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 Natural selection acts on variation that occurs by spontaneous mutation, and the fate of 

mutations depends on their selective value and drift. Moreover, mutations are distributed within 

and amongst populations due to demographic events, which often reflect past historical 

biogeography and migration. The evolution of traits by natural selection in local populations 

depends on the rate of mutational input and draws upon standing variation. Quantifying the 

relative importance of both is of interest especially in complex traits encoded by interacting 

genes where major adaptive mutations may require allelic reconfiguration at interacting loci. 

Here I address the role of complex demographics and standing variations in assembly of a 

polygenic adaptive trait – warfarin resistance in natural populations of Norway rat (Rattus 

norvegicus).  

 Warfarin is used both as a rodenticide and a prescribed blood thinning medicine in 

humans. It works by inhibiting the vitamin K cycle, specifically blocking Vkorc1 (vitamin K 

epoxide reductase complex subunit 1). Warfarin resistance mainly encoded by Y139C mutation 

in the Vkorc1 evolved quickly in wild Norway rats from the study area in Germany. In humans, 

warfarin has a narrow therapeutic window and depends upon variation in at least 2 additional 

genes suggesting a more complex genetic architecture. In this dissertation, I show that 

association study and population genetics of any variant in the study area would need to consider 
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the population structure at local and regional scales. A major contribution of this dissertation is a 

fully sequenced, mapped and annotated genome sequence of the roof-rat (Rattus rattus), which 

enables the polarization of variants in the Norway rat as either ancestral or derived. This work 

also showed that the causative variation in Vkorc1 is a new mutation and such instances of new 

mutations are rare in the genome of resistant Norway rats in the study area. Interestingly, I found 

that the majority of other genes participating in the Vitamin K cycle carry common standing 

variants whose local occurrences may have been affected by demographics more strongly than 

by selection. Selection on interacting putative candidate genes underlying warfarin resistance in 

rats may have favored a main de novo mutation in Vkorc1, and previously rare standing derived 

variants in interacting genes. 
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1.1 Background 

 

 It has been increasingly recognized that most traits in nature including adaptive traits 

have a complex genetic architecture and relationship with the environment. A growing number 

of studies in humans (Daub et al. 2013) (Tennessen and Akey 2011) (Hancock et al. 2010) and 

model organisms (Arabidopsis (Atwell et al. 2010), Drosophila (Burke et al. 2010), mice (Fraser 

et al. 2011), yeast (Fraser et al. 2012)) have demonstrated the prevalence of polygenic 

adaptation. Despite these successes, polygenic models of adaptation have received little attention 

in the population genetics field. Polygenic mode of adaptation could allow for rapid adaptive 

shifts, yet could often go undetected under the traditional sweep model of adaptation (Chevin 

and Hospital 2008) (Hancock et al. 2010) (Pritchard, Pickrell, and Coop 2010).  

 As polygenic adaptations are indeed an important and prevalent mode of adaptation, it is 

essential to understand how natural selection assembles such a polygenic adaptive trait. 

Quantitative genetics studies and theoretical models have proposed that traits that have standing 

variation for selection to act on, are the most likely candidates to evolve through the polygenic 

model where modest changes in allele frequency at several loci lead to increase in fitness 

(Barrett and Schluter 2008) (Pritchard, Pickrell, and Coop 2010) (Przeworski, Coop, and Wall 

2005). Indeed, this can be witnessed in natural populations of humans and mice (Turchin et al. 

2012) (Domingues et al. 2012). By contrast, traits that are controlled by fewer genes, are more 

likely to evolve through classical sweep model and have been well studied in population genetics 

(Tishkoff et al. 2001). However, the classical sweep model and polygenic adaptation model may 

not be mutually exclusive. Most polygenic traits are likely to be under the effect of both variants 

of large effect that sweep to fixation and multiple loci that show modest changes in allele 
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frequency. Currently, there is dearth of theoretical and empirical studies of polygenic adaptation 

especially in natural populations. Fundamental yet unanswered questions about polygenic 

adaptation posit whether natural selection primarily acts on de novo mutations or on standing 

variations, or a combination of both. Moreover, is the response to natural selection in a polygenic 

trait driven by small number of loci of large effects or large number of loci of small effects? Are 

there particular genes/pathways that are recurrent target of selection? Are adaptations typically 

changes to proteins or changes to when and where genes are expressed (i.e., regulatory changes)? 

While these questions received theoretical treatment, in this thesis, I take advantage of the 

warfarin resistance trait in Norway rats to examine some aspects of these questions from an 

empirical viewpoint, which is; by describing the types of mutations found in warfarin resistant 

rats. 

 

 Answering some of these questions not only requires identification of fitness associated 

alleles but also placing the history of these alleles in a demographic context. The ability to 

distinguish signatures of selection from purely demographic effects requires rigorous estimation 

of null demographic models (K. R. Thornton et al. 2007) (Kevin R. Thornton and Jensen 2007). 

Several aspects of demographic history can help us to understand the genetic and phenotypic 

divergence better. For example, colonization of new areas lead to founder effects that are 

associated with reduced population size and low genetic diversity which may lead to increase in 

frequency of a standing variant. Moreover, ancestral and derived populations may still exchange 

migrants (at least in the initial stages of colonization) leading to constraints in genetic diversity 

and limiting adaptive divergence. Therefore, a complete understanding of adaptive evolution 

requires inference of parameters of population size change and migration between populations.  
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 Given that demographic history for out-bred natural populations can produce patterns of 

diversity at neutral genes that resemble expectations from selection, genome-wide scans for 

classical sweeps may not be the best approach to detect polygenic adaptation in natural 

populations. To successfully tease apart an event of polygenic adaptation from historic 

demographic events, identification of a phenotype in a population that may have undergone 

adaptive changes is a good starting point. Taking advantage of high-throughput sequencing 

technologies, we can now genotype hundreds of loci distributed throughout the genome of 

individuals from such adapted populations. Neutral, unlinked loci can be used for demographic 

modeling (K. Thornton and Andolfatto 2006) while statistical and computational methods can be 

used in detecting targets of selection (Berg and Coop 2014), (Pavlidis, Jensen, and Stephan 

2010), (Williamson et al. 2007) and finding multiple loci associated with the adaptive trait. 

Moreover, by comparing between ancestral populations and sets of populations that have 

independently adapted to the same selection pressure, we can address the degree of contribution 

of standing variants and the constraint on natural selection respectively in an adaptive event.  

 

1.2 Study system 

 

 One natural system where such an adaptive phenotype has been identified is the 

rodenticide resistant wild populations of Norway rats, Rattus norvegicus. Since 1950s, warfarin 

and derivatives of 4-hydroxycoumarins have been used as both rodenticide to control populations 

of rodents (Boyle 1960) and as therapeutic drugs for treatment of human thrombotic diseases. 

Warfarin works as an anticoagulant by inhibiting the vitamin K cycle, specifically blocking 
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Vkorc1 and subsequently impairing the gamma carboxylation process necessary in activating the 

vitamin K dependent blood clotting factors (Li et al. 2004). As a first generation anticoagulant, 

warfarin was highly effective. However, within a mere 10~15 years, resistance to warfarin in 

Norway rats was reported in various parts of Europe (Boyle 1960). In wild Norway rats from 

Europe, there are reports on several mutations in Vkorc1, but the best documented case of 

resistance to warfarin, reports a Y→C substitution at position 139 of Vkorc1 (Kohn, Pelz, and 

Wayne 2000) (Rost et al. 2004). In rats and mice, studies have primarily focused on mutations in 

Vkorc1 in association with resistance in the wild (Oldenburg et al. 2014) while in humans, 

variation in at least 2 additional genes, Cyp2c9, Cyp4f2, have been reported to be associated with 

warfarin dosage variation (Loebstein et al. 2001) Studies in humans show ∼15% and 25% of 

warfarin dosage variance can be explained by variation in Cyp2c9 and Vkorc1 respectively 

(Sconce et al. 2005) while ~60% remains unexplained (Jonas and McLeod 2009). Studies 

attempting to explain this variance have assumed that additional genes play an important role. 

These genetic components are difficult to identify in humans due to genetic heterogeneity, that 

is; numerous low frequency alleles at multiple loci occur in human populations with one or the 

other emerging at high frequency detectable in any particular association study in a testing 

cohort. Thus, it would require a multitude of genome-wide association studies (GWAS) in 

human to detect additional genes affecting this variation. On the other hand, wild populations of 

Norway rats that have been subjected to selection pressure imposed by use of warfarin as a 

rodenticide may provide us with an excellent system to detect genes that interact with warfarin 

both directly and indirectly. 
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1.3 Rationale 

 

 In this dissertation, I examine if it is feasible to use warfarin resistant field populations of 

Norway rats to identify candidate genes interacting with warfarin. The underlying logic is that, 

while in human studies genetic drift due to demographics and sampling determines the 

potentially weak association of rare variants with dosage variance, in rat populations strongly 

selected with warfarin, we expect to find discernible adaptive signals at genes that increase 

fitness of the rats by encoding warfarin resistance. However, the strength of these signals can 

vary depending upon the demographic history of these natural populations and whether the 

adaptive variants have arisen from standing variants. In order to be able to confidently identify 

the genes interacting with warfarin resistance, it is important that we first explain the 

demographic history of these wild outbred populations of Norway rat. Next, if standing variants 

are involved in warfarin resistance, they will be harder to detect. Hence, it is also very important 

to investigate the level of standing variation in these outbred populations of Norway rats.  

Hence, the main goal of my dissertation is to first explore the complex demographic history of 

these farm populations of Norway rats followed by quantifying the amount of standing variation 

in the Norway rats from Germany in the light of level of ancestral variation seen in global 

populations of Norway rats. Doing so requires the use of a closely related sister species to use as 

an outgroup in order to polarize alleles, i.e. determine if an allele in Norway rat is 

ancestral/standing variation or a new mutation in Norway rat populations. Hence, an additional 

goal of my thesis is to sequence a close outgroup species, the roof rat (Rattus rattus) to use for 

polarization.  
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1.4 Overview of the dissertation 

 

 To address these goals, my dissertation is organized into three chapters following the 

current introductory chapter (chapter 1).  

 

 In chapter 2, I sequenced the whole genome sequence of a closely related sister species of 

Norway rat, the roof rat. De novo genome assembly of roof rat is not available and hence, I 

performed map based genome assembly of the roof rat where the Norway rat reference genome 

was used for mapping and annotating the genome sequence. This genome sequence was further 

used in the following chapters to polarize alleles in wild populations of Norway rats. In addition, 

the whole genome sequence of the roof rat provided me with an excellent opportunity to 

investigate the level of divergence between the two rat species under a comparative genomics 

framework. I calculated ratio of the rate of non-synonymous changes and rate of synonymous 

changes to identify fast evolving genes in the two rat species that could explain interspecies 

differences between roof rat and Norway rat.  

 

 In chapter 3, I investigated the population demographic history of our study population, 

the farm rats of west Germany. I used next generation sequencing (NGS) technique, restriction 

site associated DNA (RAD) markers to genotype individuals at 100s of loci. Using these 

markers, I investigated the pattern of variation at these presumably neutral loci in order to assess 

the extent of effects produced by stochastic events such as drift, migration, demography, and 

founder’s effect etc. on the genomic background. These estimates are important as they will help 

in identifying candidate genes in future studies. Additionally, I explained the population structure 
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seen in these farm rats based on these neutral alleles and estimated the genetic connectivity 

between these population structures. These estimates are important as we are interested in how 

adaptive variations originated and are maintained in these farm rats in west Germany. Moreover, 

I utilized the whole genome sequence of the roof rat from chapter 2 to polarize these neutral 

alleles. This gives us now an idea about the level of ancestral and new variation within these 

population structures.  

 

 A recent study (Zeng et al. 2018) provided whole genome sequencing data on 158 

Norway rats collected from Asia, Europe and Middle East to identify the true ancestral 

population of Norway rat. This study provided me with this extensive resource in the form of 

whole genome sequences of Norway rats collected from outside of our study area in Germany, 

described in detail in chapter 3. In chapter 4, I utilized these genome sequences along with one 

whole genome sequence of pooled resistant rats and one whole genome sequence of pooled 

sensitive rats from our study area to determine the level the ancestral/standing variation in 

Norway rats from our study area. I utilized the whole genome sequence of the roof rat to polarize 

alleles from Norway rat. The main goal of this chapter was to perform a preliminary 

investigation of how much ancestral variation is present in protein coding regions of resistant and 

sensitive rats in Germany. This was followed by looking at level of ancestral variation in specific 

genes that are known to participate in vitamin K cycle and known to interact with warfarin.  

Results from this chapter indicate that resistant rats in Germany show considerable level of 

standing variations that could play a role in warfarin resistance. However, these variations may 

go undetected if sampling based on population structures determined in previous chapter is not 

taken into account.  
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1.5 Intellectual merit 

 

 My dissertation work would be a first step in exploring the complex genetic architecture 

of warfarin resistance in wild outbred populations of Norway rats. Till date we have evidence 

from studies in humans that genes other than Vkorc1 are most likely also interacting with 

warfarin thus, leading to variation in warfarin dosage in humans. From past studies in our lab on 

warfarin resistant Norway rats, we strongly feel that additional genes are participating in 

warfarin resistance. Given these Norway rats are wild outbred populations, it would be hard to 

detect these additional genes without the knowledge of their demographic history and an idea 

about whether these adaptive variants have arisen from ancestral variation or new mutations.  

 My dissertation fills this gap by first identifying the complex demographic histories of 

these outbred Norway rats. Identifying the population structure is an essential prerequisite to 

identifying candidate genes in future. The results from my dissertation can now inform us about 

population clusters if any which in turn will aid in selecting individuals for future studies looking 

for candidate genes. Association tests of candidate genes with warfarin resistance performed 

within genetically similar population groups is expected to be more powerful.  Moreover, 

population genetic parameters estimated in this dissertation will be useful in building 

demography models that take into account migration and selection on adaptive variants and 

explain the origin of the population as well as maintenance of adaptive variants in the population.  

 Next, my dissertation work is the first attempt at looking at the level of ancestral variation 

in Norway rats under the framework that additional adaptive variants involved in warfarin 

resistance most likely arise from ancestral variation. By showing presence of ancestral variation 

especially in genes participating in Vitamin K cycle (target of warfarin) my dissertation work 
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highlights the need to consider the role of ancestral variation in this trait and hence, the inference 

that these variants could go undetected under a traditional hard sweep scan. In addition, by 

demonstrating the difference in level of ancestral variation between population clusters of 

Norway rats, this work brings to light the need to consider population demographic history in 

identifying these additional adaptive variants.  

 Finally, in this dissertation, I used a comparative framework to investigate the level of 

divergence between two rat species. The findings from this study have the potential to address 

interspecific differences between the two rats and contribute towards understanding molecular 

adaptations of these rats to their ecological habitats. In addition, by sequencing, mapping and 

annotating the whole genome sequence of the roof rat, I have made available an important 

resource that can now be utilized as an out-group in studies involving Norway rat and mouse.  
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Chapter 2 
 
 

Adaptive protein evolution in commensal Old 
World rats 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



12 
 

ABSTRACT 

The de novo assembly of the Norway (laboratory) rat (Rattus norvegicus) reference 

genome enabled comparative evolutionary analyses with respect to the house (laboratory) mouse 

genome (Mus musculus domesticus). Analyses revealed the rate of evolution at the level of gene 

sequences, gene family expansions and contractions, and overall preservation of gene numbers 

and orders. Here I report on a map-based genome assembly of newly collected and published 

Illumina sequencing reads of roof rats (R. rattus). The two Rattus species diverged ~2.5 MYA 

and share a high level of synteny, thereby enabling cross-species genome alignment and 

assembly. Roof rat genome assemblies aligned to ~ 97% of the reference genome, indicating that 

gene family expansions or contractions reported previously predated the split between the two 

species. A consensus sequence of the roof rat differs from the Norway rat at >61 million coding 

and non-coding variants, and these may help annotating variants seen in strains of the laboratory 

rat. In a top down approach I discern biological differences between the outwardly 

morphologically and ecologically similar rats based on dN/dS >1 and/or 2-fold lineage specific 

dN/dS ratios. In addition, I used a bottom up approach examining genes previously highlighted 

alongside the Norway rat genome release, and a set of candidate transcripts mediating resistance 

to the plague in roof rats. Both rat lineages accrued notable coding differences, 2% of which are 

due to positive selection along either the roof rat lineage or the Norway rat lineage. 1.4% and 

0.5% of transcripts showed 2-fold differences in dN/dS in the roof rat and the Norway rat 

respectively. The rapid radiation of Rattus likely occurred in a neutral allopatric fashion, with 

most rate differences occurring in genes under purifying selection. However, positive selection 

may have acted on genes and traits such as those involved in immune response, defense against 

pathogens and spermatogenesis. The roof rat sequence may serve as an important outgroup for 
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the analysis of the Norway rat genome, and serve as a baseline for studies in rats that search for 

selective sweeps in urban rodent populations in either the rat species.  

 

2.1 INTRODUCTION 

 

The main motivation behind sequencing, mapping and annotating the genome of the roof 

rat is to be able use this sequence as an out-group when studying anticoagulant resistance in wild 

populations of Norway rats in the following chapters. Roof rat genome sequence will serve as a 

closer outgroup in determining ancestral variation and new mutation in genes associated with 

resistance in Norway rats. However, sequencing and mapping the genome of the roof rat 

provided me with an additional opportunity to look at the level of divergence between these two 

rat species.  

Rattus is one of the most species rich genera of mammals, consisting of 66 recognized 

species (Solari and Baker 2007, Ken Aplin reference). Superficially, species of Rattus show 

high levels of morphological and ecological similarities, often making it difficult to identify 

them in the field (Aplin and Research 2003; Robins et al. 2014) (Solari and Baker 2007). 

However, chromosomal rearrangements often separate closely related species, or even are 

polymorphic within species (Yosida 1980). These observations, and the geographical settings 

where much of the rapid radiation of Rattus has occurred stimulated proposals positing that 

speciation in Rattus has occurred primarily in a non-adaptive manner (Rowe et al. 2011). 

Such presumed allopatric speciation and divergence due to drift, and purifying selection, may 

result in otherwise ecologically and anatomically outwardly similar species. Molecular 
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evolutionary studies may be able to examine the roles of selection and drift on specific 

transcripts and the genomes for all members of Rattus. 

The Norway rat (Rattus norvegicus; also known as the brown rat and the wild ancestor 

of the laboratory rat) and the roof rat (Rattus rattus; also known as ship rat and black rat) have 

become cosmopolitan commensal species (Innes JG 1990). Both the Norway rat and the roof 

rat play multiple roles as household pests (Barnett 2001), agricultural pests (Meerburg, 

Singleton, and Kijlstra 2009), and as feral invaders of natural habitats (Goodman 1995). 

Whereas the Norway rat has been a model system in biomedical research (Gibbs et al., 2004) 

the roof rat predominantly has gained notoriety as a disease vector, in particular the plague 

(Innes J.G.1990). Both species of rats, however, are able to spread numerous zoonotic 

diseases, including the plague, bunyaviruses, leptospirosis and a range of bacterial agents 

(Duplantier et al. 2003, Meerburg, Singleton, and Leirs 2009). 

A complete genome sequence of the roof rat would serve as a valuable resource to 

analyze genetic variation in the Norway rats, for example, during population genomic scans 

for selective sweeps or demographic analyses (Deinum et al. 2015). Moreover, the whole 

genome sequence of the roof rat could be beneficial when annotating non-coding regions in 

the Norway rat, where currently the rather divergent genome of the house mouse (Mus 

musculus spp) is used as the out-group. 

Next generation sequencing (NGS) has made it possible to obtain raw sequence reads 

covering whole genomes at affordable cost and applicable to non-model organisms. The 

presence of a reference sequence of a model organism enables reads of non-model systems to 

be aligned to the reference, which is faster and can be done at lower sequence read depths 

than de novo assembly (Ekblom and Wolf 2014; Martin and Wang 2011). The roof rat and 
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Norway rat diverged ~ 2.5 MYA (Adkins et al. 2001), such that the high levels of genomic 

synteny (Cavagna, Stone, and Stanyon 2002) and expected low levels of divergence between 

the two rats should enable cross-species map-based alignment and genome assembly. 

In this present study, I conducted cross-species alignments of newly collected and 

unassembled published NGS sequence data (Deinum et al. 2015) of the roof rat with the 

Norway rat reference genome to generate a map-based draft genome assembly of the roof rat. 

Here, I then include the mouse genome sequence and focus on the protein encoding sequences 

(CDS) to conduct dN, dS and dN/dS analyses to estimate lineage specific evolutionary change 

in each of the rats. I infer biological differences between the two species based on the top-

down molecular evolutionary analysis and the annotation of transcripts and groups of 

transcripts, while in a bottom-up approach I consider transcripts where evolutionary and 

potentially functional change has been mapped onto the lineage leading to the Norway rat 

previously (Mullins and Mullins 2004; Gibbs et al. 2004) or the transcripts may be of interest 

otherwise in a lineage-specific fashion, such as transcripts encoding plague resistance 

(Tollenaere et al. 2011). 

2.2 METHODS 

 

2.2.1 Data collection 

 

This study is based on newly acquired sequence data on three roof rats collected 

during pest control in Atlanta, Georgia, U.S.A. Genomic DNA was extracted from liver tissue 

using the Quiagen DNA extraction kit (Quiagen, Valencia, CA, USA) and was pooled to 
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construct a library suitable for paired-end sequencing on one lane of an Illumina Hiseq 2500. 

SeqWright, Inc. (Houston, TX, USA) provided the genomic services. Paired-end sequence 

reads will be made available as two fastq files at the NCBI genome repository (Accession 

numbers TBD). Paired-end sequence reads can be made available upon request. 

 

2.2.2 Map-based assemblies and variant calling 

 

The newly collected >22 million sequence reads were aligned to the Norway rat 

reference genome (version rn5, release 79, /pub/release-79/fasta/rattus_norvegicus/dna) using 

the –mem option as implemented in the BWA-0.7.1 sequence alignment software package to 

obtain BAM files (Li and Durbin 2009). The quality of the raw sequence reads and their 

alignments were checked using the software QualiMap at default settings (Okonechnikov, 

Conesa, and García-Alcalde 2016). The software package Picard tools 

(http://broadinstitute.github.io/picard) was used to pre-process the BAM files.  

In addition to our own sequence data, raw fastq files covering ~100 million sequence 

reads of one roof rat from the U.K (Deinum et al. 2015) [Accession no. ERS215788] were 

processed. The sequence reads covering the roof rats from the US and the rat from the UK 

were aligned independently to the available reference genome of the Norway rat to yield an 

average sequence depth of 9x and 30x per nucleotide, respectively (each library covered 

~97% of the nucleotides encoding the Norway rat autosomal reference genome).  

Before calling variants in each of the roof rat assemblies, I performed insertion and 

deletion (indel) realignments and base recalibrations, followed by variant calling using the 

HaplotypeCaller tool as implemented in the Genome Analysis Toolkit (GATK, version 3.7) 

http://broadinstitute.github.io/picard
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analysis pipeline (DePristo et al. 2011). Settings and filters applied in the discovery mode 

were as follows: stand_emit_conf 10 -stand_call_conf 30. The routine Vcfutils, as 

implemented in the software samtools (Li et al. 2009), was used to generate a fasta-formatted 

consensus sequence for the roof rat. The SnpSift tool (a routine implemented in SnpEff) was 

used to extract non-synonymous single nucleotide variants (nsSNVs, c.f. Supplementary table 

1). The genomic coordinates and the types of variants separating the Norway rat from the roof 

rat were annotated using SnpEff (version 3.1) (Cingolani et al. 2012). 

I aimed to collect nucleotide sites that have diverged between the roof rat and the 

Norway rat to be used for evolutionary rate estimations (see below). Such sites would appear 

as single nucleotide variants (SNVs) in our assembly. I generated a consensus sequence based 

on the variant calls from both to obtain a consensus set of SNVs that I from here onwards 

assume to be fixed divergent segregating sites, rather than being polymorphic or potential 

sequencing errors.  

I obtained orthology information between the Norway rat and the mouse (.gff file 

format, release version 5.0) (C57BL/6J strain, Genome Reference Consortium version 

GRCM38, https://www.ncbi.nlm.nih.gov/grc/mouse; accessed 06/2017). Orthology 

information was available as classified as ‘one to many’ and ‘one to one’ under ‘Orthologues 

attribute’ in Ensembl biomart 

(https://mar2015.archive.ensembl.org/biomart/martview/b8a0348a5135fc9f76d6e69f5a483ef4

accessed 06/2017). As the roof rat genomes are map-based assemblies based on the Norway 

rat reference genome the genome coordinates and orthology of transcripts and transcripts of 

the roof rat correspond to those of the Norway rat.  

https://www.ncbi.nlm.nih.gov/grc/mouse
https://mar2015.archive.ensembl.org/biomart/martview/b8a0348a5135fc9f76d6e69f5a483ef4
https://mar2015.archive.ensembl.org/biomart/martview/b8a0348a5135fc9f76d6e69f5a483ef4
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2.2.3 Evolutionary rate analyses 

 

I translated orthologous full-length transcripts from the Norway rat and the mouse and 

the newly collected NGS reads from the roof rat using BBMap (https://jgi.doe.gov/data-and-

tools/bbtools/bb-tools-user-guide/bbmap-guide/). Pairwise alignments of these orthologous 

pairs of transcripts between Norway rat, mouse and roof rat were performed using MUSCLE 

at default settings (Edgar 2004). Thereafter, pal2nal (Suyama, Torrents, and Bork 2006) was 

used to obtain codon-based alignments for calculating dN, dS and dN/dS ratio in PAML. 

Evolutionary rates were then estimated as the per synonymous, non-synonymous substitution 

rates dN, dS and the resulting rate ratio dN/dS. To estimate these I used the yn00 program 

implemented in the software package PAML (Yang 2007).  

In a ‘top down’ approach aimed at the identification of transcripts that display lineage-

specific evolutionary rate differences I considered the transcripts that display a two-fold 

difference in their dN/dS ratios estimated between the Norway rat and the mouse and the roof 

rat and the mouse. In addition, I considered any pair of transcripts with dN/dS>1, including 

those of the Norway rat and roof rat but that lack the mouse as a reference point to examine 

potential rate differences between the rat lineages.  

In an attempt to extract examples of potentially biologically discernable differences between 

the Norway rat and the roof rat I utilized Gene Ontology (GO) terms and their enrichment 

(Ashburner et al. 2000) using the Gene Ontology Consortium (http://www.geneontology.org/) 

and the software DAVID (Huang, Sherman, and Lempicki 2009).  

In addition, I conducted a ‘bottom-up’ approach wherein I considered genes 

highlighted previously upon the release of the Norway rat genome sequence because of their 

https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbmap-guide/
https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbmap-guide/
http://www.geneontology.org/
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known or suspected relevance to rodent biology as inferred from a comparison between the 

rat genome and the mouse genome (Gibbs et al. 2004). Briefly, these genes fell into the three 

main biological categories: chemosensation, proteolysis, and drug metabolism. I queried the 

Rat Genome database (RGD) (http://rgd.mcw.edu/) (Shimoyama et al. 2015) for genes listed 

under the category chemosensation (keywords ‘pheromone; odor binding protein and sensory 

perception’), proteolysis (keywords ‘protease; protease inhibitor; cathepsins; kallikreins and 

serine protease’), and drug metabolism (keyword ‘cyp450’). Within each category I retained 

those transcripts for which I could establish three-way orthology between both rats and the 

mouse and estimated their dN, dS and dN/dS. Finally, I considered a list of candidate genes 

considered to be associated with plague resistance that emerged from a previous study of roof 

rats from Madagascar that were exposed to the plague naturally (Tollenaere et al. 2011). As 

above, I examined any genes that displayed a dN/dS>1 even if only two-way orthology for the 

rats could be established. When needed I consulted Gene Ontology Consortium and the 

software DAVID to make further functional inferences. 

 

2.3 RESULTS 

 

2.3.1 Assembly description and basic SNV analysis 

 

When compared to the Norway rat reference genome sequence, 61,347,560 variants 

were called from the sequence of the roof rats from the USA and 62,243,330 variants were 

called from the sequence of the roof rat from the U.K. I generated a consensus sequence based 

on the variant calls from both to obtain a consensus set of SNVs that I from here onwards 

http://rgd.mcw.edu/
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assume to be fixed divergent segregating sites, rather than being polymorphic or potential 

sequencing errors.  

The roof rat genome assemblies aligned to ~ 97% of the Norway rat reference genome. 

Orthology between the Norway rat and the mouse was available for 18,234 out of 26,084 

genes of the Norway rat. The genomic location of the majority of the 463,380 SNVs called 

with reference to the Norway rat genome annotation file (ftp://ftp.ensembl.org/pub/release-

71/gtf/rattus_norvegicus/; accessed on 06/2017) was predicted to be intronic or intergenic, 

followed by those associated with transcripts (Figure 2.1). Of all variants, SNVs made up the 

majority (85.5%) (Figure 2.1). The SNV transition to transversion ratio was 2.05; which is 

similar to a 2.1 ratio observed for other mammalian genomes (Wakeley 1996). The majority 

of transcript-associated SNVs were synonymous (Figure 2.1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ftp://ftp.ensembl.org/pub/release-71/gtf/rattus_norvegicus/
ftp://ftp.ensembl.org/pub/release-71/gtf/rattus_norvegicus/
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Figure 2.1: Distribution of fixed variants based on type, genomic location and association with 

transcript in the roof rat genome.  

 
Non-synonymous SNVs (22%) were found in~16,900 transcripts in the roof rat. These 

included not only changes in exons but also changes leading to gain and loss of initiation and 

stop codons. Gene ontology enrichment analyses of these transcripts revealed several 

biological processes to be enriched in the roof rat genome relative to the Norway rat. 

Biological processes that emerged as divergent included mostly transcripts associated with 

stress response (GO: 0006950) including response to chemical stimulus (GO: 0048583), 

signal transduction (GO: 0007165) and biological regulation (GO: 0065007). For complete 

list of biological processes enriched and number of transcripts associated along with 

significance value c.f. Supplementary table 2.4).   

      
     2.3.2 Rate of evolution between Norway rat and roof rat 
 

The pair-wise dS and dN ratios estimated between the two rats were generally one order 

of magnitude lower than the corresponding comparisons to the mouse (Table 2.1, see Median). 

As expected between two closely related species, mean dN/dS ratio between the two rats was 

also seen to be less than that seen between mouse and the two rats. dN, dS and dN/dS estimates 

between mouse and the rats was found to be comparable reflecting upon similar time of 

divergence between the mouse and each rat species.   
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 Table 2.1: Summary statistics of dN, dS and dN/dS for all transcripts between the three 

treatments. 

 
 

 

When following standard interpretations of dN/dS ratios, such as employed by the 

Consortium that sequenced the genome of the Norway rat (Gibbs et al. 2004), transcripts that 

display dN/dS<0.25 have experienced purifying selection. Transcripts displaying a dN/dS ratio 

between 0.25 and 1.0 may have experienced purifying selection or relaxed selection, or selection 

varied over the gene and the statistical and conceptual issues associated with the dN/dS statistic 

complicate conclusions. Finally, a dN/dS ratio >1 is considered consistent with positive selection 

on transcripts. 

I first looked at the pair-wise dN/dS ratios of the longest transcripts annotated between 

Norway rat and roof rat. Out of these, around 31% of transcript pairs did not contain any SNVs 

(Figure. 2.2).  

 
Mean Median Range Mean Median Range Mean Median Range 

dS 0.28 0.216 
0.000 – 
7.536 0.283 0.214 

0.009 – 
6.252 0.187 0.025 

0.000 – 
8.193 

dN 0.068 0.027 
0.000 – 
2.949 0.069 0.027 

0.000 – 
3.076 0.075 0.003 

0.000 – 
2.043 

dN/dS 0.187 0.132 
0.000 – 
3.144 0.189 0.131 

0.001 – 
2.693 0.168 0.084 

0.000 – 
9.632 

Mouse – Norway rat Mouse – Roof rat Norway rat – Roof rat 



23 
 

Figure 2.2:  Frequency distribution of dN, dS and dN/dS estimated between the two rats 

Roughly 45% of the transcripts were interpreted to be under purifying selection (dN/dS<0.25) 

while around 23% transcripts were found to have 0.25<dN/dS<1 ratios consistent with several 

scenarios, including relaxed purifying selection. Only about 1% of transcripts had a dN/dS ratio 

of >1, and thus, may have experienced positive selection.  

To potentially contribute to the understanding of biological innovation along the rat 

lineages, I performed gene ontology enrichment analyses of transcripts that had a dN/dS ratio 

of >1, revealing several biological processes and pathways to be enriched. Most of these are 

associated with immune response systems, such as KEGG pathways related to rno04060: 

Cytokine-cytokine receptor interaction, rno04630:Jak-STAT signaling pathway, 

rno04672:Intestinal immune network for IgA production and rno04062:Chemokine signaling 

pathway. In addition, enriched biological processes include G-protein coupled receptor signaling 

pathway (GO: 0007186), inflammatory response (GO: 0006954) and positive regulation of 

tyrosine phosphorylation of Stat3 protein (GO: 0042517) (For a complete list of biological 

processes enriched and their associated significance, see Supplementary table 2.5.) 



24 
 

To potentially contribute to the understanding of essential biological functions in the rat 

lineage I analyzed the 45% of the transcripts with dN/dS < 0.25. I expect that most of these are 

transcripts that are indispensable to the Rattus lineage (Hurst and Smith 1999). Gene ontology 

enrichment revealed few biological processes in this category and these were found to be broad 

parent terms such as cellular metabolic processes (GO:0044237) and regulation of metabolic 

processes (GO:0050794) (For a complete list of biological processes enriched for and their 

associated significance, see Supplementary table 2.6). 

 

2.3.3 Rates of evolution along branches past the split of Norway rat and roof rat 

 

To be able to identify transcripts that are evolving at different rates in specifically one rat 

compared to the other, I estimated dN, dS, and dN/dS between mouse and Norway rat and mouse 

and roof rat (Figure 2.3 A and B). Any differences in rates can then be attributed to the portion of 

the branches past the split of the two rat lineages. The pair-wise dS and dN ratios estimated 

between the mouse and each of the two rats were nearly identical, except for differences at the 

high end of values (ranges) (Table 2.1). Notably, I performed a check of our procedures by 

comparing my dN and dS estimated between the mouse and the Norway rat with the 

corresponding values downloaded from Ensembl (see Supplementary figure 2.1). As above, pair-

wise dS and dN ratios estimated between the mouse and each of the two rats were nearly 

identical, except for some differences at the high end of values. 
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A. 

 

 B. 

 

 

 

 

 

Figure 2.3: A. Distribution of dN, dS and dN/dS estimated between Norway rat and the mouse. 

B. Distribution of dN, dS and dN/dS estimated between roof rat and the mouse 

 
I extracted transcripts that displayed a 2-fold difference in dN/dS to identify lineage 

specific evolution. When applying this arbitrarily chosen cut off value I found 91 transcripts with 

a 2-fold higher dN/dS along the Norway rat lineage and 219 transcripts with a 2-fold higher 
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dN/dS along the roof rat lineage (Figure 2.4). Of these, 84 transcripts mapping onto the branch 

leading to the Norway rat and 166 transcripts mapping onto the branch leading to the roof rat 

have 0<dN/dS<0.25. Gene ontology analysis revealed enrichment of the following biological 

processes along the branch leading to the Norway rat: regulation of heart growth (GO: 0060420), 

striated muscle development (GO: 0014706) and muscle tissue development (GO: 0060537) 

(Supplementary table 2.7). Gene ontology analysis of 166 transcripts revealed enrichment of 

biological processes along the branch leading to the roof rat included nephron development (GO: 

0072006) and G-protein coupled receptor-signaling pathway (GO: 0007186) (Supplementary 

table 2.7). 

Six genes (Tab3, Stard8, Smim4, Doc2a, Atp6ap1, Nrn1) mapping onto the branch 

leading to the Norway rat and 57 transcripts mapping onto the branch leading to the roof rat 

displayed a 2-fold difference in dN/dS within the range 0.25<dN/dS<1.0 (Figure 2.4). Gene 

ontology analysis of the 57 transcripts revealed enrichment of biological processes along the 

branch leading to the roof rat that are related to ubiquitination of proteins, response to 

endoplasmic reticulum stress and response to oxidative stress (for a complete list, see 

Supplementary table 8). 
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Figure 2.4: Evolutionary rate dN/dS calculated between the house mouse and Norway rat, and 

the house mouse and the roof rat for transcripts of three-way ortholog pairs. Black points 

represent dN/dS for all transcripts. Red points represent dN/dS of transcripts that show 2-fold 

difference in their dN/dS ratios between the two treatments. Blue points represent genes that 

show dN/dS > 1 between mouse and one of the rat species but not between mouse and the other 

rat species. Orange points represent transcripts with dN/dS > 1 in both treatments with rat 

species. 

Finally, I found 3 transcripts each mapping onto the branch leading to the Norway rat 

(Ccnyl1, Cep41, LOC499643) and the roof rat (Samd12, Cks1l and Zc3hc1) that displayed a 

2-fold difference in dN/dS > 1. Overall, these transcripts are associated with spermatogenesis 
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and immune response. Ccnyl1 is predicted to be associated with regulation of protein 

phosphorylation and flagellated sperm motility and spermatogenesis (Zi et al. 2015). 

Transcripts associated with sperm motility are important from rodent biology standpoint as 

they play important role in sexual competition and sperm competition and can be under 

selection (Ramm et al. 2014). Cep41 is associated with cilium assembly and protein 

polyglutamylation. It is also known to be associated with Acrocallosal syndrome; Autism 

Spectrum Disorder and Joubert Syndrome based on orthology with mouse. Cep41 is 

expressed in several tissues but with an expression bias in testes in rats. In rodents, Cep41 is 

likely to play an important role in cilium assembly and spermatogenesis. Zc3hc1 encodes a 

protein that exhibits protein kinase binding and is involved in negative regulation of apoptotic 

signaling pathway. This gene is also associated with Coronary Artery Disease. The Apoptotic 

signaling pathway is associated with immune response and this pathway undergoes evolution 

in the context of self-defense (Muñoz-Pinedo 2012). Cks1l encodes a cyclin dependent kinase 

(CDK) regulatory subunit, which interacts with CDK. CDKs play an important role in 

spermatogenesis and sperm motility activity (Zi et al. 2015).  

Lastly, I considered transcripts that are evolving at dN/dS > 1 along the branch leading to 

one rat species and at dN/dS < 1 in the other.  Here I did not apply the arbitrarily chosen cut off 

value of 2 fold (Figure 2.3; except for 6 transcripts identified above). Any differences in rates 

can still be attributed to the portion of the branches past the split of the two rat lineages. I found 

81 transcripts mapping onto the branch leading to the roof rat and 67 transcripts mapping onto 

the branch leading to the Norway rat with dN/dS > 1. Of the 81 transcripts mapping onto the 

branch leading to the roof rat, 30 transcripts showed dN/dS < 1 mapping onto the branch leading 

to the Norway rat. Conversely, of the 67 transcripts mapping onto the branch leading to the 



29 
 

Norway rat 15 transcripts showed dN/dS < 1 mapping onto the branch leading to the roof rat 

(blue points in Figure 2.5).  

When the roof rat is considered, functional enrichment analyses of transcripts revealed 

significant enrichment of several KEGG pathways: Non-alcoholic fatty liver disease pathway 

(n=2), regulation of inflammatory response (n=2), and protein kinase activity (n=2). 

Enrichment of protein domains revealed several transcripts with Sushi domain that are known 

to participate in the complement system as part of the innate immunity response (Wei Xq et 

al. 2001) (for a complete list see Supplementary table 2.9). Although, no significant functional 

enrichment was seen among the transcripts in the Norway rat, inspection revealed several 

transcripts related to immune response (Rsf1, Abhd16a), neuron development (Nrg4, Dlg3) 

and regulatory processes (Pyurfl1, Gm15698). 

 

2.3.4 Positive selection on the Rattus lineage 

 

To be able to identify transcripts that are evolving at similar rates in both rats I estimated 

dN, dS, and dN/dS between mouse and Norway rat and mouse and roof rat (Figure 2.3 A and B). 

Any lack of differences in rates can then be attributed to the portion of the branches prior to the 

split of the two rat lineages. Here I focused on transcripts that showed dN/dS>1 between mouse 

and the rat species, i.e. genes that may have experienced positive selection along the Rattus 

lineage (orange points in Figure 2.4).  

Functional enrichment analysis of transcripts revealed enriched biological processes such 

as positive regulation of ERK1 and ERK2 cascade, positive regulation of osteoblast 

differentiation and positive regulation of GTPase activity. The majority of the biological 
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processes enriched in this category were related to immune response, and included regulation of 

cytokine-mediated signaling pathway, lymphocyte chemotaxis, regulation of NF-kappaB 

signaling among other processes (for a complete list see Supplementary table 2.10).  

 

2.3.5 Evolutionary rate analyses of genes thought to affect rat biology 

 

In addition, I conducted a ‘bottom-up’ approach wherein I considered genes highlighted 

previously upon the release of the Norway rat genome sequence because of their known or 

suspected relevance to rodent biology as inferred from a comparison between the rat genome and 

the mouse genome (Gibbs et al. 2004). In this bottom-up approach, I assessed whether the 

evolutionary dynamics of previously identified genes related to rodent biology are a phenomenon 

typical for the Rattus lineage in general or map onto the branch leading to either the roof rat or 

the Norway rat in particular. Notably, as this analysis is done on a map-based assembly, it is 

concerned only with nucleotide substitution rates and does not consider gene family expansions 

or contractions. 

Specifically, in the consortium study of the Norway rat genome the authors noted that 

there are groups of transcripts or gene families that can be tied to life history and rat biology that 

encode biological functions underlying reproduction and mate and food finding (Mullins and 

Mullins 2004; Gibbs et al. 2004). The evolutionary dynamics of these transcripts can be seen at 

the level of gene family size variation between the Mus and Rattus lineages. Here, to further 

examine lineage specific evolution I investigated the dN/dS ratios of these groups of transcripts 

(Figure 2.5).  
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Figure 2.5:  Evolutionary rate dN/dS calculated between the house mouse and Norway rat, and 

the house mouse and the roof rat for genes known to affect rodent biology. Black points 

represent dN/dS for all transcripts 

The summary statistics of these groups of transcripts is reported in Table 2.2. Following 

the classifications by (Gibbs et al. 2004) I compiled lists of transcripts associated with three 

categories by searching the Rat Genome database (RGD) (http://rgd.mcw.edu/) (Shimoyama et 

al. 2015) as described in the methods section.  

 

http://rgd.mcw.edu/
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Table 2.2: Summary statistics of dN/dS ratio for all transcripts analyzed in the bottom-up 

approach across all three treatments. Pheromone, Odor binding protein, Sensory perception are 

part of Chemosensation group; Protease, protease inhibitor ,Cathepsin, kallikrein and Serine 

protease are part of the Proteases group and Cyp450 is part of Drug metabolism group. 

 
 

Keyword Mean Median Range Mean Median Range Mean Median Range 

Pheromone 0.387 0.406 
0.105-
0.638 0.395 0.391 

0.105-
0.729 0.329 0.297 

0.000-
0.965 

Odor 
binding 
protein 0.365 0.383 

0.014-
0.769 0.361 0.383 

0.009-
0.768 0.139 0.011 

0.000-
0.543 

Sensory 
perception 0.172 0.139 

0.012-
0.942 0.173 0.135 

0.013-
0.937 0.207 0.129 

0.000-
0.875 

Protease 0.227 0.199 
0.000-
0.949 0.228 0.198 

0.003-
1.104 0.183 0.097 

0.000-
1.889 

Protease 
inhibitor 0.324 0.285 

0.066-
0.607 0.325 0.286 

0.066-
0.654 0.253 0.186 

0.000-
0.888 

Cathepsin 0.319 0.318 
0.126-
0.585 0.328 0.313 

0.125-
0.548 0.337 0.221 

0.000-
0.681 

Kallikrein 0.282 0.251 
0.079-
0.719 0.285 0.257 

0.075-
0.687 0.224 0.095 

0.000-
0.863 

Serine 
protease 0.279 0.271 

0.008-
0.758 0.277 0.256 

0.008-
0.687 0.242 0.157 

0.000-
0.639 

Cyp450 0.215 0.182 
0.015-
0.599 0.213 0.186 

0.011-
0.566 0.193 0.148 

0.000-
0.529 

Plague 
associated 0.151 0.097 

0.003-
0.527 0.153 0.094 

0.003-
0.645 0.141 0.084 

0.000-
0.606 

 
 

Chemosensation refers to the ability to emit and sense specific smells, which are 

crucial life-history features of rodents. The study by (Emes et al. 2004) showed that the 

evolution of rat and mouse pheromones, vomeronasal receptors, and olfactory receptors (ORs) 

Mouse – Norway rat Mouse – Roof rat Norway rat – Roof rat 
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can be attributed to conspecific competition and sexual selection. Transcripts that participate 

in chemosensation in rats include pheromones, odor binding proteins and pheromone carriers. 

These are part of the chemical communication between rats through their urine. I analyzed 20 

pheromone and odor binding proteins for which three-way orthology could be established. 

The mean dN/dS ratio for transcripts encoding pheromones was around 0.4 between both 

mouse and Norway rat and between mouse and the roof rat. Although fold change estimates 

of the dN/dS ratio in transcripts encoding pheromones and odor binding proteins did not 

identify any relatively fast evolving transcripts in either of the rat species, it is interesting to 

note from the mean dN/dS that most of these transcripts are probably under relaxed 

evolutionary constraint as they show dN/dS > 0.25 but < 1. Olfactory receptors in rats are 

subject to high levels of gene duplication rates (Gibbs et al. 2004). I found for 242 sensory 

perception transcripts for which orthology between mouse and the two rat species could be 

established. Mean dN/dS ratio for this group of transcripts was found to be around 0.18 

between both mouse and Norway rat and mouse and the roof rat. Fold change estimates 

identified two transcripts viz. Dfnb59 and Tmie which are involved in sensory perception of 

sound to be evolving relatively fast in the Norway rat although dN/dS ratio was found to be 

much under 0.1 for both these transcripts. Overall, transcripts in this category seem to be 

under purifying selection in both rat species. One gene, Tas1r2, which is the Taste receptor 

membrane 2 stood out with a dN/dS ratio of almost 1.0 in both comparisons and merits further 

investigation.  

Proteases and protease inhibitors constitute another group of transcripts known to be 

important to rodent biology; namely reproductive biology and immunity. Gene family size 

evolution of proteases and protease inhibitors was taken as evidence for the importance of 
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these transcripts as groups (Mullins and Mullins 2004; Gibbs et al. 2004), which is consistent 

with the role of proteolytic enzymes in the male genital tract where they regulate stimulation, 

penetration and migration of spermatozoa. Expansion of several gene families such as 

placental cathepsins, testases, kallikreins, and hematopoietic serine proteases in rats have been 

attributed to explain some functional differences between mouse and rats (Puente and López-

Otín 2004). I established orthology for known transcripts and annotated transcripts that 

encode proteases (N=206), protease inhibitors (N=31), cathepsins (N=16), kallikreins (N=14) 

and serine proteases (N=78). The mean dN/dS (Table 2.2) in this category indicates that 

transcripts associated with protease inhibitor activity in rats are more or less under relaxed 

evolutionary constraint. Fold change estimate did not identify any relatively fast evolving 

gene in either of the rat species in this category. 

Cytochrome P450 mediated drug metabolism previously has emerged as a functional 

category during comparative genome analysis between the Norway rat and the mouse (Gibbs 

et al. 2004). I compiled 51 CYP450 transcripts in the rat for which three-way orthology could 

be established. The mean dN/dS was seen to be around 0.2 between both mouse and Norway 

rat and between muse and roof rat. Fold difference estimates between dN/dS ratio did not 

identify any fast evolving transcripts in either of the rat species.  

Finally, I investigated a group of transcripts that presumably play a role in the context 

of plague infection to see if they potentially display lineage specific evolutionary rates in the 

roof rat (Tollenaere et al. 2011). I established three-way orthology between the mouse and the 

two rat species for 52 out of the 96 candidate transcripts provided previously (Tollenaere et al. 

2011). Mean dN/dS for this group of transcripts was found to be around 0.15 for both 

treatments. I did not find any significant difference between the two treatments and from the 
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mean dN/dS it can be interpreted that these transcripts are under purifying selection in both rat 

species. My results indicate that there is no significant divergence in these transcripts between 

the two rat species. These findings can aid future studies looking at local adaptation to plague 

in roof rat genome. 

 

2.4 DISCUSSION 

 

In this chapter, I present a draft genome of the roof rat, Rattus rattus created by map-

based genome assembly using the genome of its close relative, the Norway rat, Rattus 

norvegicus. As the two rats have only diverged approximately 2.5MYA and share a high 

proportion of synteny (Cavagna, Stone, and Stanyon 2002), I was able to map a high proportion 

of the reads (~97%) to the reference genome, thus, yielding a good quality map-based whole 

genome sequence of the roof rat. This fully assembled and annotated genome sequence now 

provides us with a unique opportunity to look for biologically and ecologically important 

variations in the roof rat and compare it with the model system and its sister species, the Norway 

rat. Moreover,  I can now address how much divergence can be observed at sequence level 

between two morphologically similar and phylogenetically related species in Rattus lineage and 

whether there are divergent fast evolving genes in these species that could be of relevance from 

evolutionary standpoint as well as from an anthropogenic view point. This alignment produced a 

database of genetic variations across the genome of the roof rat relative to the Norway rat, 

providing a resource for future studies of the species.   
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Although considerable genetic variation was observed between the Norway rat and roof 

rat genome, sequence variation in protein coding regions between the two species was quite low, 

as expected from two species with a divergence time of 2.5 MYA. This was reflected in our 

estimates of rates of synonymous (dS) and non-synonymous (dN) changes between these two rat 

species. From an evolutionary biology standpoint, the whole genome sequence of the roof rat has 

now provided with an opportunity to investigate how fast genes in the Rattus lineage are 

evolving compared to the mouse genome. The Rat Genome Consortium reported that genes in 

Norway rat evolve 5% faster than genes in mouse (Gibbs et al. 2004). Estimates of dS and dN 

changes between all three species (roof rat, Norway rat and mouse) indicate that most genetic 

changes in the rat lineage happened before the split between the roof rat and the Norway rat. 

Thus, my analyses can now confirm that this seems to be a feature of the Rattus lineage and not 

just a feature of the Norway rat.  

 

I expect comparative genomics of Norway rat and roof rat genomes to shed light on some 

of the less obvious traits and behavior underlying these morphologically and ecologically similar 

species of rats and highlight biological processes that may have allowed them to diversify in 

ecosystems that are already saturated with phylogenetically related species (Solari and Baker 

2007). Keeping in mind the high level of morphological similarity (Aplin and Research 2003; 

Robins et al. 2014) and genetic similarity observed in our results, I looked for any gene that 

seemed to be evolving at a faster rate in one rat species relative to the other rat species 

irrespective of  high or low dN/dS ratio. Therefore, in addition to exploring genes with dN/dS > 

1, I applied a fold change difference method for the first time to dN/dS estimates to identify such 

genes. Although estimating fold change to identify genes of interest is a standard practice in gene 
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expression studies, in this study, I demonstrate how this method can be used to identify relatively 

fast evolving genes. I observed higher number of fast evolving genes in roof rat compared to 

Norway rat indicating comparatively relaxed constraints on the roof rat genome. This method 

also led to identification of at least 4 specific genes that are evolving relatively fast in one rat 

species compared to the other.  

Interestingly, a particular gene Cyclin Y-like 1 (Ccnyl1) was found to be fast evolving in 

the Norway rat. This gene has been shown to be involved in spermatogenesis in mice (Zi et al. 

2015). High level of sequence divergence in this gene between the two rat species is indicative of 

a role of sex-related genes in species divergence, which has been observed in other species as 

well (Jagadeeshan and Singh 2005). A second gene, centrosomal protein 41, Cep41, was also 

found to be evolving relatively fast in Norway rat. This is a conserved gene that is highly 

expressed in the testes and in brain in rats during developmental stages. The microtubule 

polyglutamylation activity of this gene in the testes likely plays an important role in cilium 

assembly during spermatogenesis similar to that observed in Drosophila species (Bobinnec, 

Marcaillou, and Debec 1999) and hence, similar to Ccnyl1 this gene likely plays a role in species 

divergence through sexual selection.   

 

Similarly, a gene encoding Cyclin dependent kinases regulatory subunit 1 (Cks1l) stood 

out in the roof rat. Cyclin dependent kinases are known to play important role in cell 

proliferation specifically in sex organ such as in testis in rodents (Zi et al. 2015). Although no 

study has looked at the role of Csk1l in the context of spermatogenesis in rodents, high level of 

divergence in this gene between the two rats makes this a suitable candidate for further studies in 
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this context. In addition, this gene has been shown to play an important role in rat nephropathy 

(Suzuki et al. 2011) and definitely merits further investigation.  

Overall, comparison between the two rat species revealed divergence at sex related genes 

in both species which is not completely unexpected and has been observed in other species 

(Haerty et al. 2007). On the other hand, immune system related genes were found to be overall 

evolving at a faster rate in Rattus lineage when compared to the mouse. Again, this is not 

unexpected as it has been shown previously that immune system related genes are constantly 

under arms race with pathogens leading to increased rate of evolution (Hurst and Smith 1999; 

Sackton, Lazzaro, and Clark 2017). 

 

It is expected that essential genes that play major role in survival of a species are under 

more evolutionary constraint to maintain conservation of sequence. Previous studies looking at 

rate of evolution of essential genes that lead to knock-outs in rodents have shown very low levels 

of dN/dS in these essential genes (Hurst and Smith 1999). In my study too, genes associated with 

major biological processes showed very low levels of dN/dS (<0.25) between the two rat species. 

By comparing with mouse, I was able to identify specific biological processes that differed 

between the two rats within these essential genes. Interestingly, although slow evolving, in 

Norway rat, genes involved in muscle development and in the roof rat, genes involved in 

nephron development have diverged and merit further investigation at phenotypic level. 

In addition, genes that are known to affect rodent biology (Gibbs et al. 2004) seemed to be 

overall under purifying selection in both rat species implying that these genes are essential for 

the species and hence, under evolutionary constraint. It is important to note that my study design 

does not take into account the role of gene family duplication. Hence, it is highly possible that 
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major differences between the two rat species can be explained almost entirely by gene family 

duplications, about which we are unable to comment in this study. The results from my study 

clearly highlights that barring the few genes discussed here,  there are no major differences at 

sequence level in majority of the protein coding genes between these Rattus species. 

 

In addition, the roof rat is a known reservoir of a wide range of human pathogens and is 

famous for the spread of bubonic plague. The mapped whole genome sequence provided in this 

study now makes it easier to study some of the genes of biomedical relevance in the roof rat. For 

instance, I detected non-synonymous variations in 52 genes that are found within 500 kb of 

genetic markers, which appear to underlie plague resistance in roof rats from Madagascar 

(Tollenaere et al. 2011). In addition to being a reservoir of pathogens, the roof rat is also a highly 

adaptable pest. Wild populations of the roof rat are found to have developed resistance to 

anticoagulants in field (Takeda et al. 2016; Tanaka et al. 2012). Investigation of genes with non-

synonymous SNPs genes in the roof rat revealed a relatively high proportion of genes associated 

with drug metabolism. Interestingly, a close look at speed of evolution of genes belonging to 

CyP450 family that have been known to play a role in drug metabolism in rodents (Zanger and 

Schwab 2013) showed similar speed of evolution of this group of genes in the Rattus lineage. 

 

 

2.5 CONCLUSION 

 

In this study, I utilized next generation sequencing and cross-species alignment methods 

to sequence, assemble and annotate the genome of the roof rat. I report here all the variants in the 
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roof rat genome with respect to the model system, Norway rat. In addition to providing a 

genomic resource for the roof rat to aid future studies, my comparative analysis of the two rat 

genomes has identified specific genes that are evolving fast in either of the rat species and in the 

Rattus lineage. My findings have the potential to address interspecific differences between the 

two rats and contribute towards understanding molecular adaptations of these rats to their 

ecological habitats. In addition, by sequencing, mapping and annotating the whole genome 

sequence of the roof rat, I have made available an important resource that can now be utilized as 

an out-group in studies involving Norway rat and mouse. I demonstrate the utilization of the roof 

rat genome sequence in polarization of alleles in the Norway rat in the following chapters. 
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Chapter 3 
 
 

Population structure of  Vkorc1 Y139C 
mutant warfarin resistant Norway rats from 

Germany  
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ABSTRACT 

 

 Genome wide association studies in humans are conducted while considering the genetic 

composition of populations and case control cohorts sampled. Similarly, genetic association 

studies and searches for selective sweeps in natural populations of animals and plants need to 

consider these with regard to the sampling scheme and genetic cohesiveness of individuals 

grouped by their phenotypes. Besides Vkorc1 mutant warfarin resistant Norway rats (Rattus 

norvegicus) in northwestern Germany, I investigate whether Norway rats display population 

clustering based on their farms of origin or based on their warfarin resistance and susceptible 

phenotypes RW or RW+, respectively. I reject the null hypothesis of one panmictic population 

and the alternative hypothesis of two populations RW and RW+. I observed at least 3-4 inferred 

population clusters each harboring both phenotypes. While the recently derived main resistance-

encoding mutation (Y139C amino-acid change) is present in any population having resistant rats 

present, and emerges during association analyses when analyzing farms and inferred population 

clusters, I show that presumably neutral population structure in the study area would require 

association analyses and searches for selective sweeps to consider 3-4 inferred population 

clusters, each harboring their own case-control groups comprised of Y139 RW and RW+ rats. 

 

3.1 INTRODUCTION 

 

The genetic structure of natural populations which is the description of total genetic 

diversity and its distribution within and among populations are shaped by various factors 

including life history, population size, geographical barriers, gene flow, population bottlenecks 
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and selection (Charlesworth 2009; Slatkin 1987) and can be utilized to identify novel candidate 

genes underlying adaptation (Taylor, Shen, and Kreitman 1995; Lewontin and Krakauer 1973). 

Local selection on fitness-related genes results in population divergence at allele-frequency at 

these genes, leading to differentiation between populations which can be measured by Fst 

(Wright 1951). Population divergence can also result from stochastic demographic processes 

such as the ones mentioned above and can lead to incorrect inferences of selection that are based 

on Fst estimates. To complicate this even further, migration between differentiated populations 

have a direct effect on level of divergence observed at beneficial alleles due to recombination. It 

has been seen that on one hand low migration can reduce opportunity of recombination between 

divergent haplotypes and thereby maintain divergence between populations at beneficial as well 

as linked alleles (Slatkin and Wiehe 1998) and on the other hand high levels of migration may 

disrupt the adaptive process if selection is not sufficiently strong to maintain a locally beneficial 

allele (Bulmer 1972). Hence, in order to be able to make correct inferences of selection, it is 

important to take into account the level of divergence caused between populations merely due to 

stochastic demographic events including migration along with level of divergence observed at 

candidate genes under selection.  

 

Since 1950s, warfarin and derivatives of 4-hydroxycoumarins have been used as both 

rodenticides to control populations of rats and mice and as therapeutic drugs for treatment of 

human thrombotic diseases. As a first generation rodenticide, warfarin was highly effective. 

However, within a mere 10~15 years, resistance to warfarin was reported in various parts of 

Europe (Boyle 1960). The best documented case of resistance to warfarin reports Y→C 

substitution at position 139 of vitamin K epoxide reductase complex 1 (Vkorc1) in wild Norway 
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rats (Rattus norvegicus) (M. H. Kohn, Pelz, and Wayne 2000; Rost et al. 2004, 2009). While it 

has been shown in humans that at least 3 genes are associated with warfarin dosage (Vkorc1, 

Cyp2c9, Cyp4f2) (Loebstein et al. 2001), in rodents till date only association of Vkorc1 to 

warfarin resistance has been shown. Based on preliminary results from GWAS studies in the lab, 

we have a strong indication that genes other than Vkorc1 are involved in warfarin resistance in 

natural populations of rats. To identify these candidate genes and evaluate the degree to which 

divergence at these genes is caused by demographic processes and selection, it is important that 

we first estimate the genetic variation at neutral unlinked loci with the aim that patterns of 

variation averaged over many unlinked loci will reflect past demographic processes underlying 

these populations of rats (J. K. Pritchard and Rosenberg 1999; Schlötterer, Vogl, and Tautz 

1997). Moreover, we expect many of these additional candidate genes to have various effect 

sizes and there is possibility that several of these candidate loci are derived from ancestral 

variations, both having the potential to reduce the signal of selection around these loci. Hence, it 

becomes all the more essential to investigate the effect of stochastic demographic processes on 

the genome of these rats.  

 

Between autumn 1996 and autumn 1998, the development of level of resistance to 

anticoagulant compounds was tested on 18 farms in a low to moderate resistance level area in 

Munsterland, Germany. All 18 farms showed resistance to warfarin. Genotyping revealed Y→C 

substitution at position 139 of Vkorc1 in the resistant rats. It is interesting to note that all 

genotyped warfarin resistant rats in these German farms display the same substitution at 139 

position while resistant rats genotyped in France display a different substitutions viz., C → A 

(Lasseur L. et al., 2006) indicating the possibility of different origin of the beneficial variants and 
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thus, of the populations. From an evolutionary biology standpoint, these warfarin resistant farm 

rats provide us with an excellent system to address questions regarding the origin and 

maintenance of adaptive variations in natural outbreeding populations. Usually the population is 

naturally determined by the geographical origin of samples. But rats from different farms are not 

necessarily genetically differentiated; on the other hand individuals from the same location could 

be genetically structured due to unidentified barriers to gene flow (Evanno, Regnaut, and Goudet 

2005a). Keeping this in mind, it is important to investigate the genetic connectivity between 

these farms and consequently, the basic population structure of these rats before we can begin to 

understand how adaptive variations originated and are maintained in these farm rats in west 

Germany. 

 

My main motivation for investigating the population structure and pattern of 

polymorphism in German farm rats is to determine if these farm rats have different sources of 

origin. This would influence future studies looking to identify warfarin resistant candidate loci in 

these rats. In addition, quantifying the genetic connectivity between these farms would aid in 

understanding how these adaptive variants are maintained in these farms.  In this study, I am 

testing for the following hypotheses. My first hypothesis is that farm rats group into population 

clusters based on their farm of origin. My second hypothesis is that farm rats group into two 

main population clusters based on their phenotype to warfarin (i.e. resistant and sensitive). My 

third hypothesis is farm rats collected from over 18 different farms in west Germany all group in 

to one panmictic population cluster as evidenced at the loci associated with resistance in Vkorc1.  

In addition, I have utilized the whole genome sequence of the roof rat sequenced and mapped in 

Chapter 2 to determine the level of ancestral and derived variation observed at randomly chosen 
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presumably neutral loci in these natural population of Norway rat. As discussed above, the 

assembly of a complex adaptive trait can not only be influenced by demographic events but also 

the amount of ancestral variation within these populations. Demographic events have a direct 

effect on this level of ancestral variation as past events can increase or decrease the frequency of 

these variants. The findings from this part can help us see whether there is ancestral variation in 

German rats and whether the level of ancestral variation shows any pattern of differentiation 

between warfarin resistant and sensitive rats. In my next chapter, I will look more closely into 

level of ancestral variations in candidate genes.  

 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Sampling  

 

Norway rats have been previously captured from 18 different farms in northwestern 

Germany. A blood coagulation response test (BCR) measuring percent clotting activity after 

administering a sublethal dose of the drug was used to detect the resistance phenotype for the 

majority of rats sampled (Kohn, Pelz, Wayne 2000, Kohn, Pelz, Wayne 2003). Sanger 

sequencing-based genotyping has shown that all (except for 3 not included in this study) resistant 

rats studied carried a non-synonymous point mutation in the Vkorc1 that results in the Y139C 

amino-acid change (unpublished data). Rats either were homozygous or heterozygous for the 

mutation. Due to the dominant nature of the mutation both homozygous and heterozygous rats 

are resistant. Sampling from these farms was done on several occasions between 1995 and 1999, 
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and thus, unlikely to represent family groups. I selected 75 individuals for Restriction Site 

Associated Digestion Sequencing (RAD-Seq). Each of the 18 farms was represented by at least 

one individual sampled (Figure 3.1). Out of the 75 individuals, 41 were resistant to warfarin 

(RW) and 27 were sensitive to warfarin (RW+). For 7 individuals the resistance phenotype was 

known (Supplementary Table 3.1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1: Geographical location of farms and the proportion of resistant and sensitive 

individuals sampled for this study. Red indicates proportion of warfarin resistant and blue 

indicates proportion of warfarin sensitive individuals sampled from each farm. The size of the 

circle is proportionate to the sample size. 

 
3.2.2 Molecular methods 
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DNA extraction from liver tissues was done following the DNeasy® Tissue Kit protocol 

(QIAGEN, Hilden, Germany). The final concentration of the eluted DNA was adjusted to 25-

75ng/ml. The RAD sequencing library preparation followed a previously established protocol 

(Parchman et al. 2012). Briefly, I prepared double-digest RAD-Seq libraries by digesting 

genomic DNA from each sample using the restriction enzymes Ecor1 and Mse1. Fragments were 

ligated to unique barcoded adapters. I pooled the 75 samples that were barcoded in 2 libraries at 

equimolar concentrations. I then selected fragments from 300-450 bp using gel electrophoresis 

followed by PCR amplification of size-selected pools. Libraries were checked for concentration 

and then sequenced (2 x 125bp single-end) at the UT Austin Genomic resources across 2 lanes of 

an Illumina HiSeq 2500. 

 

3.2.3 SNP-calling 

 

The sequenced pool of barcoded fragments was de-multiplexed using the process_radtags 

script implemented in the software package STACKS v1.35 (J. Catchen et al. 2011, 2013).  The 

reads of each individual rat were then aligned to the Rattus norvegicus reference genome 

(Rnor_5.0) (Gibbs et al. 2004) using the BWA alignment program (Li and Durbin 2009) at 

default parameters. I initially built the STACKS catalog with all of the reference-aligned samples 

(n = 75) using the ref_map pipeline. Following processing, I filtered for the following: biallelic 

SNPs, a minor allele frequency (MAF) greater than or equal to 0.05, SNPs genotyped in 80% of 

samples, and only one SNP per RADtag (STACKS flag --write_single_snp). SNPs that mapped 

to either the Y chromosome or mitochondrial genome were removed. I used farm IDs as the 

population map in STACKS to build the catalog. The STACKS flag -r option was set to 0.75 to 
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compile SNPs that were used for population genetic analyses.  These procedures produced an 

average of 20, 22,916 reads per rat. Approximately 18-20% of the Norway rat reference genome 

was covered by reads. SNP calling on STACKS at above-mentioned settings generated a final 

list of 858 SNPs. Each SNP is found in samples from at least 75% of the farms. Each of the 20 

autosomes (of the Norway rat karyotype) are represented by these loci (Supplementary Table 

3.2) 

 

3.2.4 Population genetics 

 

The same set of 858 loci and SNPs was used for all the analyses described in the 

following sections. First, by using the population function in STACKS (J. Catchen et al. 2011, 

2013), I first performed basic population genetic analyses at the local scale, which I here 

consider represented by farms. Specifically, I calculated expected and observed heterozygosity 

and nucleotide diversity. As a measure for genetic differentiation at the regional scale I estimated 

Fst between farms, and related genetic differentiation as to geographic distance by using 

Mantel’s r test of isolation by distance (IBD) implemented in R library (ade4), which compared 

the linearized pairwise Fst values with the Euclidean distances between farms using 1000 

permutations. I calculated all of the above estimates for warfarin resistant and sensitive rats. All 

pairwise comparisons of Fst between populations were checked after sequential Bonferroni 

correction implemented in STACKS. In addition, I estimated Moran’s I implemented in R library 

(ape) as a measure of spatial autocorrelation and compared the Euclidean distances between 

farms with phenotype of individuals using 1000 permutations.  
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I used a discriminant analysis framework (DAPC) implemented in the R package 

Adegenet (Jombart and Ahmed 2011; Jombart 2008) to evaluate patterns of genetic similarity 

among individuals from the 18 farms, and to test for the presence of any supported population 

clusters. Discriminant analysis attempts to summarize the genetic differentiation between groups 

while accounting for within-group variation. Similar to Bayesian clustering methods such as 

STRUCTURE and ADMIXTURE the discriminant analysis method achieves the assignment 

(‘discrimination’) of individuals into pre-defined groups and enables the probabilistic assignment 

of individuals to each group, or cluster (Jombart, Devillard, and Balloux 2010). I followed the 

guidelines in the Adegenet package in R 3.4.3 to conduct DAPC and k-means clustering while 

retaining the most highly supported number of principle components and Eigenvalues. Finally, I 

regrouped our 75 individuals into the clusters inferred by DAPC analysis and used STACKS to 

estimate basic population genetic parameters as was done for farms. 

In addition, to describe population groups within the German farm populations I used 

Bayesian clustering method applied in STRUCTURE (Pritchard, Stephens, and Donnelly 2000). 

I ran the STRUCTURE algorithm from K=1 to K=20 with 10 replicates each. By selecting only a 

single SNP from each locus only unlinked SNPs were used for this analysis. AFTER 20,000 

burn-ins 10,000 MCMC were run. The Admixture model was used and the model was run naive 

to the sampling location information. The significance of estimated Ks was calculated using the 

method as described (Evanno, Regnaut, and Goudet 2005b). I used a cut off of 60% to assign 

individuals to one of the inferred populations.  

Finally, I built a maximum likelihood phylogenetic tree using PHYLIP (Phylogeny 

Inference Package) version 3.5c (Felsenstein, J. 1993). To convert SNP data to the PHYLIP 

format I first converted the .vcf file into the PLINK formatted .ped and .map files. Data in 
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PLINK format was then converted into PHYLIP format using PGDspider version 2.1.1.5 

(Lischer and Excoffier 2012). The maximum likelihood tree including all 75 individuals was 

built using the dnaml function implemented in PHYLIP and rooted using roof rat sequenced in 

chapter 2.  

 

3.2.5 Counting ancestral and derived allele frequency for these presumably neutral alleles 

 

This study utilizes newly acquired genome sequence data on three roof rats (R. rattus) 

collected during pest control in Atlanta, Georgia, U.S.A (Chapter 2). In addition to our own 

sequence data raw fastq files covering of one roof rat from the U.K (Deinum et al. 2015) 

[Accession no. ERS215788] were processed (Chapter 2). The processing of data was 

described in Chapter 2, and yielded a consensus map-based genome assembly of the roof rat. 

The assembly was done with regard to the reference genome sequence of the Norway 

(laboratory) rat (R. norvegicus). 

I extracted the genotype information for all 858 loci from the roof rat genome using -

mpileup in samtools while providing the genome coordinates of these loci (as known from the 

reference genome of the Norway rat). Genotypes at all SNPs in the RAD loci were then 

classified as either ancestral or derived by using the roof rat as outgroup, and assuming that the 

roof rat carries the ancestral state.  

 

3.3 RESULTS 
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3.3.1 Analysis of population structure 

 

I tested two alternative population models against the null model that describes a single 

panmictic population that was sampled. The alternative models describe a) farms as populations 

and b) warfarin resistant and warfarin sensitive rats as one population each. 

First, the most highly supported number of population clusters was determined by using 

DAPC, which yielded significant support for four clusters, thereby rejecting the null model 

(Figure 3.2 A and B). Similar numbers of individuals were assigned to each cluster by DAPC. 

Farms do not form separate clusters, rejecting the model that describes farms as populations (Fig. 

3.3). Moreover, resistant and sensitive rats do not form separate clusters and are distributed 

across all four clusters, rejecting the model that resistant and susceptible rats form separate 

populations. However, inferred clusters 1 and 2 contain a higher proportion of resistant than 

inferred clusters 2 and 3.  

 
A.                                                                              B. 
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Figure 3.2: A: Discriminant Analysis of Principal Components (DAPC) with 4 K-means 

clusters. Dots of different colors identify individuals from different genetic clusters and circles 

indicate 95% confidence interval of assignment. Pie chart within the four quadrants represent 

number of resistant (black) and sensitive (gray) samples within each inferred cluster. B: 

Distribution of BIC: Bayesian Information Criterion for our dataset. The ’best’ BIC is often 

indicated by an elbow in the curve of BIC values as a function of K. The cluster with the lowest 

BIC value is considered to be the best fit to the data; in this case K=4. 
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Figure 3.3: Distribution of DAPC inferred clusters across farms. Red represents inferred cluster 

1, green represents inferred cluster 2, blue represents inferred cluster 3 and yellow represents 

inferred cluster 4. Color scheme for the inferred clusters is the same as that shown in Figure 

3.2A. Sampling size is represented by size of the circle.  

 
Second, null model and the two alternate models were rejected also by the analysis using 

a Bayesian framework implemented in the software STRUCTURE. Based on the posterior 

probabilities obtained from this analysis the entire sample is best described as representing at 

least three clusters (K=3) (Figure 3.4). Rats sampled from different farms and belonging either to 

the resistant or susceptible phenotypes are distributed across clusters. Specifically, if a threshold 

of 60% or more affiliation to a cluster based on their genetic composition was applied, the 

following numbers were obtained: For K=2 (17 individuals were unassigned), 32 individuals 

clustered in to one group and 25 clustered into the other group. Out of the 32 individuals in one 

cluster, 22 are resistant individuals while 11 are sensitive individuals and out of 25 individuals in 

the other cluster, 12 are resistant and 13 are sensitive. For K=3 (16 individuals were unassigned), 

22 individuals formed cluster 1, 17 individuals formed cluster 2 and 20 individuals made up 

cluster 3. For K=4, 25 individuals remained unassigned.  
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At least 4 individuals could not be assigned to any of the clusters under K=2, K=3 and 

K=4, while 8 individuals could not be assigned to either of the clusters under K=3 and K=4. On 

further investigation, I found that the majority of these 12 individuals (n=9) were resistant and 

were sampled from farms 24, 17, 4 and 13.  

 

Figure 3.4: A. Individual membership coefficients inferred from Bayesian inference of genetic 

structure within STRUCTURE across all 18 farms for likely number of genetic groups, K = 2 – 

5, which are defined by 2 to 5 colors. Black lines demarcate a priori farms, and each individual is 

represented by a single vertical line. B. Q sorted bar plot of individuals. 

Finally, a Maximum Likelihood based phylogenetic tree built based on all 858 loci did 

not reveal any clusters that could be identified as either warfarin resistant or susceptible, or 

clusters that group rats by the farms where they were caught (Supplementary figure 3.1).  
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In the following sections I performed all further population genetic analyses assuming K=4 

clusters, as was most strongly supported by the DAPC analysis and that was consistent still with 

the analysis using STRUCTURE.  

 

3.3.2 Analysis of genetic diversity  

 

The expected and observed heterozygosity (He and Ho) averaged over all farms indicate 

a slight excess of heterozygotes over the study area as a whole, and on each sampled farm (Table 

3.1). On some farms the excess is substantial. Genetic diversity of the whole sample, measured 

as π, is 0.183. The site frequency spectrum across all loci and samples summarized by using the 

composite statistic Tajima’s D displayed an excess of negative Tajima’s D values (Figure 3.5 A). 

This excess of intermediate frequency variants in the population is consistent with the observed 

heterozygote excess.  

When genetic diversity was calculated for each of the 4 population clusters the 

discrepancy between He and Ho disappears, and genetic diversity within clusters is the same or 

below the lowest diversities observed at any farm. The allele frequency spectrum pattern across 

all four inferred clusters showed excess of negative Tajima’s D similar to the pattern observed 

across all farms (Figure 3.5 B,C). No difference in genetic diversity in resistant and susceptible 

rats was observed (0.0416 and 0.0414, respectively). 

 



57 
 

Table 3.1: Genetic diversity summary statistics for individuals grouped into farms, DAPC 

inferred clusters and phenotype to warfarin. Obs_Het: observed Heterozygosity; Exp_Het: 

Expected heterozygosity; Pi: nucleotide diversity. 

 
Farm_ ID Obs_Het Exp_Het π 

33 0.339 0.169 0.339 
31 0.494 0.247 0.494 
24 0.058 0.050 0.053 
23 0.074 0.058 0.063 
21 0.645 0.323 0.645 
19 0.109 0.087 0.104 
18 0.159 0.133 0.158 
17 0.062 0.048 0.053 
16 0.078 0.056 0.067 
15 0.083 0.057 0.075 
14 0.092 0.083 0.098 
13 0.091 0.071 0.084 
11 0.125 0.073 0.097 
6 0.408 0.204 0.408 
5 0.115 0.112 0.134 
4 0.062 0.046 0.051 
1 0.189 0.145 0.193 

Mean 0.187 0.115 0.183 
Inferred cluster Obs_Het Exp_Het π 

1 0.056 0.051 0.053 
2 0.053 0.050 0.053 
3 0.040 0.037 0.038 
4 0.064 0.056 0.059 

Mean 0.053 0.048 0.050 
Phenotype Obs_Het Exp_Het π 

Resistant 
 

0.036 0.032 0.033 
Sensitive 0.045 0.041 0.041 

Mean 0.040 0.041 0.041 
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A. 
 
 
 
 
 
 

 
 
 
B. 
 
 
 
 
 
 
 
C. 
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Figure 3.5: A. Allele frequency spectrum for 858 RAD loci calculated here as Tajima’s D for all 

75 individuals from west Germany. B.  Tajima’sD distribution for resistant (orange-red) and 

sensitive (light blue) individuals. C. Tajima’s D distribution for DAPC inferred population 

clusters (color scheme same as in Figure 3.2 A). 

 
3.3.3 Analysis of gene flow 

 

First, an analysis of genetic differentiation (Fst) between sampled farms revealed a wide 

range of values (Figure 3.6; Supplementary Table 3.3). For example, 3 farms (21, 11, 10) out of 

the 18 farms had average Fst greater than 0.20, a value that indicates low genetic connectivity 

between these farms and the others. However, 4 farms (24, 23, 17, 4) had average Fst estimates 

lower than 0.10, a value indicating high levels of genetic connectivity between these and other 

farms. Notable, during the above analyses 12 individuals emerged as highly admixed (could not 

be assigned to any cluster) were sampled on farms 24, 17 and 4, which have an average Fst 

<0.10 and, thus, are highly connected by gene flow to other farms. Testing for isolation by 

distance revealed a weak non-significant correlation between geographical distance and Fst (Fig. 

3.7, p=0.167, r=0.105).  

Second, pair-wise Fst estimated between the 4 inferred population clusters is 0.14-0.34. 

As expected from the approaches applied, when generating population clusters these Fst values 

generally exceeded the values seen between farms (Fig. 3.5). Overall, pairwise Fst estimates 

between inferred population clusters showed higher mean and median than that observed 

between farms.  
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Figure 3.6: Distribution of Fst observed for every farm and inferred population clusters. Inferred 

clusters are colored based on the same color scheme used in Figure 3.2A.  Fst estimates between 

resistant individuals and sensitive individuals was found to be 0.062. All pairwise comparisons 

between populations were significantly greater than zero after sequential Bonferroni correction. 
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Figure 3.7: Isolation by distance plot of pairwise Fst estimates and geographical distances in log 

scale between all individuals using RAD loci (p=0.167, r=0.105).  

 
As can be seen from Table 3.2 and Figure 3.2A, the highest genetic similarity is seen 

between clusters 1 and 4. Both these clusters have a higher proportion of resistant rats. Similarly, 

higher genetic similarity can be seen between clusters 2 and 3, both these clusters have lower 

proportions of resistant rats.  This may indicate a role of recent gene flow in exchanging and 

spreading resistance between clusters. However, as can be seen in Figure 3.1, sampling may have 

captured resistant and susceptible rats in a non-random fashion. In order to account for spatial 

autocorrelation if any, I calculated Moran’s I. A strong signal of spatial autocorrelation was 

supported (p=0.004 > 0.05), indicating that observed patterns of gene flow and phenotype 

distribution could be due to sampling and/or reflect a biological phenomenon. 

 
Table 3.2: Pair-wise Fst estimates between inferred population clusters 

 

Inferred cluster 1 2 3 

2 0.234   

3 0.337 0.172  

4 0.143 0.241 0.187 

 
 

3.3.6 Level of ancestral and derived variation within the inferred population clusters 

 

The derived non-synonymous mutation encoding Y139C underlying warfarin resistance 

is strongly associated with the phenotype when farms are analyzed, clusters are analyzed, and 
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when a case-control (resistant versus susceptible) framework is used. To obtain a first view of 

the number of times derived mutations occur in our study area, ancestral and derived alleles were 

tabulated for all RAD loci (Fig. 3.8). Derived randomly chosen alleles are common but vary in 

frequencies. Comparable levels of ancestral and derived alleles were seen in each of the inferred 

clusters. Warfarin resistant and sensitive groups displayed equal frequencies of derived and 

ancestral alleles (Fig. 3.8).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Proportion of ancestral (blue) with respect to roof rat, derived (red) alleles and 

missing data (black) in individuals assigned to each of the inferred populations clusters by DAPC 

analysis. A-inferred cluster 1; B-inferred cluster 2; C-inferred cluster 3; D-inferred cluster 4. 

Total number of alleles for each diploid individual is 1,764. 

 

3.4 DISCUSSION 
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In this study, I used RAD-sequencing approach to genotype 75 Norway rat individuals 

from 18 different farms in west Germany and investigate population structure within these farms. 

My main motivation for investigating the population structure and pattern of polymorphism in 

these farm rats is to use the pattern of polymorphism observed under stochastic processes in 

neutral loci in identifying warfarin resistant candidate loci in these rats in future studies. 

Identifying population clusters if any within these farm rats would increase the power of 

association tests of candidate loci when performed within these identified population clusters. 

Secondly, Norway rats from around the globe have been shown to display remarkable population 

structures both at global and local scales and this study would add to the body of work on 

understanding dispersal and genetic connectivity in Norway rats.  

 
Do rats on a farm display highest genetic similarity to rats from the same farm?  

 

In this chapter, I tested for two specific hypotheses. The first hypothesis I tested was that 

farm rats from these 18 farms are genetically most similar to other rats from the same farm and 

thus, group into population clusters based on their farm of origin. I found, contrary to general 

assumptions, that farms cannot be considered as distinct units of populations and found evidence 

to reject this hypothesis. Norway rats from these farms display high level of migration between 

these farms as evidenced in my study from the range of pairwise Fst estimates between farms 

(0.004 – 0.37) and this has consequentially led to indistinct population groups on these farms. 

High level of genetic connectivity between these farms is not surprising given that in Norway 

rats, adult dispersal is a known driver of gene flow (Bohonak 1999; Broquet and Petit 2009). 

Studies have shown that although their home range in urban settings is as small as 30-40m 

(Davis, Emlen, and Stokes 1948), rats have been observed to move about 150m in a day (Glass, 
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G. et al., 1989). Moreover, paternity tests and radio tracking studies (Costa et al. 2016; Glass et 

al. 2016; TAYLOR and QUY 2009) indicate that males constantly expand their range of 

movement to find mates, often moving hundreds of meters. Four farms stood out in my analyses 

with the lowest pair-wise Fst estimates and thus, indicating highest connectivity to other farms. 

Census report of these farms (Pelz, Hänisch, and Lauenstein 1995) indicate 3 out of the 4 have 

higher proportion of warfarin resistant individuals. These results infer that higher movement of 

rats, presumably resistant rats, from these 3 farms leads to spread of resistance in farms in west 

Germany. In future more thorough sampling of resistant and sensitive rats from these farms 

would be needed to investigate this.  

The nucleotide diversity and the level of heterozygosity within the 18 farms was found to 

be comparable to the values reported in a previous study of a subset of Norway rats sampled 

from the same farms (Michael H. Kohn, Pelz, and Wayne 2003). Similar estimates of nucleotide 

diversity and heterozygosity has been observed in an urban setting in rats from New York City 

(Combs et al. 2018). A study by (Ness et al. 2012) reported that estimates of genetic diversity in 

rats are usually close to 5% lower than that observed in mice despite population of rats being 

very high. The allele frequency spectrum of all individuals in west Germany found an excess of 

rare alleles indicating that this population is most likely undergoing recent population expansion. 

Excess of rare alleles can also be indicative of positive selection. However, association test of 

alleles showed no association of these presumably neutral loci with resistance phenotype. From 

my findings it seems likely that the population in west Germany is undergoing an expansion but 

has not reached an equilibrium. 

 

Do farms rats group into two different population groups based on their phenotype to warfarin? 
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The second hypothesis I tested in this study is that farm rats group into two main 

population clusters based on their phenotype to warfarin (i.e. resistant and sensitive). Genetic 

diversity estimates such as heterozygosity measures and π between the resistant and sensitive 

individuals did not show any significant differences. Moreover, Fst estimate between these two 

groups, although significant, was found to be much lower (0.062) than that reported between 

Norway rat populations in other studies (Piertney et al., n.d.). Population assignment analyses in 

my study implemented in STRUCTURE and discriminant analysis did not lend any statistical 

support for presence of two population clusters in these farms. Based on genetic differentiation, I 

detected 3-4 population clusters in these farms. In both STRUCTURE and discriminant based 

analyses, resistant and sensitive rats were found to be present in all inferred population clusters. 

Moreover, on closer inspection of K=2 from the STRUCTURE analysis, I found comparable 

number of resistant and sensitive individuals assigned to each of the population clusters 

indicating that at these presumably neutral loci used in this study, resistant and sensitive rats 

cannot be differentiated into separate populations and thus, rejecting my hypothesis. This is an 

important finding as in our future studies we are interested in understanding the origin of 

adaptive variations in these farm rats and it is important to note that resistant and sensitive rats 

do not form two separate populations. In-depth analyses of the level of admixture in these 

population clusters revealed that resistant individuals are generally the most admixed individuals 

in these farms. I also noted that farms with lowest Fst measures and with a majority of resistant 

individuals also displayed the most number of admixed individual in this study. It can be inferred 

from these observations that resistant rats seem to be more prolific than sensitive individuals. 

These rats not only have higher survival rate but also move around more than the sensitive 
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individuals. These resistant individuals most likely migrate to other farms and mate with 

populations from those farms thus leading to higher admixture.  

 

The three to four population clusters displayed by Norway rats in my study is comparable 

to similar findings in the Norway rats in other studies. Genetic differences and genetic clustering 

in the face of gene flow and drift across small geographical scales in Norway rats has been 

observed previously in other studies such as (Kajdacsi et al. 2013; Gardner-Santana et al. 2009). 

In the study conducted by (Kajdacsi et al. 2013) on slum dwelling populations of Norway rats, 

genetic differences were observed in Norway rats between sites separated by very short distances 

which were attributed to the topographic complexity of Salvador. In a study comparable to my 

study, conducted by (Haniza et al. 2015), genetic differentiation in the face of gene flow and 

three population clusters were seen in micro satellite data in 184 Norway rats captured from 

across 15 counties in England. In this study too no isolation by distance was evidenced in these 

Norway rats from England. Another recent study looking for presence of population 

differentiation in Norway rat of New York City (Combs et al. 2018) found similar results of two 

population clusters differentiating rats from uptown and downtown New York City. All these 

studies show that Norway rat display population structure even within small geographical scales 

as seen in my study. Despite rats being everywhere, Norway rats remarkably display population 

structures at both local and global scale (Puckett et al. 2016).  

 

As discussed in the study by (Haniza et al. 2015), it is possible that in this case too, the 

four different populations are fragmented among the farms where drift has played an important 

role in maintaining some level of genetic differentiation. Gene flow due to rat dispersal and 
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anthropogenic factors between these farms and in turn, between differentiated population clusters 

has most likely led to presence of more than one population group in every farm.  In addition, I 

do not find a liner relationship between Fst between the farms and geographical distance between 

the farms supporting the claim that this population has not reached equilibrium. Migration 

between all farms has led to weak population structure within these farms, similar to the 

observations made in Norway rats from UK, where individuals captured from different counties 

do not display county specific population structure (Haniza et al. 2015).  

 

Mean Fst estimates within these four population clusters were found to be generally 

higher than that observed within the farms indicating lower level of gene flow between these 

population clusters compared to that between the farms. Genetic differentiation observed 

between these population clusters make these clusters a better representation of genetically 

similar groups than their farm of origin. Identification of such population groups are important 

especially when trying to discern candidate genes associated with adaptive phenotype and for 

taking measures for rodent eradication. Association tests of candidate genes associated with 

warfarin resistance performed within these population clusters are expected to yield higher 

power in identification of such genes. As these individuals have been genotyped previously, we 

know that all warfarin resistant individuals share the same mutation at position Y139 in Vkorc1 

gene. Despite Y139 loci in Vkorc1 gene in these rats reflecting a panmictic population structure, 

from the results in this study, I can conclude that farm rats in west Germany neither form one 

panmictic population nor two populations separating warfarin resistant and sensitive individuals. 

On the contrary, rats here originate from most likely 4 different population sources. This lends 

support to the case where origin of resistance in west Germany most likely arrived in the form of 
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a new migrant or arose as a new mutation and later spread in the farms due to high level of 

migration between these farms.  

It is noteworthy that Fst estimates between inferred population clusters showed higher Fst 

between populations with more resistant individuals and inferred clusters with more sensitive 

individuals. This finding is not unexpected given our sampling for this study. Majority of our 

resistant individuals were sampled from only 4 out of the 18 farms and these 4 farms are 

geographically clustered. This sampling choice is a direct result of previous sampling of 

individuals conducted for genotyping in these farms by (farm report) and could be responsible 

for higher genetic differentiation estimated between resistant and sensitive individuals. 

 

3.5 CONCLUSION 

 

In this chapter, I utilized RAD sequencing technique to show that rats from farms in west 

Germany do not cluster based on their farm of origin or their phenotype to warfarin. In fact, I 

found support for 4 population clusters and the absence of genetic differentiation based on 

geographic distance indicating high level of genetic connectivity between these farms. These 

findings influence future studies looking to identify warfarin resistant candidate loci in these rats. 

We can now use this information about population clusters to select individuals for future 

studies. Instead of selecting individuals based on their farm of origin, we can now select 

individuals based on their designated population cluster and look for genes associated with 

warfarin resistance within these population clusters. I also demonstrated the use of the roof rat 

genome sequence in polarizing the neutral alleles used in this study and showed that level of 

derived and ancestral variation varies in these populations. Population genetic parameters 
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estimated for these inferred population clusters as well as those calculated for the entire German 

population can now be used in building demography models taking into account migration and 

selection on warfarin resistant variants that explain the origin of these population clusters as well 

as maintenance of adaptive variants in these populations. It is important to note the excess of 

resistant rats sampled from certain farms and the effect this sampling might have on the 

inference of population clusters. Future study should be conducted wherein a more uniform 

sampling of resistant and sensitive rats is done from all farms.  
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Chapter 4 
 

Identification and geographical mapping of 
newly derived mutations in Y139C warfarin 

resistant Norway rats 
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ABSTRACT 

 

De novo mutational input and standing variation provide the raw material for selection to 

act upon in locally or regionally isolated populations. Variation occurs by spontaneous 

mutations, and the subsequent fate of mutations depends on their selective value relative to drift. 

Mutations are distributed within and amongst populations comprising a species due to 

demographic events and historical biogeography. Quantifying the relative importance of de novo 

mutational input and standing variation available for selection to act upon is of interest when 

attempting to identify sets of genes interacting tightly within pathways encoding complex traits. 

Conceptually, major adaptive mutations may require allelic reconfiguration at interacting loci to 

incorporate additional adaptive and compensatory mutations until a local fitness maximum is 

attained. Of practical relevance is that analyses should consider hard and soft selective sweeps. 

Here I study warfarin resistant Y139C vitamin K epoxide reductase complex subunit 1 (Vkorc1) 

mutant Norway rats (Rattus norvegicus) from northwestern Germany, Europe. Warfarin is used 

both as an anticoagulant rodenticide and a prescribed blood thinning medicine in humans. It 

works by inhibiting the vitamin K cycle, specifically blocking Vkorc1. I conduct a screen for 

standing variation and presumably new mutations in newly sequenced genomes of pools of 

warfarin resistant and susceptible rats. I infer the origin of variants overall, and variants in 

candidate genes, by geographically mapping derived variants exclusively seen in mutant (RW) 

rats onto the presumed dispersal route of Norway rats, originating in East Asia (China), 

traversing the Middle East (Iran) and reaching Europe, where rodenticides were heavily used 

since the 1950s. In general, and in particular with regard to warfarin resistance, de novo derived 

variants appear rare, Vkorc1 being a striking example, and warfarin interacting genes generally 
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carry ancestral; standing variants. However, a screen for presumably recently derived variants 

yielded a set of promising candidate genes underlying warfarin resistance in Norway rats in our 

study area. 

 

4.1 INTRODUCTION 

 

Recent advances in biomedical research revealed that most human diseases have a 

complex genetic architecture. A growing number of studies in evolutionary biology begin to also 

show that adaptive traits in natural populations have complex underpinnings. In humans, for 

example, studies showed that skin pigmentation (Parra 2007), adaptation to high altitude (Moore 

2001), and resistance to parasite attack (Daub et al. 2013) are polygenic. Evidence of polygenic 

adaptation can be seen in other natural populations of animals and plants, such as freshwater 

adaptation in three spine sticklebacks (Jones et al. 2012), coat color variation in beach mice 

(Steiner, Weber, and Hoekstra 2007), and adaptation to climate clines in Arabidopsis (Fournier-

Level et al. 2011). Quantitative genetic studies on natural populations, theoretical models, and 

human biomedical and evolutionary studies, have revealed polygenic traits are those that seem to 

evolve through modest changes in allele frequency at several loci, which  are likely to be 

ancestral/standing variants (Barrett and Schluter 2008)  (Pritchard, Pickrell, and Coop 2010) 

(Przeworski, Coop, and Wall 2005). Searches for selective sweeps at such loci are not as 

straightforward as for traits controlled by few genes that are more likely to evolve following a 

classical sweep model (Tishkoff et al. 2001). Moreover, it is difficult to study the genetics of a 

complex adaptive trait in the absence of a study system where an adaptive phenotype and the 
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underlying genotype has been identified. Currently, there is dearth of such well characterized 

systems. 

 

One natural system where an adaptive phenotype has been identified is the adaptation to 

anticoagulants, warfarin, in wild populations of Norway rats, Rattus norvegicus. It is interesting 

to note that warfarin resistance, known by many from textbooks as a single gene trait, in fact, 

now has been shown by us to be a complex trait. Li et.al’s work on farm populations of warfarin 

resistant Norway rats using GWAS and gene expression analysis strongly indicated that other 

genes, apart from the well-known Vkorc1 gene may be associated with the warfarin resistance 

trait. Moreover, warfarin is an anticoagulant drug prescribed for patients with venous 

thrombosis, chronic atrial fibrillation and prosthetic heart valves. It is known to have a narrow 

therapeutic range and high risk of bleeding, thus making it a difficult drug to use (Wadelius et 

al., 2007). In humans, it has been shown that warfarin dosage is influenced by environmental 

factors and variation in genes encoding cytochrome p450 2C9 (Cyp2c9) and Vkorc1 (Wadelius 

and Pirmohamed, 2007). About 15% and 25% of warfarin dosage variance can be explained by 

variation in Cyp2c9 and Vkorc1, respectively (2) while ~40% remains unexplained (Wadelius et 

al., 2007). Studies attempting to explain this variance have assumed that additional genes play an 

important role. These genetic components are difficult to identify in humans due to genetic 

heterogeneity, that is; numerous low frequency alleles at multiple loci occur in human 

populations with one or the other emerging at high frequency detectable in any particular 

association study in a testing cohort. Thus, it would require a multitude of genome-wide 

association studies (GWAS) in human to detect additional genes affecting this variation. 
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Here I examine if it is feasible to use warfarin resistant field populations of Norway rats 

to identify candidate genes interacting with warfarin. The underlying logic is that, while in 

human studies genetic drift due to demographics and sampling determines the potentially weak 

association of rare variants with dosage variance, in rat populations strongly selected with 

warfarin anticoagulant rodenticide, we expect to find discernible adaptive signals at genes that 

increase fitness of the rats by encoding warfarin resistance. However, it is imperative to keep in 

mind the genetics of complex polygenic trait where it is very likely that these potential candidate 

genes involved in warfarin resistance have most likely evolved from ancestral variations. 

Polygenic adaptation through ancestral variants could allow rapid adaptive shifts in these 

warfarin resistant rats and yet could go undetected using conventional methods for detecting 

selection (Chevin and Hospital 2008; Pritchard, Pickrell, and Coop 2010). Demographic history 

of these natural populations of Norway rats can add to difficulty in detecting these ancestral 

variants involved in warfarin resistance. Frequency of ancestral variants in population are known 

to vary depending upon the demographic history which in turn plays a role in the initial 

frequency of the variants before selection favors it (Przeworski, Coop, and Wall 2005).  

 

From Chapter 3, we know that demographic history of the farm rats in west Germany is 

more complex than initially thought. In Chapter 3, I showed that there are four distinct 

population structures across 18 different farms and warfarin resistant and sensitive individuals 

are found in all population clusters. We also know from previous genotyping of all resistant and 

sensitive individuals from these farms that all resistant individuals show the variation at position 

139 in Vkorc1 gene. It has been shown that Vkorc1 position 139 displays a hard sweep signal that 

can be detected by classical methods. Given our knowledge of complex adaptive trait, I would 
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expect that Vkorc1 is a rare case where it was possible to detect the gene using classical methods 

and these methods may not be successful in identifying the other candidate genes as these genes 

most likely display signals of soft sweep due to presence of ancestral variations and complex 

demographic events. 

 

In this chapter, I want to investigate first whether the variation observed at position 139 

in Vkorc1 is a new mutation and hence, a rare occurrence in case of this polygenic trait of 

warfarin resistance. Next, I want to look if it is possible to identify additional candidate genes 

that show similar pattern to that observed at position 139 in Vkorc1. Finally, I want to explore 

the level of ancestral and new variants in resistant rats at other genes that could potentially be 

involved in resistance to warfarin.  

 

In order to polarize allele i.e. to determine if observed allele is a new mutation a.k.a. 

derived allele or an ancestral variant, I will utilize the whole genome sequence of the sister 

species, Rattus rattus, the roof rat, sequenced, mapped and annotated in Chapter 2, as the 

ancestral reference sequence. If the allele observed in Norway rat is the same as that seen in the 

ancestral reference sequence of roof rat, I will designate it as an ancestral variant. In addition, a 

study in 2017 by Zeng et al. (Zeng et al. 2018) looked specifically into the geographical origin 

and migration of the Norway rat by sequencing the whole genomes of a total of 110 Norway rat 

individuals collected from south east China, North West China, Middle East and Europe. The 

main findings from this study included that Norway rats originated in south east China and 

migrated to colonize first Middle East and then migrated out of Middle East to colonize Europe. 

The data from this study now provides me with an excellent opportunity to look at the level of 
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variation in Vkorc1 gene and other candidate genes in ancestral population of Norway rats from 

China and Middle East and derived population from Europe. In this chapter, I used the whole 

exome sequences of rats from China, Middle East and Europe to compare with whole exome 

sequence of resistant and sensitive rats from west Germany to investigate the level of new 

mutation and ancestral variation in protein coding regions in resistant rats in Germany. 

 

4.2 MATERIALS AND METHODS 

 

 

4.2.1 Data collection  

 

I used 50 whole NGS genome sequence libraries for this study. Out of these 2 libraries 

were of the roof rat and 48 were from the Norway rat. To obtain roof rat genome sequences I 

used liver tissue samples of 3 roof rats collected post postmortem during pest control in Atlanta, 

Georgia, U.S.A. Genomic DNA was extracted using the Quiagen DNA extraction kit (Quiagen, 

USA). Genomic DNA obtained from the three individuals was pooled to construct a library 

suitable for paired-end sequencing on one lane of an Illumina Hiseq 2500. SeqWright Inc. 

Houston, TX, USA provided genomic services. Sequence reads will be made available in the 

format of BAM files and Fastq files at NCBI genome repository with Accession numbers TBD. 

In addition, I downloaded the raw reads in form of fastq files of a single roof rat from the U.K 

(Deinum et al. 2015) [Accession no. ERS215788]. 
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4.2.2 Sample origin and sequencing of Norway rat 

 

I obtained liver tissue samples of 3 Norway rats post mortem that were collected on farms 

in northwestern Germany. Three of the 6 individuals were designated as warfarin resistant, and 3 

were warfarin susceptible as was determined by genotyping of Vkorc1 and by using a blood 

coagulation response test (BCR) that measured percent clotting activity (Kohn, Pelz, and Wayne 

2003). Genomic DNA from the 3 resistant and from the 3 susceptible rates was extracted as 

described above. The DNA of the  resistant and susceptible rats was pooled to construct one 

library each (referred to as RW and RW+, respectively) that are suitable for paired-end 

sequencing on one lane each of an Illumina Hiseq 2500 as described above.  

In addition, I downloaded raw NGS reads of 46 Norway rats studied previously (Zeng et 

al. 2018) (c.f. Supplementary Table 4.1). 20 samples are from East Asia, China, where Norway 

rats originated as a species and from the species colonized the globe. 10 samples are from the 

Middle East, Iran, which is a location that falls along the path of the westward colonization route 

leading to Europe. Lastly, 16 samples are from Europe. Finally, the Norway (laboratory) rat 

reference genome sequence (version rn5, release 79) was obtained (/pub/release-

79/fasta/rattus_norvegicus/dna) 

 

4.2.3 Sequence data processing 

 

Raw sequence reads from all 50 libraries were aligned to the reference genome sequence 

of the Norway rat using the –mem option as implemented in the BWA-0.7.1 sequence alignment 

software package to obtain BAM files (Li and Durbin 2009). Subsequently, sequence reads from 
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the other 48 libraries covering Norway rat samples were mapped to the Norway rat reference 

genome. The quality of raw sequence reads and their alignments were assessed using the 

software QualiMap using default settings (Okonechnikov, Conesa, and García-Alcalde 2016). 

The software package Picard tools (http://broadinstitute.github.io/picard) was used to pre-process 

the BAM files.  

 

This chapter has the protein encoding (CDS) portion of the rat genome as its focus. 

Before calling single nucleotide variants (SNVs) from the CDS in the set of 50 sequences, I first 

performed indel realignment and base recalibration as implemented by the Genome Analysis 

Toolkit (GATK, version 3.7) analysis pipeline (DePristo et al. 2011). Thereafter, I used the 

mpileup option implemented in samtools to call SNVs in only the CDS from all 50 assembled 

libraries at once. The main intention behind using all libraries at once for SNV calling was to call 

the genotypes of all 50 rats for any position that differed between any of them and the Norway 

rat reference genome sequence. I provided mpileup with a position interval list of only the CDS 

extracted from the Rn5 annotation file. All SNVs were annotated using SnpEff (version 3.1) 

(Cingolani et al. 2012).  The SnpSift tool (a routine implemented in SnpEff) was used to extract 

out non-synonymous SNVs from synonymous SNVs.  

 

4.2.5 Sequence data analysis 

 

I filtered out from all 50 assemblies, all sites which were found to be polymorphic 

between the two roof rat sequences. After filtration, I retained 322,973 synonymous SNVs and 

196,582 non synonymous SNVs that are fixed in the roof rat and are either fixed in the Norway 

http://broadinstitute.github.io/picard
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rat or are single nucleotide polymorphism (SNPs) in the Norway rat. The roof rat consensus 

genome was used to designate, or polarize, the Norway rat genotypes at these sites as either 

ancestral or as derived, where the nucleotide state at SNPs that correspond to the roof rat 

nucleotide are designed as the ancestral, and the nucleotide state at SNPs that differ from the roof 

rat are designated as derived. I calculated the frequency of ancestral and derived synonymous 

and non-synonymous nucleotides. 

 

Of particular interest are sites that display the pattern seen at the Vkorc1, where only RW 

rats carry a derived variant, while rats from China, Iran, and all others in Europe carry the 

ancestral variant. Using python scripts I extracted any such position (synonymous and non-

synonymous) in the RW library. This was followed by functional enrichment analysis of genes 

displaying such a SNP pattern using DAVID (Huang et al., 2009b).  

 

To examine whether genes that have been reported to interact with warfarin carry 

ancestral or derived variants I selected candidate genes based on their known participation in 

Vitamin K cycle and published data on gene-drug interactions as compiled in the Cytotoxic 

database (CTD (Davies et al., 2017)). This includes genes known to be involved with warfarin 

dosage from human cohort studies. My final list of top candidate genes included a total of 18 

genes (see Table 4.2). Non synonymous and synonymous variants called in these genes were 

analyzed individually using the VCF file format. Only the sites that differed in alleles between 

the RW and RW+ libraries were used. Finally, to describe the phylogeographic structure of the 

sampled rats I randomly selected 15K synonymous SNVs to build a maximum likelihood based 

phylogenetic tree using Phylip (Felenstein J. 2005) and rooted it using the roof rat. 
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4.3 RESULTS 

 

 

4.3.1 Genomic distribution of ancestral and derived variants 

 

The 50 rats sampled harbored 543,896 CDS SNVs. Of these, 24,341 SNVs were 

polymorphic in the roof rat and were filtered out and retained 519,555 SNPs for the Norway rat 

(196,582 non-synonymous SNPs and 322,973 synonymous SNPs). Across rats the average 

frequency of ancestral non-synonymous nucleotides at SNPs was 42% while the frequency of 

ancestral synonymous nucleotides at SNPs was 32% (Figure 4.1 A&B). As can be seen, these 

averages vary little if averages are calculated for any geographic sample from East Asia, the 

Middle East, and Europe. 
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Figure 4.1: A. Level of ancestral variation (blue) and derived variation (red) at all synonymous 

sites in all 48 individuals and roof rat. As the individuals are diploid, two bars represent one 

individual. RW+ represents warfarin sensitive and RW represents warfarin resistant individuals 

from Germany. B. Level of ancestral and derived variation at all non-synonymous sites.  

 
4.3.2 Ancestral and derived variants in the warfarin resistance gene Vkorc1 

 

I investigated the pattern of ancestral and derived alleles at amino-acid position 139 in 

Vkorc1 across all individuals. The Y → C mutation at the position 139 of the amino-acid 

sequence of VKORC1 has been shown to be a causative mutation associated with warfarin 

resistance. The library made from warfarin resistant rats (RW) carried the previously published 
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derived mutation C at position 139 while the library made from warfarin susceptible rats (RW+) 

carried the ancestral allele T that is also seen in the reference genome of the laboratory rat (Fig. 

4.2). All other individuals excluding the individuals from France showed the reference allele T at 

this position (see discussion).  

 

4.3.3 Ancestral and derived variants in the warfarin resistance library 

 

However, the ancestral allele T was also present in the library RW (Figure 4.2). This is 

plausible because the Y139C mutation in Vkorc1 underlying resistance is dominant, yet the 

fitness cost of the mutation may be reduced in heterozygotes, balancing selection may maintain 

heterozygotes in the population of RW rats. Thus, I not only interrogated the SNP data for 

variants that are fixed in the RW library, but also for those that are polymorphic but are unique in 

that they are derived and do not occur in any other samples, foremost RW+. I tabulated all 

positions (both non synonymous and synonymous) in RW where we find a derived alleles that is 

unique to the RW library but may be not be fixed. I found 108 non-synonymous and 105 

synonymous variants in the RW library that displayed such a pattern (Figure. 4.3). These were 

found in 92 genes that display this pattern at non-synonymous sites and 103 genes with this 

pattern at synonymous sites; the numbers of genes and sites are not adding up because multiple 

sites may occur in one gene. 
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Figure 4.2: A subsection of raw reads from genome sequencing as viewed in Integrated Genome 

Viewer. The amino acid sequence of exon 3 of Vkorc1 is displayed in the bottom most panel (in 

blue), followed by the corresponding nucleotide position in the reference genome (Rn_5.0) (in 

color). Raw reads from each individual is displayed in each respective panel. Each nucleotide 

position in the individuals is displayed as bars. Grey color indicates that the position in the 

individual is same as that observed in the reference genome. Height of bar represents coverage 

depth for each position. Position 139 is highlighted across all individuals using black box. 

Alternate allele is represented in the bar by color (green: A; red: T; orange: G; blue: C). In RW, 

at position 139, both alleles T (reference allele) and C (alternate allele) are observed. Reads from 

a subset (n=18) of all Norway rat individuals and 2 roof rat individuals is used for display. 

 
 



84 
 

 
 
Figure 4.3: Illustration of homozygous derived and heterozygous derived (red) pattern where 

ancestral allele (blue) is coded as 0 and derived allele in RW is coded as 1.  

 
Non-synonymous derived variants: Of the 92 genes that carry derived non-synonymous variants 

that are unique to the RW library a subset of these displayed physical linkage within 4 Mb 

distances, thereby forming 8 clusters of genes displaying the pattern (Supplementary table 4.3). 

Functional enrichment analysis of the 92 genes showed support for two major biological 

processes: sensory reception and oxidation-reduction processes (Table 4.1).  

Biological process of oxidoreductase activity is of special interest in this case as the 

oxidation-reduction cycle is the vital part of Vitamin-K cycle carried out by Vkorc1. Seven genes 

were found to be associated with this oxidation-reduction process. Closer inspection revealed the 

gene Cbr1 encoding for Carbonyl Reductase 1, which is a NADPH-dependent oxidoreductase 

similar in function to Vkorc1. Cbr1 shows wide specificity for carbonyl compounds, especially 

for quinones such as vitamin-K1, prostaglandins, and various xenobiotics.  
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Another gene of interest is the gene Ephx2, a member of the epoxide hydrolase family 

and playing a role in xenobiotic metabolism by degrading potentially toxic epoxides. Ephx2 

belongs to the same family as Ephx1, a vitamin K dependent protein responsible for vitamin K1 

oxido-reduction activity (Guenthner, Cai, and Wallin 1998) and merits further investigation. 

Finally, a third gene of interest is the gene Bmp2 which encodes a secreted ligand of the TGF-

beta (transforming growth factor-beta) superfamily of proteins and has been shown to be 

associated with vitamin K cycle where in vitamin K is needed. 

In addition, I found 8 other genes that were not part of any significantly enriched process 

or pathway, but that could be associated with the Vitamin K cycle, blood coagulation or bone 

mineralization pathways (Table 4.2).  

 

Synonymous derived variants: Analysis for Functional enrichment of any subsets of the 103 

genes that carry unique derived variants at synonymous sites revealed one the biological process 

sensory reception process (Table 4.1). 

 
Table 4.1: Functional enrichment analysis of genes with heterozygous derived pattern at both A. 

non-synonymous and B. synonymous sites.  

 
A.   

GO Accession 
number 

Biological process Gene names 

GO:0007186 G-protein coupled receptor 
signaling pathway Olr1007, Olr756, Olr246, Ptgdrl, Gpr65, Olr20, 

Fzd6, Vom2R42, Olr1543, Olr867, Olr1691, 
Olr879, Vom2R32 

GO:0050911 detection of chemical 
stimulus involved in sensory 

perception of smell 
Olr1007, Olr756, Olr1543, Olr246, Olr1691, 

Olr867, Olr20, Olr879 
GO:0098609 cell-cell adhesion 

Ppfibp1, Rab1A, Unc45A 



86 
 

GO:0006351 transcription, DNA-templated 
Zfp518A, Ncoa1, Tenm2, Cux2, Terf2Ip 

GO:0055114 oxidation-reduction process Cbr1, Bmp2, Dhcr7, Ido1, 
Acad10,Ephx2,Loc314140 

B.   

GO Accession 
number 

Biological process Gene names 

GO:0006508 proteolysis Adamtsl3, Adam2, Ctrb1, Npepps, Prss36, Capn3, 
Mmp1 

GO:0007186 G-protein coupled receptor 
signaling pathway Olr659, Olr1313, Olr665, Olr1086, Olr450, 

Igf2R, Abca1, Taar2 
GO:0050911 detection of chemical 

stimulus involved in sensory 
perception of smell Olr659, Olr1313, Olr665, Olr1086, Olr450 

GO:0006351 transcription, DNA-templated 
Cux2, Terf2Ip, Zfp18 

 
 
Table 4.2: Additional genes of interest that show heterozygous derived pattern at non 

synonymous site and are related to Vitamin K cycle or Vitamin K cycle dependent pathways. 

 
Gene ID Gene Name Gene Ontology 

Postn periostin GO:0071307~cellular response to vitamin K 

Adam2 ADAM metallopeptidase domain 2 IPR001762:Blood coagulation inhibitor 

Bmp2 bone morphogenetic protein 2 GO:0001503~ossification,GO:0001649~osteoblast 
differentiation,GO:0030282~bone mineralization 

Cbr1 carbonyl reductase 1 GO:0042373~vitamin K metabolic 
process,GO:0042376~phylloquinone catabolic 

process,GO:0055114~oxidation-reduction process, 

C9 complement C9 GO:0006957~complement activation, 
GO:0007596~blood coagulation 

Grhl3 grainyhead-like transcription factor 3 GO:0042060~wound healing 

Matn1 matrilin 1, cartilage matrix protein GO:0030500~regulation of bone mineralization, 
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Tnc tenascin C GO:0001649~osteoblast 
differentiation,GO:0009611~response to 

wounding,GO:0042060~wound 
healing,GO:0071305~cellular response to vitamin 

D,GO:0071774~response to fibroblast growth factor 
Trip11 thyroid hormone receptor interactor 

11 
GO:0060348~bone development, 

 
4.3.4 Overlap between newly identified sets of genes and candidate genes  

 

To determine whether any of the genes extracted from the interrogation of the RW library 

based on the presence of unique derived variants, I compared these with genes that play well-

established roles in the Vitamin K cycle and blood coagulation, or have been reported in the 

context of gene-drug (warfarin) interactions. Considering Vitamin K dependent genes (n=31) and 

genes curated in the Comparative Toxicogenomics database (CTD; Davies at al., 2017) (n=171) 

both yielded Bmp2 and Tubb5. Bmp2 carries a derived non-synonymous derived variant and 

Tubb5 carries a synonymous derived variant unique to the RW library. Tubb5 encodes a beta 

tubulin protein. This protein forms a dimer with alpha tubulin and acts as a structural component 

of microtubules.  

Alongside 21 other genes carrying non-synonymous derived variants, Bmp2 is 

differentially expressed when rat tissues are exposed to warfarin, as reported in the Gene 

Expression Omnibus (GEO, Accession number GSE59923) (Supplementary Table 4.4.). 18 other 

genes carrying synonymous derived variants are differentially expressed when induced by 

warfarin (Supplementary Table 4.4.). 

 

4.3.5 Ancestral and derived variants in candidate genes 
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I selected 14 candidate genes based on their known participation in the vitamin K cycle 

and published data on their interaction with warfarin as was accessed using CTD (Davies et al., 

2017) (Table 4.3). I tabulated positions that were polymorphic between the RW and RW+ 

libraries. Out of these, 4 genes do not show any polymorphism while few genes, Vkorc1, Orm1 

and F7 each only carry 1 polymorphic site. The remaining genes carry multiple polymorphisms 

(Figure 4.4).  

 
 
Table 4.3: List of genes considered in this study as potential candidate genes based on their role 

in Vitamin K cycle and their known interaction with warfarin as reported in the Comparative 

Toxicology Database (CTD).  

 
Gene name Role in Vitamin K cycle Interaction with warfarin 
Vkorc1 Reduction of oxidized vitamin K. Warfarin blocks activity of 

VKOR.  
Ggcx Carries out reduction of oxidized 

vitamin K which is essential for 
activation of vitamin K dependent 
coagulation factors. (Wu et al. 1997; 
Berkner 2000) 

GGCX protein results in 
increased susceptibility to 
Warfarin. (Herman et al. 2006) 

Calu Binds to VKOR and inhibits the effect 
of warfarin. (Wallin et al. 2001; Wajih 
et al. 2004) 

CALU polymorphism affects 
the susceptibility to Warfarin. 
(Wallin et al. 2001) 

Ephx1 Putative subunit of the VKOR complex 
and harbors a VKOR binding site. 
(Loebstein et al. 2005; Cain, Hutson, 
and Wallin 1997; Morisseau and 
Hammock 2005) 

EPHX1 protein results in 
increased susceptibility to 
Warfarin. (Krynetskiy and 
McDonnell 2007) 

Apoe Vitamin K 1 is absorbed from the small 
intestine along with dietary fat, and 
subsequently cleared by the liver 
through APOE receptor specific 
uptake. (Berkner and Runge 2004) 

APOE gene mutant form 
results in increased 
susceptibility to Warfarin. (Li 
et al. 2013) 
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Orm1 Warfarin is rapidly absorbed from the 
stomach and the upper gastrointestinal 
tract, and in the circulating blood it is 
highly bound to albumin encoded by 
Orm1. (Otagiri et al. 1987) 

ORM1 protein results in 
increased susceptibility to 
Warfarin. (Krynetskiy and 
McDonnell 2007) 

Gas6 Vitamin K dependent clotting factor. 
(Berkner and Runge 2004) 

Warfarin results in decreased 
carboxylation of GAS6 
protein. (Kirane et al. 2015) 

F7 Vitamin K dependent clotting factor. 
(Berkner and Runge 2004) 

F7 gene mutant form affects 
the susceptibility to Warfarin. 
(Davidson, Turner, and Tillyer 
2010) 

Abcb1 Transport of warfarin out of the liver 
and into the bile may be mediated by P-
glycoprotein, which is encoded by 
ABCB1.  

ABCB1 protein affects the 
metabolism of Warfarin. (De 
Oliveira Almeida et al. 2011) 

F2 Vitamin K dependent clotting factor. 
(Berkner and Runge 2004) 

F2 gene polymorphism affects 
the susceptibility to Warfarin. 
(Shikata et al. 2004) 

Proc Vitamin K dependent clotting factor. 
(Berkner and Runge 2004) 

PROC gene polymorphism 
affects the susceptibility to 
Warfarin. (Krynetskiy and 
McDonnell 2007; Wadelius et 
al. 2007) 

Pros1 Vitamin K dependent clotting factor. 
(Berkner and Runge 2004) 

PROS1 gene polymorphism 
affects the susceptibility to 
Warfarin. (Jorgensen et al. 
2009) 

F10 Vitamin K dependent clotting factor. 
(Berkner and Runge 2004) 

Warfarin results in decreased 
activity of F10 protein. (Ohishi 
et al. 2010) 

 
 
4.3.6 Geographical mapping of ancestral and derived variants 

 

To estimate the origin of newly derived mutations, including those unique to warfarin 

resistant rats in Europe, I tabulated their occurrences and frequencies in genomes sampled by 

Zeng et al., 2018. From this and other studies, the Chinese population of Norway rats was shown 

as the ancestral population of Norway rats from where the species dispersed. I categorized alleles 
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as rare (2% or less) or common, such that variants unique to the RW library that are present in 

2% or more samples out of the 40 Chinese samples have been considered as common variants 

while those that occur in fewer than 2% of the samples representing China are considered as rare. 

Thus, we discuss four types of alleles found in the RW library: common ancestral variants; 

common derived variants; rare ancestral variants and rare derived variants.  

 

Common ancestral and common derived variants are almost equally frequent in the RW 

library (17 and 18 respectively). However, rare derived alleles of which Vkorc1 position 139 is 

an extreme example are less frequent comparatively (only 4 instances). Vkorc1, Orm1, F7 carry 

exclusively derived variation (both rare and common). All the other genes, including Ephx1, 

Abcb1 and Ggcx not only show comparatively higher number of polymorphic sites but carry 

ancestral variants in addition to derived variants (Figure 4.4A, Figure 4.5). 
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Figure 4.4: A. Proportion of sites that differ between roof rat and one or more Norway rat 

individual (divergent sites) in the potential candidate genes and number of sites in these genes 

that are polymorphic within Norway rats from Germany.  B. Summary of the types of alleles 

seen at sites that are polymorphic between the German rats (in purple in A) Common Ancestral 

refers to number of ancestral alleles that are present in 2% or more Chinese individuals. 

Common derived refers to number of derived alleles that are present in 2% or more Chinese 

individuals. Rare ancestral refers to number of ancestral alleles that are present in less than 2% of 

Chinese individuals. Rare derived refers to number of derived alleles that are present in less than 

2% of Chinese individuals. 
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Figure 4.5: An overview of the interaction between warfarin and the 29 genes. This pathway 

illustrates genes thought to mediate the effects of warfarin. It also depicts a simplified 

representation of the biotransformation of warfarin and vitamin K (adapted from Wadelius et al. 

2007). Pie charts represent the distribution of the different types of alleles observed at sites that 

are polymorphic within the German rats in the putative candidate genes. * indicates rare derived 

variation that is present in only RW library and absent in all other Norway rat libraries and roof 

rat libraries. 

 

 

4.4 DISCUSSION 

 

One of the main questions in understanding how natural selection assembles a polygenic 

adaptive trait is how much of the trait is controlled by new mutations and how much is controlled 

by ancestral variations. Previous studies have shown that position 139 in Vkorc1 plays a major 

role in conferring resistance to Norway rats in Germany (Rost et al. 2004; Kohn, Pelz, and 

Wayne 2000). Although studies of warfarin resistance in Norway rats from all over the globe 

have identified several mutations in Vkorc1 (Oldenburg et al. 2014), it is interesting to note that 

Y→C mutation in position 139 in Vkorc1 is the only mutation seen in resistant rats in Germany 

(Pelz et al. 2005) and the authors of this study suggest that independent mutation event has led to 

this variation in these rats. In this chapter, I first wanted to confirm whether Y→C mutation at 

position 139 in Vkorc1 is indeed a new mutation or otherwise. By looking at that position in 

additional 47 wild Norway rats captured from ancestral region of China, Middle East and Europe 

and 2 wild roof rats, I concluded that is position is indeed a new mutation that could have either 
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arrived in Germany with a migrant or arisen through mutation event after the application of 

warfarin. Interestingly, this same variation has also been observed in resistant rats in England 

(Juan C.Diaz, 2018, Unpublished thesis) (Pelz et al. 2005) making it important to look at level of 

gene flow in future studies between these two populations of rats to infer whether migration 

events introduced this variation in either of the populations.  

 

A main motivation for this study was to see if it is feasible to use warfarin resistant field 

populations of Norway rats to identify candidate genes interacting with warfarin. In rat 

populations strongly selected with warfarin, we expect to find strong adaptive signals at genes 

that increase fitness of the rats by encoding warfarin resistance just like the case of Vkorc1. If 

this is the case, we expect to see a good number of genes associated with Vitamin K cycle or 

known to interact with warfarin to show the presence of new mutation in these resistant rats that 

have been selected with warfarin. In this chapter, I conducted a whole exome scan for the pattern 

of new mutation observed at Vkorc1 to identify additional genes that show similar pattern. The 

scan revealed that contrary to our expectations, the pattern of new mutation as seen in Vkorc1, is 

a rare pattern in resistant rats at both synonymous and non-synonymous sites. Although rare, I 

was still able to detect around 150 genes with a heterozygous new mutation pattern. Closer 

inspection of these genes led to identification of 8 genes that have biological functions related to 

Vitamin K cycle. These genes definitely merit further investigation as candidate genes that may 

be associated with warfarin resistance. It is important to keep in mind the quality of the whole 

genome sequences of the resistant and sensitive rats used in this study. As the coverage depth for 

these samples are low and the error rate is high, we would need more sampling and deeper 

sequencing coverage in future studies to confidently call these candidate genes.  
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Interestingly, none of the genes known to participate in Vitamin K cycle or interact with 

warfarin showed the same pattern of new mutation as seen in Vkorc1. One possible explanation 

is that variation in Vkorc1 controls all of the warfarin resistance phenotype. However, we know 

from human studies that other genes such as Cyp2c9 and others have been shown to play a major 

role in warfarin dosage (Wadelius et al. 2005) and hence, it is most likely that warfarin resistance 

in rats is controlled by multiple genes. Polygenic adaptive traits most likely involve many genes 

of small effects where the variations have mostly arisen from standing variations or ancestral 

variations that were present in populations in varying frequencies before the selection pressure. 

Given this, another possibility why I did not detect new mutation in genes known to participate 

in Vitamin K cycle could be because the alleles in these genes have arisen from ancestral 

variations. If this is true in case of warfarin resistance, detecting such variations arising from 

ancestral variations would be difficult in these outbred resistant rats using classical methods that 

typically look for hard sweep signals whereas ancestral positions mostly display a soft sweep 

signal (Pritchard, Pickrell, and Coop 2010; Messer and Petrov 2013).  

To test whether resistance to warfarin in Norway rats can arise from ancestral variations, 

I looked closely at candidate genes that are known to be part of the Vitamin K cycle and are 

known to interact with warfarin. It is interesting to note that out of the 14 genes investigated, 4 

genes do not show any polymorphism. This means that these genes are most likely not 

participating in warfarin resistance through any changes at protein coding level. Although, it is 

possible that these genes participate in resistance through expression changes, a phenomenon 

that cannot be detected in my current study design. The remaining 10 genes showed 

polymorphism between resistant and sensitive individuals and hence, were of interest. The whole 
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exome sequences from the 48 Norway rats and 2 roof rat individuals provided me with an 

opportunity to investigate the level of ancestral and derived variations in these 10 genes that 

show polymorphism between resistant and sensitive rats. Categorizing the observed levels of 

ancestral and derived variation in Norway rats based on the allele frequency in the Chinese 

population gave me a framework to identify alleles that are common or rare in Norway rats. The 

cut off of less than 2% in Chinese population to be called a rare variant seems arbitrary but the 

idea behind this was to be able identify all alleles that are present and in higher frequency in 

ancestral population of China. This is important because if alleles associated with resistance in 

Germany are found to be common in Norway rats from China, then these alleles have most likely 

been present in the populations at varying frequencies depending upon demographic events even 

prior to selection pressures and hence, may show a signal of soft sweep making it difficult to 

detect these alleles in the resistant rats. A majority of the polymorphic alleles (both ancestral and 

derived) were found to be common in the Chinese populations indicating that the causative allele 

in resistant rats could have been selected from this existing variations present in Norway rats. 

This is not surprising under the model for adaptation from standing variation (Przeworski, Coop, 

and Wall 2005) where selection could have acted on variation that existed in the population in 

high frequency even before the advent of selection pressure. In fact, this has been documented in 

the threespine sticklebacks that moved from marine environments to colonize freshwater lakes 

and streams in the past 20,000 years (Colosimo et al. 2005). In these fish the allele associated 

with the adaptive phenotype is found at 3.8% frequency in the marine populations. Thus, 

directional selection appears to have acted on standing variation present at non-negligible 

frequency in the ancestral environment. Given that my study design included only one library of 

resistant and one library of sensitive individuals, I was unable to calculate a site frequency 
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spectrum for these alleles. Site frequency spectrum would have shed light on the signal of sweep 

in these genes. A soft sweep is often indicated by a loss of rare alleles around the associated 

allele which is opposite to what is observed in case of a hard sweep (Kim and Stephan 2002; Fay 

and Wu 2000; Pennings and Hermisson 2006; Kaplan, Hudson, and Langley 1989).  

 

It is important to make a note about the genes that showed rare ancestral or rare derived 

variations. Position 139 in Vkorc1 is an extreme case of rare derived allele where this allele is not 

only absent in China but also absent in Middle East and other European individuals. Similar to 

Vkorc1, Orm1 gene showed only one polymorphic site between resistant and sensitive rats and 

interestingly this allele was found to be absent in the Chinese population. Although, the allele is 

seen in Middle East at a low frequency, it is completely absent in the European populations only 

to be present as a heterozygous allele in resistant rats. It is interesting to note that based on 

randomly chosen 15K synonymous SNPs, German rats were found to be closer to the Middle 

East population than other European populations (Supplementary Figure 4.1). Polymorphisms in 

Orm1 have been shown in human populations to be associated with warfarin dosage maintenance 

(Wang et al. 2013; Jiang et al. 2018) indicating that this gene may also be involved in warfarin 

resistance in these Norway rats. Additionally this is a synonymous allele and is most likely to be 

hitch-hiking with a nearby causative allele. It is possible that Orm1 participates in warfarin 

resistance through gene expression change and in this case the causative allele could be in the 

promoter region of the gene. Given the absence of this allele in the European populations, it is 

possible that we may be able to detect this allele and the causative allele if it associated with 

resistance in German rats using the classical hard sweep detection methods. This would require 

in future more sampling of both resistant and sensitive individual as well higher sequencing 
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depth at this gene and its promoter regions. The other gene that shows a rare derived allele in 

resistant rat is F10. This allele shows a very similar pattern as seen in Orm1. This allele too is at 

a synonymous position and could be hitch hiking with a nearby common derived variation 

detected at a non-synonymous site or with a causative allele that may not have been detected 

under the current study design.  

Finally, the other gene where a rare derived allele is seen is in Ggcx. Several studies in 

humans have shown polymorphisms in this gene to be associated with warfarin dosage variation 

(Kamali et al. 2013; Chen et al. 2005; Guenthner, Cai, and Wallin 1998; Tian et al. 2015). Unlike 

the other genes, the rare derived allele in Ggcx, although low in frequency in Chinese population 

based on my criteria, is still present in China. Moreover, this allele is highly frequent in both 

Middle East and in the European populations including in the sensitive Norway rat in Germany. 

From this pattern, it seems like if this was a causative allele, it would be difficult to detect it 

given its high level of frequency due to demographic events.  

 

This study is taking a first look at the levels of ancestral and derived variations in protein 

coding regions in resistant Norway rat and suggesting the idea that ancestral variation in genes 

other than Vkorc1 could possible play a role in warfarin resistance in Norway rats in Germany. It 

is important to keep in mind several caveats of this experimental design. Firstly, in this 

experimental design, population structure inferred in Chapter 2 has not been considered. 

Population structure and demographic events can change the amount of ancestral variation 

available for selection to work on and hence, these same genes may show different levels of 

ancestral and derived variation under different population structures. Secondly, only protein 

coding regions were looked at in this study. This approach could not have detected genes that 
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participate in warfarin resistance through expression change. Causative variations in promoter 

regions have also been missed by using this approach. Finally, three resistant rats were pooled 

into one library for sequencing and hence, it was not possible to perform scans for positive 

selection and look at the signal of hard and soft sweeps around my genes of interest. In addition, 

the sequencing depth for the two resistant and sensitive rat libraries was very low (approximately 

3x) and includes read errors that might interfere with the findings of this chapter.  

 

 

4.5 CONCLUSION 

 

In this chapter, I used whole genome sequences of 48 Norway rats and 1 roof rat to first 

confirm that the causative variation observed at position 139 in Vkorc1 is indeed a new mutation. 

Moreover, I used this pattern observed at Vkorc1 to look for additional genes that might be 

playing a role in warfarin resistance. I identified 8 additional candidate genes by this method. 

These genes have biological functions related to vitamin K cycle and blood coagulation and 

could be considered as potential candidate genes. In addition, I tabulated the level of ancestral 

and new mutation observed at polymorphic positions in genes that are known to be part of 

vitamin K cycle and interacting with warfarin. My preliminary investigation indicates that there 

is considerable level of ancestral variation in these genes which may play a role in warfarin 

resistance in the different populations of Norway rats.  
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 The main aim of my dissertation work is to look at whether natural outbred populations 

of Norway rats display complex demographic histories and whether there is presence of ancestral 

variations in wild populations of Norway rats which may lead to adaptation to warfarin as seen in 

resistant rats. Exploring these two lines of research is important as we would like to identify 

candidate genes associated with warfarin resistance in future studies and findings from these 

avenues are important in designing these studies. Briefly, my dissertation shows evidence that 

contrary to expectations, demographic history of resistant and sensitive farm rats is far more 

complex. In addition, my work showed the presence of ancestral variation in varying frequencies 

depending upon the demographic history in potential candidate genes indicating that it is highly 

likely that warfarin resistance draws upon from standing variation available within populations.  

Below is a summary of my reflections on the main findings, contributions and limitations of each 

chapter. 

5.1 CONCLUSION 

 

 In chapter 2, I mapped and annotated raw whole genome sequence of Rattus rattus, roof 

rat, a closely related sister species of Norway rat and made available the genome sequence of the 

roof rat as a resource for future studies. By estimating the ratio of rate of non-synonymous to 

synonymous changes (dN/dS) in the protein coding regions of the roof rat, Norway rat and the 

mouse, I identified genes that are under faster rate of evolution in one rat compared to the other 

rat species as well as overall in Rattus lineage. Although, in depth comparison of speed of 

evolution of protein coding genes between Norway rat and the mouse has been done before 

(Gibbs et al., 2004), in this study, for the first time by adding the roof rat, I have identified fast 
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evolving genes specific to the Rattus lineage and showed that most genetic changes in the rat 

lineage happened before the split between the roof rat and the Norway rat. I found biological 

processes involved in immune response in Rattus lineage to be under increased selection 

pressure and hence, are evolving faster than other biological processes. I applied a fold change 

difference method for the first time to dN/dS estimates to identify genes evolving quickly in one 

rat species compared to the other rat species. Although estimating fold change to identify genes 

of interest is a standard practice in gene expression studies, in this study, I demonstrated 

effectively how this method can be used to identify relatively fast evolving genes. This method 

led to identification of at least 4 specific genes that are evolving relatively fast in one rat species 

compared to the other. Overall, comparison between the two rat species revealed divergence at 

sex related genes and immune response genes. In addition, the roof rat is a known reservoir of a 

wide range of human pathogens (Meerburg et al., 2009) and is famous for the spread of bubonic 

plague (Tollenaere et al., 2011). The mapped whole genome sequence provided in this study now 

makes it easier to study some of the genes of biomedical relevance in the roof rat. For instance, I 

detected non-synonymous variations in 52 genes that are found within 500 kb of genetic 

markers, which appear to underlie plague resistance in roof rats from Madagascar (Tollenaere et 

al., 2011). In addition to being a reservoir of pathogens, the roof rat is also a highly adaptable 

pest making the whole genome sequence a great resource for future studies to look at level of 

variations in genes and conserved non coding regions of interest.  

 It is important to note that my study design did not take into account the role of gene 

family duplication. A lot of interspecies differences especially between close related species is 

seen to be facilitated by gene family duplication and expansion (Mullins and Mullins, 2004). It is 

highly possible that major differences between the two rat species can be explained almost 
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entirely by gene family duplications which I have not been able to detect under the current study 

design. In future, whole genome sequencing of the roof rat at a much higher sequence depth 

(>60x) (Sohn and Nam, 2018) may be used in de novo assembly of the genome. De novo 

assembly will help identify novel genes, detect gene family expansions and duplications (Zhou et 

al., 2017) in roof rat and can thus, throw light on evolution by gene family duplication in roof 

rats.  

 In addition to using the genome sequence of roof rat under a comparative genomics 

framework, I demonstrated the use of the genome sequence of a close sister species in 

polarization of alleles in Norway rats in the following chapters. Previously, mouse genome 

sequence was used for polarization of alleles in Norway rat. However, a closer outgroup species 

such as the roof rat in this case, is a much more informative outgroup in helping us identify 

derived alleles from ancestral variation in Norway rats.  

 

 In chapter 3, I utilized RAD sequencing technique to show that rats from farms in west 

Germany do not cluster based on their farm of origin or their phenotype to warfarin. In fact, I 

found support for 4 population clusters and the absence of genetic differentiation based on 

geographic distance indicating high level of genetic connectivity between these farms. These 

findings influence future studies looking to identify warfarin resistant candidate loci in these rats. 

We can now use this information about population clusters to select individuals for future 

studies. Instead of selecting individuals based on their farm of origin, we can now select 

individuals based on their designated population cluster and look for genes associated with 

warfarin resistance within these population clusters. Accounting for population structure is 

important as allele frequency difference and admixture can lead to false positive results (Tian et 
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al., 2008). Association tests performed within these population clusters are expected to increase 

the strength of association and in turn the power of detection of candidate genes associated with 

warfarin resistance.  

 An interesting outcome of this work is that identification of these population clusters 

within the same geographic area now provides us with an excellent platform to probe how 

adaptive variants arise and are maintained within these clusters in the face of gene flow and drift. 

Population genetic parameters estimated for these inferred population clusters as well as those 

calculated for the entire German population can now be used in building demography models 

taking into account migration and selection on warfarin resistant variants to address this. This is 

especially important for candidate variants other than Vkorc1 that may show different allele 

frequencies in different population clusters. It is important to note that sampling in this study 

included higher number of resistant individuals captured mostly from few large closely situated 

farms. In future, this needs to be addressed by sampling more evenly from all farms. 

 

 In chapter 4, I made use of the whole genome sequence of the roof rat to polarize alleles 

into derived variation or standing variation in Norway rat. Using the whole genome sequences of 

Norway rats collected from around the globe, I investigated the level of standing variants and 

new mutations at all polymorphic positions in protein coding regions in Norway rats. A major 

finding from this work is that the variation seen in Vkorc1 in resistant rats is a derived mutation 

and instances of such newly derived variations in resistant rats is very rare. This highlights the 

possibility that ancestral variation are most likely to play a role in this trait. My work detected 8 

other genes that show a new mutation at a non-synonymous site, like Vkorc1, and are associated 

with vitamin K cycle, making them potential candidate genes meriting further investigation. I 
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found considerable level of standing variants at polymorphic sites in other genes associated with 

Vitamin K cycle. These standing variants differed in frequencies between populations of Norway 

rats captured from several regions around the world indicating that depending upon the 

population under study, these variants may be become difficult to detect using a standard 

classical sweep model (Pennings and Hermisson, 2006; Pritchard et al., 2010).  

 Although, we see the presence of standing variants in candidate genes, I cannot conclude 

that these standing variants are playing a role in warfarin resistance. First off, the sequencing 

coverage of my samples is extremely low leading to increase in false positive error rate. My 

sample size of resistant and sensitive rats for this study was too small to perform selection scans 

around these variants to confirm the signal of selection if any. In addition, population structure 

information from chapter 3 was not taken into account. Population structure can affect the 

amount of standing variation in a population as well as the signal of positive selection at a locus. 

A recent study looking at Foxp2 gene initially thought to be involved in evolution of language in 

humans, showed that signal of positive selection at this gene varied when different population 

structures are considered (Atkinson et al., 2018). Moreover, in the current exploration, I have 

ignored variants in promoter regions an in conserved non-coding regions. In future, we must take 

these into account as well since some of these genes could be involved in warfarin resistance 

through expression changes and may go undetected if we looked only at protein coding regions.  

5.2 FUTURE DIRECTIONS 

 

 As we have discussed in this dissertation, adaptation by standing variants can lead to 

weak signals in the form of soft sweeps. It is also important to keep in mind that adaptation from 

multiple origins of mutation are also known to lead to soft sweep signals as explained in 
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(Hermisson and Pennings, 2017). In any case, including positive selection from newly derived 

mutation, only recent adaptive events leave detectable signals in the form of hard or soft sweeps. 

Moreover, for a clear signal to be picked up by site frequency spectrum methods like Tajima’s D 

(Tajima, 1989) or linkage disequlibrium (LD) based methods (Przeworski, 2002) selection must 

be strong. In our study population, signal of selection at the Vkorc1 locus shows a recent strong 

selective event increasing our chances of detecting these signals. However, soft sweeps can even 

then be harder to detect especially if there are many independent origins of the beneficial allele 

in the population or if its starting frequency in the ancestral population was high to begin with 

(Berg and Coop, 2014; Peter et al., 2012). Availability of whole genome sequences of Norway 

rats from different regions of the world including the ancestral region of China (Zeng et al., 

2018), has now made it possible for us to investigate empirically the frequency of these 

variations in these populations shedding light on starting frequency of these variants.  

 As demonstrated by (Ferrer-Admetlla et al., 2014; Pennings and Hermisson, 2006) site 

frequency based methods are not as powerful in detecting soft sweeps whereas haplotype based 

methods are more successful in detecting both hard and soft sweeps (Garud and Rosenberg, 

2015). Keeping these caveats in mind, in our future study designs, we must sample sufficient 

number of resistant and sensitive individuals from each of the inferred population clusters. Deep 

sequencing of these potential candidate genes in these individuals will yield haplotype based 

information that can then be used to look for signals of sweep using one of the above mentioned 

statistics. An advantage of our warfarin resistant study system is the availability of the genome 

sequence of the source/ancestral population of Norway rats, namely the rats from China. 

Evidence from these samples can complement the signals at these genes in the resistant rats and 
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such analyses have been shown to be more successful in general in detecting adaptation from 

these standing variants (Barrett and Schluter, 2008).  
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Supplementary Files 
 

A. SUPPLEMENTARY TABLES 
 
Supplementary table 2.1: Official gene IDs of genes from Ensembl of genes with non-
synonymous SNPs in the roof rat genome with reference to Norway rat genome sequence. 
(Electronic version only) 
 
Supplementary table 2.2: Pair-wise dN, dS, dN/dS of orthologous transcripts between mouse 
and Norway rat and between mouse and roof rat. (Electronic version only) 
 
Supplementary table 2.3: Pair-wise dN, dS and dN/dS of transcripts between Norway rat and 
roof rat. (Electronic version only) 
 
Supplementary table 2.4: Gene ontology enrichment analyses of genes with fixed non 
synonymous SNPs (n = 14250) in the roof rat. Reference used: Rattus norvegicus. Rattus 
norvegicus REFLIST denotes number of genes in Rattus norvegicus reference genome; # of 
Genes denotes number of genes in my analyses; Raw P-value denotes uncorrected P-value; FDR 
denotes the false discovery rate estimate.  

 

GO biological process complete 
Rattus norvegicus - 
REFLIST (21412) 

# of Genes 
(14250) Raw P-value FDR1 

response to stress (GO:0006950) 2969 2230 3.20E-06 4.17E-03 
regulation of response to 
stimulus (GO:0048583) 3456 2566 4.45E-06 4.64E-03 

response to chemical 
(GO:0042221) 5020 3662 1.32E-06 2.06E-03 

response to stimulus 
(GO:0050896) 7932 5785 1.53E-11 4.79E-08 

signal transduction 
(GO:0007165) 4769 3474 4.15E-06 4.99E-03 

cellular response to stimulus 
(GO:0051716) 6445 4683 3.65E-08 7.13E-05 

signaling (GO:0023052) 5069 3675 5.72E-06 5.59E-03 
cell communication 

(GO:0007154) 5220 3782 4.39E-06 4.90E-03 
multicellular organismal process 

(GO:0032501) 7082 5077 6.62E-07 1.15E-03 
biological_process 

(GO:0008150) 16301 11653 2.14E-37 1.68E-33 
biological regulation 

(GO:0065007) 11479 8163 8.15E-12 3.18E-08 

                                                 
1 FDR: False Discovery Rate 
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organic substance metabolic 
process (GO:0071704) 7267 5166 7.43E-06 6.84E-03 

cellular process (GO:0009987) 13386 9514 2.20E-16 1.15E-12 
metabolic process (GO:0008152) 7693 5467 3.16E-06 4.49E-03 
regulation of biological process 

(GO:0050789) 10841 7689 7.43E-10 1.94E-06 
primary metabolic process 

(GO:0044238) 6925 4911 3.24E-05 2.82E-02 
regulation of cellular process 

(GO:0050794) 10302 7302 7.26E-09 1.62E-05 
Unclassified (UNCLASSIFIED) 5111 2597 2.14E-37 3.35E-33 

 
Supplementary table 2.5: Gene ontology analyses of genes with dN/dS > 1 between Norway rat 
and the roof rat. Annotation cluster enrichment score estimated by DAVID; Rattus norvegicus 
REFLIST denotes number of genes in Rattus norvegicus reference genome; # of Genes denotes 
number of genes in my analyses; Raw P-value denotes uncorrected P-value; FDR denotes the 
false discovery rate estimate. 
 

Annotation Cluster 1 Enrichment Score: 3.086    

Category Term # 
Genes 

P-Value FDR 

GOTERM_MF_DIRECT GO:0005125~cytokine activity 9 2.490E-06 3.053E-03 

KEGG_PATHWAY rno04060:Cytokine-cytokine 
receptor interaction 

8 1.840E-04 1.912E-01 

GOTERM_BP_DIRECT GO:0042517~positive 
regulation of tyrosine 

phosphorylation of Stat3 
protein 

4 
8.770E-04 1.297E+00 

KEGG_PATHWAY rno04630:Jak-STAT signaling 
pathway 

6 9.210E-04 9.521E-01 

GOTERM_BP_DIRECT GO:0006955~immune 
response 

6 2.388E-02 3.022E+01 

GOTERM_BP_DIRECT GO:0008284~positive 
regulation of cell proliferation 

8 3.438E-02 4.059E+01 

       Annotation Cluster 2 Enrichment Score: 
0.6760733160504908 

     

Category Term # 
Genes 

P-Value FDR 

GOTERM_BP_DIRECT GO:0006954~inflammatory 
response 

6 3.545E-02 4.157E+01 

KEGG_PATHWAY rno04062:Chemokine 3 2.646E-01 9.588E+01 



123 
 

signaling pathway 

GOTERM_BP_DIRECT GO:0007186~G-protein 
coupled receptor signaling 

pathway 

5 
9.990E-01 1.000E+02 

     Annotation Cluster 3 Enrichment Score: 
0.6085191615150687 

   

Category Term # 
Genes 

P-Value FDR 

GOTERM_BP_DIRECT GO:0045892~negative 
regulation of transcription, 

DNA-templated 

7 
1.069E-01 8.143E+01 

GOTERM_MF_DIRECT GO:0003690~double-stranded 
DNA binding 

3 1.615E-01 8.849E+01 

GOTERM_BP_DIRECT GO:0006351~transcription, 
DNA-template 

4 8.651E-01 1.000E+02 

       Category Term # 
Genes 

P-Value FDR 

CHROMOSOME 11 12 7.769E-03 5.763E+00 
 
Supplementary table 2.6: Gene ontology analyses of genes with 0<dN/dS<0.25 between 
Norway rat and roof rat (n = 4371). Reference used: Rattus norvegicus. Rattus norvegicus 
REFLIST denotes number of genes in Rattus norvegicus reference genome; # of Genes denotes 
number of genes in my analyses; Raw P-value denotes uncorrected P-value; FDR denotes the 
false discovery rate estimate.  
 

GO biological process 
complete 

Rattus norvegicus 
- REFLIST 

(21412) 

# Genes (4371) Raw P-value FDR 

cellular metabolic process 
(GO:0044237) 

6854 1555 5.35E-06 9.29E-03 

primary metabolic process 
(GO:0044238) 

6925 1571 4.78E-06 9.34E-03 

metabolic process 
(GO:0008152) 

7693 1745 6.94E-07 2.71E-03 

nitrogen compound 
metabolic process 

(GO:0006807) 

6395 1445 3.32E-05 4.72E-02 

organic substance 
metabolic process 

7267 1640 6.67E-06 1.04E-02 
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(GO:0071704) 

biological_process 
(GO:0008150) 

16301 3654 1.95E-28 1.52E-24 

cellular process 
(GO:0009987) 

13386 2985 3.36E-13 1.75E-09 

regulation of cellular 
process (GO:0050794) 

10302 2277 1.73E-06 4.50E-03 

regulation of biological 
process (GO:0050789) 

10841 2390 1.05E-06 3.28E-03 

biological regulation 
(GO:0065007) 

11479 2514 2.41E-06 5.38E-03 

Unclassified 
(UNCLASSIFIED) 

5111 717 1.95E-28 3.04E-24 
 

 
Supplementary table 2.7: Gene ontology enrichment of genes that show 2-fold difference in 
dN/dS between Norway rat and roof rat and are under purifying selection in either rat species. 
Rattus norvegicus REFLIST denotes number of genes in Rattus norvegicus reference genome; # 
of Genes denotes number of genes in my analyses; Raw P-value denotes uncorrected P-value; 
FDR denotes the false discovery rate estimate.  
 

Comparatively fast evolving 
genes with dN/dS <0.25 in 

Norway rat 

    

GO biological process complete Rattus norvegicus - 
REFLIST (21412) 

# Genes 
(84) 

Raw P-value FDR 

regulation of heart growth 
(GO:0060420) 

69 5 1.05E-05 4.12E-02 

striated muscle tissue 
development (GO:0014706) 

316 9 5.03E-06 3.93E-02 

muscle tissue development 
(GO:0060537) 

332 9 7.41E-06 3.86E-02 

tissue development 
(GO:0009888) 

1614 20 3.53E-06 5.53E-02 
 

Comparatively fast evolving 
genes with dN/dS <0.25 in roof 

rat 

    

nephron development 
(GO:0072006) 

133 9 1.58E-06 2.47E-02 
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G-protein coupled receptor 
signaling pathway (GO:0007186) 

2009 1 2.73E-06 2.14E-02 
 

 
Supplementary 2.8: Functional enrichment of genes evolving relatively fast (based on 2 fold 
difference) in the roof rat with 0.25<dN/dS <1. Rattus norvegicus REFLIST denotes number of 
genes in Rattus norvegicus reference genome; # of Genes denotes number of genes in my 
analyses; Raw P-value denotes uncorrected P-value; FDR denotes the false discovery rate 
estimate. Genes are official gene IDs from Ensembl. 

 

Term # 
Genes 

P-Value Genes FDR 

GO:0006657~CDP-choline pathway 2 1.704E-02 Chka, Cept1 2.112E+01 

GO:0034976~response to endoplasmic 
reticulum stress 

3 1.723E-02 Bbc3, Tmbim6, 
Park2 

2.133E+01 

GO:0006646~phosphatidylethanolamine 
biosynthetic process 

2 2.665E-02 
Chka, Cept1 

3.112E+01 

GO:0035264~multicellular organism 
growth 

3 2.735E-02 
Ccm2, Zfx, Pcdh15 

3.179E+01 

GO:0000209~protein polyubiquitination 3 2.881E-02 Ube2D2, Ubox5, 
Park2 3.319E+01 

GO:0006656~phosphatidylcholine 
biosynthetic process 

2 3.380E-02 
Chka, Cept1 

3.778E+01 

GO:1902236~negative regulation of 
endoplasmic reticulum stress-induced 
intrinsic apoptotic signaling pathway 

2 
4.794E-02 

Tmbim6, Park2 
4.924E+01 

GO:0006979~response to oxidative 
stress 

3 4.979E-02 Hmox2, Rbpms, 
Park2 

5.058E+01 

GO:0007156~homophilic cell adhesion 
via plasma membrane adhesion 

molecules 

3 
5.225E-02 

Dsc2, Pcdh15, Cdh4 
5.232E+01 

GO:0001964~startle response 2 5.261E-02 Pcdh15, Park2 5.257E+01 

GO:0006891~intra-Golgi vesicle-
mediated transport 

2 5.494E-02 
Cog8, Gosr2 

5.415E+01 

GO:0006986~response to unfolded 
protein 

2 5.958E-02 
Tmbim6, Park2 

5.716E+01 

GO:0006915~apoptotic process 4 6.030E-02 Bbc3, Tmbim6, 
Sh3Kbp1, Nek6 5.762E+01 

GO:0070059~intrinsic apoptotic 
signaling pathway in response to 

2 7.790E-02 
Bbc3, Tmbim6 

6.735E+01 
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endoplasmic reticulum stress 

GO:0005737~cytoplasm 25 

5.160E-04 

Chka, Fgfr1, 
Anks1B, Ccm2, 

Tmbim6, Chchd3, 
Tmsb10, Pcdh15, 

Park2, Ocm2, 
Acss2, Zfr, Stau2, 
Arpc1A, Sumo3, 
Elmod3, Rbpms, 
Aamdc, Ns5Atp9, 
Sh3Kbp1, Chn2, 
Nop58, Gskip, 
Doc2B, Nek6 

5.607E-01 

GO:0031410~cytoplasmic vesicle 4 3.162E-02 Fgfr1, Oprl1, Dsc2, 
Park2 2.955E+01 

GO:0045202~synapse 4 3.641E-02 Sh3Kbp1, Pcdh15, 
Park2, Doc2B 3.326E+01 

GO:0005789~endoplasmic reticulum 
membrane 

5 4.866E-02 
Cept1, Tmbim6, 
Gosr2, Park2, 

Fkbp10 
4.195E+01 

GO:0043234~protein complex 5 6.444E-02 Ccm2, Ube2D2, 
Tle6, Park2, Ocm2 5.163E+01 

GO:0043005~neuron projection 4 7.375E-02 Frmd7, Oprl1, 
Sh3Kbp1, Park2 5.662E+01 

GO:0032420~stereocilium 2 7.886E-02 Elmod3, Pcdh15 5.916E+01 

GO:0010494~cytoplasmic stress granule 2 8.572E-02 Rbpms, Stau2 6.235E+01 

GO:0005509~calcium ion binding 7 
5.957E-03 

Egfem1, Dsc2, 
Pcdh15, Doc2B, 
Ocm2, Fkbp10, 

Cdh4 

6.485E+00 

GO:0005515~protein binding 8 
8.185E-02 

Hmox2, Fgfr1, 
Bbc3, Sh3Kbp1, 

Nop58, Park2, Zfr, 
Stau2 

6.164E+01 

GO:0030544~Hsp70 protein binding 2 8.524E-02 Park2, Stau2 6.320E+01 

GO:0019894~kinesin binding 2 9.620E-02 Stau2, Nek6 6.786E+01 

rno04120:Ubiquitin mediated 
proteolysis 

3 3.665E-02 Ube2D2, Ubox5, 
Park2 

2.908E+01 

 
Supplementary 2.9: Functional enrichment of genes in roof rat with dN/dS > 1 between roof rat 
and mouse and dN/dS <1 between Norway rat and mouse. Rattus norvegicus REFLIST denotes 
number of genes in Rattus norvegicus reference genome; # of Genes denotes number of genes in 
my analyses; Raw P-value denotes uncorrected P-value; FDR denotes the false discovery rate 
estimate. Genes are official gene IDs from Ensembl. 
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Term Count P-Value Genes FDR 

domain:Sushi 2 2 1.570E-02 Il2Ra, Apoh 1.425E+01 

Sushi 2 3.081E-02 Il2Ra, Apoh 2.760E+01 

GO:0045859~regulation of protein 
kinase activity 

2 3.727E-02 
Prkar1B, Cks1L 

3.725E+01 

IPR000436:Sushi/SCR/CCP 2 5.590E-02 Il2Ra, Apoh 4.486E+01 

GO:0005615~extracellular space 5 6.655E-02 Ccl1, Retnlb, Apoh, 
Ins2, Pate4 4.767E+01 

SM00032:CCP 2 7.133E-02 Il2Ra, Apoh 4.205E+01 

GO:0050728~negative regulation of 
inflammatory response 

2 8.824E-02 
Il2Ra, Rora 

6.781E+01 

disulfide bond 4 9.528E-02 Il2Ra, Prkar1B, 
Apoh, Ins2 6.220E+01 

rno04932:Non-alcoholic fatty liver 
disease (NAFLD) 

2 9.989E-02 
Ins2, Ndufs1 

6.160E+01 

 
Supplementary table 2.10: Functional enrichment analysis of genes evolving fast in Rattus 
lineage. Rattus norvegicus REFLIST denotes number of genes in Rattus norvegicus reference 
genome; # of Genes denotes number of genes in my analyses; Raw P-value denotes uncorrected 
P-value; FDR denotes the false discovery rate estimate. Genes are official gene IDs from 
Ensembl. 

 

Term Count P-Value Genes FDR 

GO:0016607~nuclear speck 4 6.049E-03 Fam206A, Srsf1, Nxf1, 
U2Af1L4 6.426E+00 

GO:0070374~positive 
regulation of ERK1 and ERK2 

cascade 

4 
9.953E-03 

Ccl1, Atp6Ap1, Tirap, Xcl1 
1.274E+01 

GO:0045669~positive 
regulation of osteoblast 

differentiation 

3 
1.090E-02 

Atp6Ap1, Gnas, Tmem119 
1.387E+01 

GO:0001960~negative 
regulation of cytokine-

mediated signaling pathway 

2 
1.901E-02 

Il1Rn, Ecm1 
2.300E+01 

Secreted 8 1.966E-02 Rgd1359334, Ambp, Ccl1, 
Kap, Il1Rn, Gnas, Xcl1, Ecm1 1.994E+01 

GO:0048020~CCR chemokine 
receptor binding 

2 4.141E-02 
Ccl1, Xcl1 

3.799E+01 

GO:0004871~signal transducer 
activity 

3 4.478E-02 
Bst2, Gnas, Ecm1 

4.040E+01 
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rno03040:Spliceosome 3 4.693E-02 Srsf1, Ppil1, U2Af1L4 3.873E+01 

GO:0010951~negative 
regulation of endopeptidase 

activity 

3 
4.890E-02 

Ambp, Bst2, Stfa3 
4.950E+01 

GO:0048247~lymphocyte 
chemotaxis 

2 5.142E-02 
Ccl1, Xcl1 

5.129E+01 

GO:0043123~positive 
regulation of I-kappaB 

kinase/NF-kappaB signaling 

3 
5.189E-02 

Bst2, Tirap, Ecm1 
5.161E+01 

GO:0090023~positive 
regulation of neutrophil 

chemotaxis 

2 
5.823E-02 

Tirap, Xcl1 
5.584E+01 

signal peptide 8 6.560E-02 
Rgd1359334, Ambp, Kap, 

Atp6Ap1, Il1Rn, Cd164, Xcl1, 
Ecm1 

5.112E+01 

GO:0043547~positive 
regulation of GTPase activity 

4 6.957E-02 
Ccl1, Sipa1L3, Gnas, Xcl1 

6.256E+01 

GO:0002548~monocyte 
chemotaxis 

2 7.393E-02 
Ccl1, Xcl1 

6.488E+01 

IPR001811:Chemokine 
interleukin-8-like domain 

2 7.442E-02 
Ccl1, Xcl1 

5.873E+01 

SM00199:SCY 2 7.648E-02 Ccl1, Xcl1 4.923E+01 

GO:0008009~chemokine 
activity 

2 7.704E-02 
Ccl1, Xcl1 

5.958E+01 

GO:0030073~insulin secretion 2 8.058E-02 Hnf1B, Il1Rn 6.816E+01 

domain:RRM 2 9.338E-02 Nxf1, U2Af1L4 6.445E+01 

Hydrogen ion transport 2 9.343E-02 Atp6Ap1, Atp5I 6.667E+01 

 
 
Supplementary table 3.1: Geo-coordinates and warfarin phenotype information of individuals 
used in this study. RW denotes warfarin resistant phenotype and RW+ denotes warfarin sensitive 
phenotype. 
 
Individual ID Farm ID Farm name Latitude Longitude Phenotype 

3938 24 UPGANG-WANNING 51.9705 6.888017 RW 
3812 24 UPGANG-WANNING 51.9705 6.888017 RW 
3848 11 KORTENBUSCH 51.724264 7.389138 RW 
3250 4 BEUCK 51.894292 6.988283 RW+ 
3284 4 BEUCK 51.894292 6.988283 RW+ 
3288 18 NOTTELMANN 51.933682 6.965915 RW 
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3388 14 LOOZ 51.951883 7.629797 RW+ 
3479 13 LEPPMANN 51.858683 7.484332 RW+ 
3418 23 THISSEN 51.760217 7.722138 RW+ 
3425 23 THISSEN 51.760217 7.722138 RW+ 
3860 23 THISSEN 51.760217 7.722138 RW+ 
4135 24 UPGANG-WANNING 51.9705 6.888017 RC 
4333 6 GUNNIGMANN 52.0833333 7.7166667 RW 
4322 17 NIEHOFF 51.868542 7.733504 RW 
4380 NA Unknown Unknown Unknown Unknown 
4381 NA Unknown Unknown Unknown Unknown 
4383 1 ALTENAU 51.868542 7.733504 RW 
4386 1 ALTENAU 51.868542 7.733504 RW 
4397 33 LUTCKE/GIEVENBECK 51.968596 7.572644 RW 
4360 NA Unknown Unknown Unknown Unknown 
4335 31 HAARANNEN/FURST 52.517474 7.675896 RW 
4344 NA Unknown Unknown Unknown Unknown 
4321 17 NIEHOFF 51.868542 7.733504 RW 
4323 NA Unknown Unknown Unknown Unknown 
4310 17 NIEHOFF 51.868542 7.733504 RW 
3252 4 BEUCK 51.894292 6.988283 RW 
3368 18 NOTTELMANN 51.933682 6.965915 RW 
3497 4 BEUCK 51.894292 6.988283 RW 
3403 12 KOSTERS-BORKMAN 51.992069 6.915103 RW 
3866 24 UPGANG-WANNING 51.9705 6.888017 RW 
3887 24 UPGANG-WANNING 51.9705 6.888017 RW 
3946 24 UPGANG-WANNING 51.9705 6.888017 RW 
3868 24 UPGANG-WANNING 51.9705 6.888017 RW 
3937 24 UPGANG-WANNING 51.9705 6.888017 RW 
3815 24 UPGANG-WANNING 51.9705 6.888017 RW 
4319 17 NIEHOFF 51.868542 7.733504 RW 
4378 NA Unknown Unknown Unknown Unknown 
4348 NA Unknown Unknown Unknown Unknown 
4304 17 NIEHOFF 51.868542 7.733504 RW 
4305 17 NIEHOFF 51.868542 7.733504 RW 
3944 23 THISSEN 51.760217 7.722138 RW+ 
3920 23 THISSEN 51.760217 7.722138 RW+ 
3283 4 BEUCK 51.894292 6.988283 RW+ 
3394 14 LOOZ 51.951883 7.629797 RW+ 
3393 15 LUTTGE-HOLZ 51.742975 7.516316 RW+ 
3487 15 LUTTGE-HOLZ 51.742975 7.516316 RW+ 
3460 19 PIEPER 52.016667 7.366667 RW+ 
3545 5 GROSSE-HOLZ 51.739148 7.522836 RW+ 
3510 13 LEPPMANN 51.858683 7.484332 RW+ 
3893 23 THISSEN 51.760217 7.722138 RW+ 
3962 16 NARMANN 51.760217 7.722138 RW+ 
3937 24 UPGANG-WANNING 51.9705 6.888017 RW 
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3365 14 LOOZ 51.951883 7.629797 RW 
3496 5 GROSSE-HOLZ 51.739148 7.522836 RW 
3410 12 KOSTERS-BORKMAN 51.992069 6.915103 RW 
3526 4 BEUCK 51.894292 6.988283 RW 
3521 13 LEPPMANN 51.858683 7.484332 RW 
3900 24 UPGANG-WANNING 51.9705 6.888017 RW 
3910 11 KORTENBUSCH 51.724264 7.389138 RW 
3866 24 UPGANG-WANNING 51.9705 6.888017 RW 
3861 24 UPGANG-WANNING 51.9705 6.888017 RW 
3389 19 PIEPER 52.016667 7.366667 RW+ 
3244 18 NOTTELMANN 51.933682 6.965915 RW+ 
3434 14 LOOZ 51.951883 7.629797 RW+ 
3507 5 GROSSE-HOLZ 51.739148 7.522836 RW+ 
3561 5 GROSSE-HOLZ 51.739148 7.522836 RW+ 
3512 13 LEPPMANN 51.858683 7.484332 RW+ 
3857 16 NARMANN 51.760217 7.722138 RW+ 
3839 16 NARMANN 51.760217 7.722138 RW+ 
3805 23 THISSEN 51.760217 7.722138 RW+ 
3362 18 NOTTELMANN 51.933682 6.965915 RW 
3386 12 KOSTERS-BORKMAN 51.992069 6.915103 RW 
3440 10 KLEVERTH 52.03602 6.825839 RW 
3484 19 PIEPER 52.016667 7.366667 RW 
3481 21 SCHULTE-SPECHTEL 51.721924 6.864 RW 

 
 
Supplementary table 3.2: Position of all RAD tag loci used in this study with reference to Rn5 
version 79 reference genome. (Electronic version only) 
 
Supplementary table 3.3: Pair-wise matrix of Fst between farms (top-half) and log 
geographical distances between farms (bottom-half). (Electronic version only) 
 
Supplementary Table 4.1: Identification number of all individuals along with their country of 
origin and geographical region and sequencing lab. Sample names used in Zeng et al., 2018 have 
been retained. RW denotes warfarin resistance; RW+ denotes warfarin sensitive. 
 
 
Sample Name Country Region Sequencing 

depth 
Source 

RW Germany Europe 3.4 Kohn Lab 
RW+ Germany Europe 3.2 Kohn Lab 

France8 France Europe 5.02 Zeng et al. 2017 
France9 France Europe 5.15 Zeng et al. 2017 
Iceland1 Iceland Europe 3.36 Zeng et al. 2017 
Iceland2 Iceland Europe 3.06 Zeng et al. 2017 
Iceland3 Iceland Europe 3.35 Zeng et al. 2017 
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Iceland4 Iceland Europe 3.05 Zeng et al. 2017 
Iceland5 Iceland Europe 2.53 Zeng et al. 2017 
Iceland6 Iceland Europe 3.12 Zeng et al. 2017 
Iceland7 Iceland Europe 4.61 Zeng et al. 2017 
Norway1 Norway Europe 3.11 Zeng et al. 2017 
Norway2 Norway Europe 2.32 Zeng et al. 2017 
Norway4 Norway Europe 3.95 Zeng et al. 2017 
Norway5 Norway Europe 2.15 Zeng et al. 2017 
Norway6 Norway Europe 3.07 Zeng et al. 2017 
Norway7 Norway Europe 3.25 Zeng et al. 2017 
Norway8 Norway Europe 4.26 Zeng et al. 2017 

Iran5 Iran Middle East 5.7 Zeng et al. 2017 
Iran6 Iran Middle East 5.61 Zeng et al. 2017 
Iran7 Iran Middle East 5.37 Zeng et al. 2017 
Iran8 Iran Middle East 5.08 Zeng et al. 2017 
Iran9 Iran Middle East 5.88 Zeng et al. 2017 
Iran10 Iran Middle East 5.22 Zeng et al. 2017 
Iran11 Iran Middle East 5.65 Zeng et al. 2017 
Iran12 Iran Middle East 5.42 Zeng et al. 2017 
Iran13 Iran Middle East 4.88 Zeng et al. 2017 
YN3 South China Asia 5.34 Zeng et al. 2017 
YN4 South China Asia 5.03 Zeng et al. 2017 
YN6 South China Asia 5.38 Zeng et al. 2017 
GD2 South China Asia 3.33 Zeng et al. 2017 
GD3 South China Asia 3.49 Zeng et al. 2017 
GD4 South China Asia 3.43 Zeng et al. 2017 
GD5 South China Asia 2.83 Zeng et al. 2017 
GD6 South China Asia 5.92 Zeng et al. 2017 
HB1 North China Asia 4.83 Zeng et al. 2017 
HB2 North China Asia 4.6 Zeng et al. 2017 
HB3 North China Asia 5.24 Zeng et al. 2017 
HB4 North China Asia 5.22 Zeng et al. 2017 
JX1 South China Asia 5.34 Zeng et al. 2017 
JX3 South China Asia 5.5 Zeng et al. 2017 
JX4 South China Asia 6.06 Zeng et al. 2017 

HLJ1 North China Asia 3.34 Zeng et al. 2017 
HLJ2 North China Asia 3.45 Zeng et al. 2017 
HLJ3 North China Asia 3.13 Zeng et al. 2017 
HLJ4 North China Asia 3.27 Zeng et al. 2017 
HLJ5 North China Asia 2.99 Zeng et al. 2017 

 
 
Supplementary Table 4.2: Clusters of genes within 4 Mb distance found with heterozygous 
derived pattern in RW at non-synonymous sites. Gene IDs are official gene IDs from Ensembl. 
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Cluster Chromosome Gene names Distance  
Cluster1 Chr1 Vom2r32, Vom2r78 overlapping 

Cluster2 Chr4 
LOC690784, 

Ppfibp1 24kb 
Cluster3 Chr5 Tmem69, Mutyh 2.7Mb 
Cluster4 Chr5 Mutyh, Kif2c 3.5Mb 
Cluster5 Chr8 Tmem42, Cdcp1 1.5Mb 
Cluster6 Chr12 Cux2, Acad10 2mb 
Cluster7 Chr15 Ephx2, Adam2 6kb 
Cluster8 Chr16 Chat, Shld2 overlapping 

 
 
Supplementary Table 4.3: Number of positions showing homozygous and heterozygous 
derived pattern at non synonymous sites. 
 
Sample Name Homozygous 

derived 
Heterozygous 

derived 
RW 0 104 

RW+ 1 161 
France8 1 173 
France9 3 176 
Iceland1 0 38 
Iceland2 0 42 
Iceland3 0 7 
Iceland4 0 28 
Iceland5 0 45 
Iceland6 1 9 
Iceland7 1 7 
Norway1 0 21 
Norway2 0 13 
Norway4 0 12 
Norway5 1 15 
Norway6 0 7 
Norway7 1 12 
Norway8 1 16 

Iran5 0 25 
Iran6 0 32 
Iran7 0 43 
Iran8 1 45 
Iran9 0 38 
Iran10 0 41 
Iran11 1 45 
Iran12 1 31 
Iran13 0 35 
YN3 0 56 
YN4 0 58 
YN6 0 72 
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GD2 1 57 
GD3 0 56 
GD4 1 58 
GD5 1 53 
GD6 1 51 
HB1 1 64 
HB2 1 61 
HB3 0 54 
HB4 0 57 
JX1 0 59 
JX3 1 63 
JX4 1 61 

HLJ1 1 53 
HLJ2 1 58 
HLJ3 0 62 
HLJ4 0 57 
HLJ5 0 64 

 
Supplementary Table 4.4: Genes that show heterozygous derived pattern at non-synonymous 
and synonymous sites and are found to be expressed in rat liver under treatment with warfarin. 
Gene IDs are official gene IDs from Ensembl. 
 

Non synonymous – Heterozygous derived Synonymous –Heterozygous 
derived 

Gene name Gene name 
Unc45a Ephx2 
Gucy2g Adam2 

C9 Cngb1 
Enpep Tubb5 
Bmp2 Car8 
Irak2 Abca1 

Tmem69 Bscl2 
Mutyh Klhl12 
Kif2c Tep1 

Cacna1i Glra3 
Fzd6 Terf2ip 

Cspg4 Capn3 
Trex1 Hk2 
Il1rl1 Gabrd 
Git1 Eif2b4 
Sele Ndrg1 

Ephx2 Cntn1 
Adam2 Kdelc2 
Terf2ip  
Ankra2  
Vkorc1  
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B. SUPPLEMNETARY FIGURES  
 

Supplementary figure 2.1:  Distribution of pair-wise estimates of dN, dS and dN/dS between 
mouse and Norway rat in my study (pink) and that reported for the same transcript pairs in 
Ensembl (blue). 



135 
 

 



136 
 

Supplementary figure 3.1: Maximum likelihood tree constructed using PHYLIP from the 858 
RAD loci used in the study. RW: warfarin resistance; RWp: warfarin sensitive. Nodes are 
labeled in the following order: Individual ID Phenotype Farm ID (ex. 3222 RW 24 where 3222 is 
individual ID; RW is resistant phenotype; 24 is farm ID). Tree is rooted with outgroup R. rattus. 
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Supplementary figure 4.1: Maximum likelihood tree constructed using PHYLIP from randomly 
chosen 15K synonymous positions from all 48 Norway rat libraries and rooted with R. rattus. 


