015). Haplotypes associated with the Vkorc1spr allele are D2, D3, and D4 (Fig. 4.6 B). 

These are widespread but notably include the area where the two species are sympatric in 

Europe and Northern Africa. Thus, the proposal that M. spretus is the donor species of 

this allele is supported and supports the idea that this likely happened in the area of range 

overlap, rather than individuals of M. spretus being moved by human transportation to 

other parts of Europe where the hybridization and introgression took place (Song et al. 

2011). The spread of the Vkorc1spr allele is traceable by the patterns of haplotype 

distributions in Europe (Fig. 4.4). Given its geographical distribution pattern, off these 

three haplotypes D2 is the most likely to have been associated with the population where 

the introgression occurred initially. The event likely was recent and predated the dispersal 

of the common D3 haplotype to the USA. This applied to the other haplotypes carrying 

Vkorc1spr allele as well, or may indicate that searches for mice carrying the Vkorc1spr 

allele in other parts of the world, notably Africa, Eurasia, and Asia may be merited.  

The Norway rat 

Norway rats resistant to anticoagulants are mainly seen is Europe and the USA (Fig. 4.7). 

This pattern may reflect that resistance in these regions is particularly high and the place 

of origin of the trait. However, this observation likely reflects the research efforts 

conducted thus far, or a combination of both phenomena. The fact that rodenticides were 

most heavily used first in Europe and North America has been used as an indication that 

resistance has evolved in these regions. My observations are consistent with this scenario. 

If this applies, then resistance has subsequently spreads to other parts of the world. 

Notably, absence of the resistance trait in the ancestral area of the Norway rat in Asia 

indicates that the trait is derived.  
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The data available for Europe and the USA enable further analysis that may be revealing 

in terms of the evolution and spread of resistance and its underlying mutations in Vkorc1 

by analyzing mtDNA sequence data. As shown in Figure 4.8, the distribution patterns of 

Vkorc1 variants, including those that mediate resistance Arg35Pro, Leu120Gln, Leu128R 

and Tyr139Cys/Ser/Phe indicates that resistant rat populations are genetically 

differentiated at the global and regional scales, with further variation observed at local 

scales (Fig. 4.8).  

The Norway rat reveals a pattern more pronounced than the house mouse (Fig. 4.8). First, 

Arg35Pro is nearly exclusive to the USA, with one sample from France (Pelz et al., 2005) 

carrying the allele only that may be a recent migrant. The Tyr139Cys, Ser, and Phe 

variants predominate in Europe. Thus, at the global scale we may observe a striking 

example of independent recent evolution with too little time that has expired to result in a 

loss of signal. 

At the regional scale, as represented by Europe, and at the local scale by particular 

locations in Europe, the Tyr139Cys, Ser, and Phe variants display pronounced population 

differentiation. Tyr139Ser is a variant occurring in the UK, Tyr139Cys occurs in 

Germany, Denmark and the Netherlands, and Tyr139Phe in France, with some admixture 

seen at locations falling in between these locations (Fig. 4.8). These patterns can be seen 

also in Figure 4.9 summarizing these results. 

As in the house mouse, analysis of the Norway rat illustrates that while the mapping of 

phenotypic traits is an essential first step in evolutionary research, the mapping of protein 

sequence variants illustrates the complexity underlying the evolution of an adaptive trait.  
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Both Europe and North America are well represented by mtDNA Cytb sequences of 

Norway rats, such that analysis of population structure and genetic differentiation at the 

regional and local scales are possible (Fig. 4.10). For the Norway rat a substantial number 

of samples representing the putative ancestral area in Asia is available for analysis (see 

below). 

Specifically, a total of 133 mtDNA Cytb sequences defining ten haplotypes C01-C39 

represent this species (Table 4.4). Haplotype diversity in the Norway rat this is about 

four-fold higher in the rat compared to the mouse. While sampling effort for particular 

geographic regions may affect counts, in this data set two haplotypes C04 and C05 

predominated (Table 4.4, Fig. 4.10). Near complete genetic turnover with regard to 

mtDNA was observed between the ancestral range and the derived populations. This is 

consistent with a dramatic bottleneck and drift known to have occurred in Norway rats 

sampled from the world (Song et al., 2014). 

Genetic diversity was similar and moderately high for each of the regions sampled (Table 

4.5). The exception is the poorly sampled ancestral area of the rat in Asia. It is unlikely 

that this ancestral area is properly represented by the available data, as this would imply a 

gain in diversity in Norway rats that have dispersed and colonized the globe (Long, 

2003). The resulting diversity measures show similar levels of haplotype diversity in 

Norway rats when compared to mice, but the population mutation parameter Pi reveals an 

order of magnitude lower diversity in rats. 

Phylogenetic analysis of Norway rats revealed six shallow and weakly supported clusters 

of haplotypes, which reflects a recent evolutionary origin of any derived population 

structure formed after the dispersal from Asia (Fig. 4.11). Dispersion of ancestral 
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haplotypes throughout the haplotype tree indicates that dispersal and any genetic 

bottleneck largely occurred at random with respect to haplotype age.  

Median-Joining network analysis and network depiction with regard to sample size and 

geographic distributions reveal the abundance of C05 followed by C04, all other being 

rare (Table 4.4, Fig. 4.12A). Sampling effort clearly would affect this pattern. However, 

it is interesting to note that Europe and USA host different predominant haplotypes C05 

and C28. C04 has a broad geographic distribution.  

Patterns of genetic differentiation between Norway rats from the regions sampled reveal 

mostly negligible, low, and moderate levels of differentiation as measured as FST (Table 

4.6). North America and Africa are the most, yet moderately differentiated from all others 

and each other, which may reflect the recent arrival of Norway rats carrying rare 

haplotypes that are rare or absent (not sampled) in the source populations from Europe 

and Asia (Song et al., 2014). 

Vkorc1 variants of Norway rats carrying any of the haplotypes were mapped onto the 

haplotype network (Fig. 4.6 B) and following RRAC guidelines (c.f. Chapter 1) I coded 

these as anticoagulant resistances or susceptible (Fig. 4.7 C). Five haplotypes C03, C04, 

C05, C28, and C29 may be lineages representing putative populations where resistance 

has evolved. With exception of C04 and C05, which occur in the ancestral area in Asia, 

the others occur only in derived populations. Interestingly, both C04 and C05 are found 

in rats that have developed resistance but C04 mostly has the Tyr139Phe variant co-

occurring with it while C05 co-occurs with the Tyr139Cys variant. C28 is the only 

haplotype found in North America that carries resistance. Together with C06 it is shared 

between Europe and the USA, indicating gene flow has occurred. What is noteworthy is 
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that C28 is shared with France, where the Tyr139Phe resistance variant occurs. This 

variant is not found in the USA however. Thus, I propose a scenario where C28 and C06 

have settled in the USA prior to the evolution of resistance and the C28 lineage has 

accrued resistance mutations Tyr139Phe and Arg35Pro after the dispersal independently. 

The pattern is consistent with the evolution of the resistance and the individual Vkorc1 

variants in Europe and North America, where anticoagulants were developed and used 

most heavily first, with some dispersal and spread to other parts of the world. Not enough 

time has elapsed to bring both mutations together by ongoing gene flow, though the 

sharing of C28 and C06 between Europe and the USA indicates their recently shared 

ancestry of these derived populations and/or ongoing gene flow.  

In conjunction with measures of genetic differentiation results (Table 4.6) the observed 

patterns does not enable conclusive statements regarding the origins of Vkorc1 variants in 

the Norway rat. However, the spatial distribution and relative abundances of mtDNA 

haplotypes and Vkorc1 variants is more pronounced than in the house mouse. Presumably 

this reflects the more recent colonization of the world by the Norway rat (c.f. Chapter 1). 

Despite free recombination between the nuclear and mitochondrial markers mtDNA 

haplotypes can be informative markers for particular Vkorc1 variants. Based on the data 

and results presented here I propose that Arg35Pro is a Vkorc1 variant that originated in 

North America whereas the Tyr139 variants have developed in Europe.  

With regard to the Tyr139 variants it would be of interest to examine whether these are 

mutations that have sequentially occurred in the same lineage and population, or whether 

these have occurred in a convergent manner in genetically differentiated populations. In 

this regard it is interesting to find that at the regional and local scales, such as between 
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Germany and France where the Tyr139Cys and Tyr139Phe variants occur, respectively, 

that genetic differentiation between these two locations in the European region show 

moderate differentiation genetically (FST=0.11) and moderate to high differentiation form 

the USA (FST-0.14 and 0.20). Thus, the phenomenon of convergent evolution occurs at 

global and regional scales, or even locally if the short distance between Germany and 

France is considered. However, given that both Y139 variants co-occur with the 

haplotypes C04 and 05 I am unable to discern whether these stem form sequential 

multiple mutations at the same position in Vkorc1, or whether these have developed in 

separate populations. Nuclear DNA analysis of the complete Vkorc1 sequence and of 

nuclear markers across the genome would be needed to resolve this interesting question.  

The roof rat 

Roof rats resistant to anticoagulants are widely distributed across the globe (Fig. 4.13). 

The occurrences of resistance appear more widespread than in the house mouse and 

Norway rat. However, this may be a result of a geographically broader interest in the 

sampling of the species, which has become somewhat rare in Europe and other parts of 

the world due to competition with the more recently arrived Norway rat. As for the other 

two species, the global distribution of the roof rat and data available shows that the 

phenomenon of convergent evolution merits investigation using the data and results from 

my previous chapters and mtDNA Cytb sequences that are abundantly available for this 

species (Table 4.7).  

A potentially significant difference between the roof rat and the other two species is that 

anticoagulant resistance is found in samples that geographically map to the species’ 

ancestral area in Asia (India See Fig 4.13). With the caveat in mind that in the house 
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mouse and Norway rat sampling issues prevented me from considering the origin of 

resistance in the ancestral area and subsequent spread, in the roof rat this scenario should 

be considered given the data. 

As is shown for the house mouse and Norway rat, data cluster around Europe and the 

USA. As will be shown and discussed below, research on the resistance to anticoagulants 

in roof rats in Japan added a data point of interest (Tanaka et al., 2012). Thus, the 

evolutionary dynamics within and between these regions will be given consideration. 

Unlike for the house mouse and Norway rat the distribution pattern may reflect that 

resistance in derived populations has arrived via dispersal from the ancestral area. This 

may have been in form of ancestral Vkorc1 variants or via new mutations that have 

occurred in response to the poison usage in the ancestral area as well as in Europe and the 

USA. The fact that rodenticides were most heavily used first in Europe and North 

America should not distract form the fact that the use of anticoagulants has spread 

worldwide rapidly, and India, where rat infestation of sugar cane fields and public health 

concerns prompted the heavy rodent control attempts (Haque et al., 1985; Parshad, 1999). 

As shown in Figure 4.14, the distribution patterns of Vkorc1 variants reveal a paucity of 

available data. Nevertheless, if taken as representative, the data show that only two 

variants in Vkorc1, Tyr25Phe and Ile90Leu have spread across the globe. Neither of 

these mediates anticoagulant resistance with certainty, but Tyr25Phe is a likely candidate 

for encoding this trait in the roof rat (Goulois et al., 2016b). Thus, unlike the house 

mouse and Norway rat the roof rat is much less differentiated at the Vkorc1 sequence 

level.  
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Asia clearly is the most diverse of regions sampled thus far, with Japan likely just being a 

representative location for others if these were sampled more deeply (Fig. 4.15). 

Unfortunately, there is no information on Vkorc1 diversity in India, where resistance was 

detected using physiological testing. In Japan, where physiological testing and 

sequencing was done an eight protein altering variants occur (Tanaka et al, 2012). 

At the regional scale, as represented by North America, it appears that two Vkorc1 alleles 

have either reached North America via a route through Asia or via a route through 

Europe. The latter is the most commonly route assumed to have led to the colonization of 

North America by the species. If Europe was the region where roof rats were exposed to 

the anticoagulants first, then it is conceivable that dispersal to North America have 

exported the trait. The revers is equally likely, that is; resistance has developed in the 

USA and then reached Europe.   

When considering mtDNA Cytb sequences of roof rats the presence of one globally 

predominant haplotype C1 is apparent (Table 4.7, Fig. 4.16).  Only 7 haplotypes C1-7 

were identified in 288 sequences. This low diversity renders hypothesis testing based on 

mtDNA data difficult, as it leaves numerous scenarios as plausible and impossible to 

distinguish. Resistance causing mutation(s) could have occurred at any point of space and 

time and then have spread.  

Specifically, a total of 133 mtDNA Cytb sequences and 320 samples define ten 

haplotypes C01-C39 represent this species (Table 4.4). Haplotype diversity in the Roof 

rat this is about four-fold higher in the rat compared to the mouse. While sampling effort 

for particular geographic regions may affect counts, in this data set two haplotypes C04 

and C05 predominated (Table 4.4, Fig. 4.10). Near complete genetic turnover with regard 
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to mtDNA was observed between the ancestral range and the derived populations. This is 

consistent with a dramatic bottleneck and drift known to have occurred in Roof rats 

sampled from the world. 

Genetic diversity was highest Asia and the region thought to be ancestral. Other than that 

the roof rat displays less diversity than the other species studied here, both in terms of 

segregating sites, haplotype diversity and slightly so, in the population mutation 

parameter Pi (Table 4.8).   

With limited data of mtDNA variation available for Europe it is not feasible to conduct 

meaningful analysis of patterns of gene flow that include this region. Owing to the fact 

that one haplotype predominated across the globe genetic differentiation between 

population generally was moderate, and higher as seen for house mouse and Norway rats, 

as the variation seen globally always was a small subset of the variation see in Asia.   

Phylogenetic analysis and Median-Joining network analysis (Figs 4.17. and Fig. 4.18. A-

C) reflect the effect of the globally predominance of haplotype C1 on any analysis 

attempting to detect phylogeographic structure in the roof rat. In this species the most 

parsimus scenario invokes a single resistance causing mutation Tyr25Phe that has 

occurred and spread widely. The origin of this event cannot be pinpointed, but the data do 

not reject a scenario where this has occurred in the regions where rodenticides were first 

used heavily, that is; Europe and/or the USA. However, there remains a possibility that in 

the case of the roof rat the mutation was part of a standing genetic variation pool that was 

already present in the ancestral area in Asia. Thus, scenario is highly unlikely for the 

house mouse and the Norway rat. 
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It would be desirable to conduct the analysis of gene flow and phylogenetic relationships 

amongst resistance causing alleles, and the others, by using both, a large set of nuclear 

markers and mtDNA, as well as the sequence of Vkorc1.  Such a study should be 

conducted but currently the data are not available. My work should assist with the 

formulation of hypotheses and the targeted sampling of animals to better resolve 

questions that remain open to be addressed during future studies. 
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Table 4.1. MtDNA Dloop haplotypes D1-D10 of the house mouse, their numbers (N=) 
and the regions represented by them. 
 

Region  Country D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 N=. 

North 
America  Canada   

6 
       

6 

 
USA* 6 1 52 

 
2 44 

   
10 115 

 

Greenland 1 
         

1 

South 
America Argentina   

4 
       

4 

 
Peru 

  
3 

       
3 

Europe  Austria 
   

1 
      

1 

 
Greece 

 
2 9 

  
1 

    
12 

 
British Isles  

  
36 

 
58 1 1 

   
96 

 
Bulgaria 

 
3 2 

     
17 3 25 

 
Croatia 

  
1 

 
2 

     
3 

 
Cyprus 

 
7 25 

 
11 

     
43 

 
Denmark 114 

         
114 

 
England 

  
9 

 
5 

     
14 

 

France 
 

61 9 
 

3 
     

73 

 

Georgia 
 

1 4 
 

1 
     

6 

 

Germany   25 18 108 7 
     

2 160 

 

Norway 
  

1 
 

8 
     

9 

 

Portugal 
  

12 
 

7 
 

58 
   

77 

 

Republic of 
Ireland   

1 
 

3 
     

4 

 
Spain 11 9 37 

 
3 

     
60 

 
Sweden 30 

         
30 

 
Wales 

  
1 

       
1 

 
Italy 

 
13 40 

 
2 18 1 

   
74 

 

Luxembourg 
         

3 3 

 

Slovenia 
 

1 
        

1 

 

Iceland 
  

1 
 

15 
    

2 18 
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Switzerland 1 1 1 
       

3 

 

Scotland 
    

1 
     

1 

Africa Cameroon 2 15 7 
       

24 

 

Canary 
Islands 47 95 1 

       
143 

 
Egypt 

 
4 2 1 

      
7 

 
Madeira 121 1 

  
2 

     
124 

 
Niger 

 
1 

        
1 

 
Senegal 

 
1 11 

 
1 

     
13 

 
Somalia 

  
1 

       
1 

 
Kenya 

 
8 2 

 
1 

     
11 

 

Tunisia 
 

11 4 
 

1 
     

16 

 

Lebanon 
  

48 
 

10 
     

58 

Asia  
Black Sea 
Coast  

2 27 
  

1 
    

30 

 

Centre east 
Anatolia   

11 
 

2 
     

13 

 

China  
 

1 4 
       

5 

 

European 
Turkey   

5 
 

6 3 
    

14 

 
Indonesia 

  
2 

       
2 

 
Iran 

 
1 

        
1 

 
Israel 1 2 21 

       
24 

 

Northwest 
Iran   

21 
    

1 
  

22 

 

Philippines 
  

1 
       

1 

 
Qatar 

  
2 

       
2 

 

South 
Anatolia   

10 
       

10 

 

Southeast 
Iran   

18 
       

18 

 

Southwest 
Iran*   

22 
 

11 
     

33 

 

Syria 
  

12 
       

12 
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West 
Anatolia   

16 15 
       

31 

Eurasia Russia 1 3 2 
       

6 

Total 
 

360 278 611 9 155 68 60 1 17 20 1579 
 
*mtDNA haplotype sequences determined here 
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Table 4.2. Descriptive statistics obtained for mtDNA Dloop haplotypes D1-D10 of the 
house mouse by geographic region. 

 

 
N= S h Hd Pi 

North America  120 4 6 0.63852 0.08549 

Europe 229 5 9 0.64552 0.06711 

Asia Ancestral  10 2 3 0.37778 0.03968 

Asia 41 4 6 0.51585 0.04774 

Eurasia  9 3 4 0.75 0.07143 

Africa  26 4 5 0.74769 0.07363 

Total  435 6 10 0.66761 0.06918 
 

S – segregating sites, h – haplotype number, Hd – haplotype diversity, Pi – 4Nμ 
 
Table 4.3. Genetic differentiation between by geographic regions measured as FST 
obtained for mtDNA Dloop haplotypes D1-D10 of the house mouse.  
 

 
Europe Africa North America Asia Ancestral Asia 

Europe - 
    Africa 0.012 - 

   North America 0.049 0.023 - 
  Asia Ancestral 0.029 0.111 0.141 - 

 Asia 0.000 0.000 0.070 0.046 - 

Eurasia 0.027 0.000 0.020 0.157 0.000 
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Table 4.4. MtDNA Cytb haplotypes C01-C29 of the Norway rat, their numbers (N=) and the regions represented by them. 
 

 

Region Country C01 C02 C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 N= 

North 
America  USA* 

    
1 1 

                     
2 

 
4 

Europe Denmark 
  

1 
                          

1 

 

France 
   

4 9 
                      

1 1 15 

 

Germany 
   

1 34 1 
                       

36 

 

Sweden 
   

1 
                         

1 

Asia China 
   

6 6 
 

2 1 1 4 1 1 1 1 4 1 1 2 1 2 1 1 1 1 1 7 
   

47 

 

Indonesia 
    

1 
                        

1 

 

Japan 
 

1 
   

1 
                       

2 

 

Thailand 2 
                         

1 
  

3 

 

Vietnam 7 
   

2 
                        

9 

Oceania  
South Pacific 
Islands    

1 1 
                        

2 

Africa Cambodia 1 
                            

1 

 

South Africa 
   

9 
 

2 
                       

11 

Total 
 

10 1 1 22 54 5 2 1 1 4 1 1 1 1 4 1 1 2 1 2 1 1 1 1 1 7 1 3 1 133 

 *mtDNA haplotype sequences determined here 
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Table 4.5. Descriptive statistics obtained for mtDNA Cytb haplotypes C01-C29 of the Norway 
rat by geographic region. 

 

 

 

Ns S h Hd Pi 

North America  4 4 3 0.83333 0.00526 

Europe 53 8 8 0.33382 0.00122 

Asia Ancestral  27 6 8 0.81197 0.00384 

Asia 37 24 24 0.94144 0.00683 

Africa 11 3 3 0.32727 0.00221 

Total 132 28 29 0.79794 0.00392 

 

S – segregating sites, h – haplotype number, Hd – haplotype diversity, Pi – 4Nμ 
 

 

Table 4.6. Genetic differentiation between by geographic regions measured as FST obtained for 
mtDNA Cytb haplotypes C01-C29 of the Norway rat.  
 

 
Asia Ancestral Asia 

North 
America Europe Africa 

Asia Ancestral - 
    Asia 0.063 - 

   North America 0.238 0.089 - 
  Europe 0.176 0.045 0.149 - 

 Africa 0.272 0.175 0.337 0.398 - 
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Table 4.7. MtDNA Cytb haplotypes C1-C7 of the roof rat, their numbers (N=) and the regions 
represented by them. 

 

Region  Country C1 C2 C3 C4 C5 C6 C7 N= 

North America Mexico 3 
      

3 

 

USA 132 

     

1 133 

 

Costa Rica 7 

      

7 

South America  Argentina 2 
      

2 

 

Brazil 3 

      

3 

 
Venezuela 1 

      
1 

 

Guyana 2 

      

2 

Central America  Honduras 2 
      

2 

 
Nicaragua 5 

    
6 

 
11 

Europe  France 1 

      

1 

 
Germany 1 

      
1 

Africa  Egypt 2 

      

2 

 
Madagascar 13 

      
13 

 
Mozambique 3 

      
3 

 

Oman 3 4 

  

2 

  

9 

 
Reunion 1 

      
1 

 

Samoa 2 

      

2 

 
Senegal 1 

      
1 

 

South Africa 29 

      

29 

 

Sri Lanka 2 15 2 

    

19 

 
Tanzania 4 

      
4 

 

Uganda  27 

      

27 

 
Ethiopa 2 

      
2 

 

Grand Comore 5 

  

1 

   

6 

 
Guinea 1 

      
1 

 
Mayotte 2 

      
2 

 

Yemen 2 

      

2 

Asia  India 12 
  

1 
   

13 
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Japan 3 

      
3 

 

Indonesia 1 

      

1 

 
Iran 1 

      
1 

Oceania  Australia 1 

      

1 

 
New Zealand 2 

      
2 

 
French Polynesia 2 

      
2 

 

Lesser Antilles 4 

      

4 

 
Papua New Guinea 2 

      
2 

 

Society Islands 2 

      

2 

Total 

 

288 19 2 2 2 6 1 320 

 *mtDNA haplotype sequences determined here 
 

 

Table 4.8. Descriptive statistics obtained for mtDNA Cytb haplotypes C1-C7 of the roof rat by 
geographic region. 
 

 

Ns S h Hd Pi 

North America  194 2 3 0.10913 0.00124 

Central America  13 1 2 0.53846 0.00605 

South America  8 0 1 0 0 

Asia 5 0 1 0 0 

Asia Ancestral  30 4 5 0.62989 0.00876 

Oceania 13 0 1 0 0 

Africa 104 5 6 0.16505 0.00192 

Total 367 8 10 0.22686 0.00267 
 

S – segregating sites, h – haplotype number, Hd – haplotype diversity, Pi – 4Nμ 
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Table 4. 9. Genetic differentiation between by geographic regions measured as FST obtained for 
mtDNA Cytb haplotypes C1-C7 of the roof rat.  

 

 
Asia 

Asia 
Ancestral Africa Oceania 

North 
America 

Central 
America 

South 
America 

Asia - 
      Asia 

Ancestral 0.385 - 

     Africa 0.015 0.302 - 

    Oceania 0.000 0.385 0.015 - 

   North 
America 0.024 0.355 0.018 0.024 - 

  Central 
America 0.417 0.398 0.353 0.417 0.344 - 

 South 
America 0.000 0.385 0.015 0.000 0.024 0.417 - 
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Figure legends 
 

Figure 4.1. Summary of the geographic distribution of the anticoagulant resistance trait in the 

house mouse based on the inferences using physiological test and molecular data. 

Figure 4.2. Mapping of the geographic occurrences of Vkorc1 alleles in the house mouse with a 

focus on survey results from the USA and Europe. 

Figure 4.3. Summary of the geographic occurrences of Vkorc1 alleles in the house mouse with a 

focus on survey results from the USA and Europe. 

Figure 4.4. Geographical mapping of mtDNA Dloop haplotypes of the house mouse.  

Figure 4.5. Bayesian phylogram based on of mtDNA Dloop haplotypes of the house mouse. 

Nodal values represent the posterior probability.  

Figure 4.6. Median-Joining (MJ) network based on of mtDNA Dloop haplotypes of the house 

mouse. A) The geographic region of haplotype origins mapped onto the network, B) Vkorc1 

alleles mapped onto haplotypes with which they co-occur in animals sequenced for mtDNA and 

Vkorc1, and C) Vkorc1 alleles that cause anticoagulant resistance according to RRAC guidelines 

mapped onto haplotypes with which they co-occur in animals sequenced for mtDNA and Vkorc1. 

Figure 4.7. Summary of the geographic distribution of the anticoagulant resistance trait in the 

Norway rat based on the inferences using physiological test and molecular data.  

Figure 4.8. Mapping of the geographic occurrences of Vkorc1 alleles in the Norway rat with a 

focus on survey results from the USA and Europe. 

Figure 4.9. Summary of the geographic occurrences of Vkorc1 alleles in the Norway rat with a 

focus on survey results from the USA and Europe. 
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Figure 4.10. Geographical mapping of mtDNA Cytb haplotypes of the Norway rat.  

Figure 4.11. Bayesian phylogram based on of mtDNA Cytb haplotypes the Norway rat. Nodal 

values represent the posterior probability.  

Figure 4.12. Median-Joining (MJ) network based on of mtDNA Cytb haplotypes of the Norway 

rat. A) The geographic region of haplotype origins mapped onto the network, B) Vkorc1 alleles 

mapped onto haplotypes with which they co-occur in animals sequenced for mtDNA and Vkorc1, 

and C) Vkorc1 alleles that cause anticoagulant resistance according to RRAC guidelines mapped 

onto haplotypes with which they co-occur in animals sequenced for mtDNA and Vkorc1. 

Figure 4.13. Summary of the geographic distribution of the anticoagulant resistance trait in the 

roof rat based on the inferences using physiological testing and molecular data. 

Figure 4.14. Mapping of the geographic occurrences of Vkorc1 alleles in the roof rat with a 

focus on survey results from the USA and Europe. 

Figure 4.15. Summary of the geographic occurrences of Vkorc1 alleles in the roof rat with a 

focus on survey results from the USA and Europe. 

Figure 4.16. Geographical mapping of mtDNA Cytb haplotypes of the roof rat.  

Figure 4.17. Bayesian phylogram based on of mtDNA Cytb haplotypes of the roof rat. Nodal 

values represent the posterior probability.  

Figure 4.18. Median-Joining (MJ) network based on of mtDNA Cytb haplotypes of the roof rat.  

The geographic region of haplotype origins mapped onto the network.. 
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Supplementary files  

 

Supplementary Table 4.1. Primer sequences employed for PCR amplification of Sanger 

sequencing of mtdDNA Dloop region for house mouse and Cytb region for Norway rat and roof 

rat. 

 

Supplementary Table 4.2. Details on samples included in the mtDNA analyses from published 

data and samples obtained here. 
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Figures 

Figure 4.1  
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Figure 4.3 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 4.4 
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Figure 4.5 
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Figure 4.6 
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Figure 4.7 
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Figure 4.8 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
Figure 4.9 
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Figure 4.10 
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Figure 4.11 
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Figure 4.12 
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Figure 4.13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C1

C2 C8

C10C11

C13

C26

C7

C9

C15

C29

C19

C16

C21

C25

C22
C28

C17

C6

C14

C4

C23

C27

C3
C24

C12

C5

C20

C18

Chart&Title

Resistant&

Susceptible&

Unknown&

Chart&Title

Resistant&

Susceptible&

Unknown&

Chart&Title

Resistant&

Susceptible&

Unknown&

Chart&Title

Resistant&

Susceptible&

Unknown&

Chart&Title

Resistant&

Susceptible&

Unknown&

Chart&Title

Resistant&

Susceptible&

Unknown&

Chart&Title

Resistant&

Susceptible&

Unknown&

France'

²0 3,000 6,000 9,0001,500
Kilometers

% RESISTANCE
!( 0%

!( 1 - 20%

!( 21 - 40%

!( 41 - 60%

!( 61 - 80%

!( 81 - 100%

Sample size
( 1 - 6

( 7 - 16

( 17 - 36

( 37 - 76

( 77 - 167

( 168 - 482



  150 

Figure 4.14 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Figure 4.15 
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Figure 4.16 
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Figure 4.17 
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Figure 4.18 
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CHAPTER 5 

Conclusion 
 

In this thesis, I have studied anticoagulant rodenticide resistance seen in three globally 

widespread commensal and invasive rodents: the house mouse (Mus musculus domesticus), the 

Norway rat (Rattus norvegicus), and the roof rat (R. rattus). The phenomenon referred to 

concerns the rapid emergence of resistance in these three species --reported for first time in the 

house mouse in 1961, for the Norway rat in 1958 and for the roof rat in 1966 (Boyle, 1960; 

Dodsworth, 1961; Deoras, 1966)-- to anticoagulant rodenticides within a short timespan, that is, 

around ~10 years (~30-50 generations) after their introduction in the 1950s.  

The process is ongoing and dynamic, as resistance has evolved to first-generation anticoagulants 

(FGARs) and then, to some second-generation anticoagulant rodenticides (SGARs) developed to 

combat resistance (Lund, 1984; Cowan et al., 1995). While my primary interest concerns the 

evolution and spread of resistance, my thesis is relevant in applied terms also. Specifically, the 

emergence and spread of resistance hampered the successful control of rodents. Resistance has 

led to the accumulation of the poisons in the environment as resistant rodents have increased 

levels of poison in their tissues, which enter the environment upon their deaths or via the food 

chain (Gabriel et al., 2012; Sainsbury et al., 2018). One application of my work then refers to 

providing data that enable decision-making regarding which compound could and should be used 

to control rodents at specific locations. For example, warfarin, an FGAR, appears to be the least 

harmful to the environment (Jackson and Ashton, 1992) yet it is not useful when rodents carry 

resistance mutations (Buckle and Prescott, 2012). SGARs in turn should be applied locally if 

resistance is encountered, but perhaps best be avoided in regions where no resistance mutations 

were detected.  
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My thesis has used as much information as could be located to provide an updated view on the 

distribution of resistance in the three species. Clearly more information is needed to fill in the 

vast areas that remain unsampled. Reporting likely resulted in a vast underrepresentation of areas 

where only susceptible animals were encountered, or where the resistance issues is not 

considered at all. This includes the vast majority of wilderness areas and rural areas. Thus, most 

of the work compiled deals with urban areas of some sort of special relevance, such as New York 

City, USA. The survey revealed substantial numbers of non-synonymous SNPs in Europe and 

elsewhere and revealed the absence of such information in the USA. The latter issue was 

addressed by conducting a sequencing survey on samples collected in the USA. 

Nevertheless, by inspecting the now comparatively well-sampled areas in Europe and the USA, 

it further becomes apparent that the resistance phenomenon is a striking example of independent, 

convergent evolution, albeit to my knowledge it has not been championed as such in the 

literature thus far. However, this phenomenon is well documented in other animal species (Chan 

et al., 2010; Feldman et al., 2009; Linnen et al., 2013) but not so much using the system of 

rodent resistance to anticoagulants. But here in my research, independent evolution is evident at 

the level of species, as in all three species resistance is mainly mediated by mutations in the 

vitamin K epoxide reductase subcomponent 1 gene (Vkorc1) (c.f. Chapter 2 and Chapter 3). 

Some mutations, such as the Tyr139Cys, are shared between species. Convergence is suggested 

to play a prominent role in the evolution of resistance within each of the three species as well. By 

geographically mapping of known data on Vkorc1 SNPs and by collecting data from the USA, I 

was able to show that within each species Vkorc1 variation is distributed in an interesting 

fashion, that is; the underlying variation in Vkorc1 is distributed widely and globally but at the 

same time high levels of differentiation can be observed at regional and even local scales. Due to 



  156 

sampling issues these observed patterns are best viewed as examples of such cases rather than a 

systematically studied phenomenon. Virtually at any scale, that is; local, regional, and global, 

Vkorc1 variants can be shared or be private. Especially for the house mouse and the Norway rat 

the phenomenon was apparent. The USA, where anticoagulant rodenticides were invented and 

used first (Wardrop and Keeling, 2008), a near unique mutation in Vkorc1 was observed in the 

Norway rat, Gly46Ser (c.f. Chapter 2).  Two other mutations are found and in Europe. Within 

Europe, the southwestern part of the continent represented by France, differs in the mutation 

found in north central Europe represented by Germany and Denmark (c.f. Chapter 2 Fig. 2.4 B). 

Thus, the Norway rat may best illustrate the amount of, and geographical scales, at which 

convergent evolution in response to rodenticide poison usage has occurred. The species is the 

most recent colonizer, and thus, gene flow has not yet obscured the ancient populations structure 

that formed as a result of dispersal and demographics (Aplin et al., 2003; Long 2003). 

The roof rat appears to display a unique pattern. The species perhaps was the most prolific early 

disperser (Krinke, 2000), which led to a widespread mtDNA lineage and low Vkorc1 diversity. 

Only when a diverse stock of roof rats was examined in Japan (Tanaka et al., 2012), emerged a 

pattern where this global diversity is a small subset from a presumably diverse source 

population. It is conceivable that the observed global variants are ancestral. The roof rat is poorly 

sampled with regard to Vkorc1 diversity, such that the testing of this hypothesis awaits broader 

sampling for nuclear genetic variation, including Vkorc1. 

Much broader sampling of rodents needs to be done to fully understand the evolution of 

resistance and to provide more complete geographic coverage of the current distribution of 

resistance. My work, including mtDNA-based predictions, provides guidance as to where future 
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sampling and resistance testing should be conducted, and larger-scale analyses of gene flow at 

the nuclear genome, rather than the mtDNA genome, are conducted. 

The work directs future studies in terms of the need to study certain geographical areas. Newly 

compiled and newly collected mtDNA sequence data reveal the roles of gene flow and 

independent evolution in the geographic spread of resistance. Moreover, to some extend it is 

currently possible to use mtDNA haplotype data on each of the three species, which have the 

advantage that they are more abundant and collected in a less presumably biased fashion 

regarding resistance testing, to predict the distribution of resistance beyond of what is known 

from feeding trials, blood clotting response tests (BCR), and Vkorc1 sequencing. Data are made 

available as part of a collaborative effort to monitor the occurrence of resistance in the three 

species, which includes a growing database and geographic mapping utility, to inform rodent 

control in the field, policy making, and evolutionary studies. 
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