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Abstract 

The Taming of the Shrew(’s Genome): An Omics Approach to Studying the World’s 

Smallest Mammals - Marie-Laurence Cossette 

The diversification of mammals has been shaped by climatic fluctuations and 

geological changes over millions of years. Among them, shrews (Soricidae) stand out 

as one of the most diverse mammalian lineages. Shrews are found on most continents 

and have evolved remarkable adaptations at the species and population levels. 

Although evolutionary studies of shrews have been limited by a lack of genomic 

resources, this work aimed to address this gap by developing such resources and using 

various omics approaches to explore adaptation and divergence in shrews, with a 

particular focus on an isolated population on Bon Portage Island (BPI), Nova Scotia, 

Canada. BPI shrews exhibit distinctive foraging habits and possess a unique allele for 

a dietary enzyme, which may represent an adaptation to their specialized diet. My 

research involved assembling and annotating de novo genomes from three shrew 

species. In Chapter 2 I conducted a comparative genomic analysis of 20 mammals 

(including four shrew species) to identify lineage-specific adaptations including 

accelerated regions, gene family expansions, and positively selected genes. I found 

shrew-specific variants in genes associated with the nervous, metabolic, and auditory 

systems, which may underlie some of their unique traits. In Chapter 3, I examined 

morphological and epigenetic divergence between mainland and island populations of 

masked shrews (Sorex cinereus), including BPI. Island shrews exhibited smaller body 

sizes and signs of accelerated biological aging, marked by DNA methylation differences 

enriched in developmental and digestive pathways. Chapter 4 focused on analyzing 
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genome-wide SNP data to identify regions of differentiation, alongside RNA-seq data to 

perform a differential gene expression analysis between BPI shrews and other 

populations. The results from both analyses revealed patterns of differentiation in 

genes associated with fatty acid metabolism and metabolic regulation that are likely 

linked to their specialized, largely marine-based diet. Additionally, I reconstructed the 

demographic history of Nova Scotia masked shrew populations, revealing that the 

divergence of the BPI population appears to coincide with rising sea levels following 

the last glacial maximum. These findings shed light on mechanisms of adaptation and 

divergence, illustrating how ecological pressures, geographic isolation, and dietary 

specialization shape genomic, epigenomic, and transcriptomic landscapes. 
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CHAPTER 1: General Introduction 

Diversification of mammals 

Following the extinction of non-avian dinosaurs 66 million years ago, mammals 

rapidly diversified to occupy the newly available ecological niches (Hunter, 2020). 

Since then, their evolutionary trajectories have been shaped by a combination of global 

climatic and geological changes, such as shifting continents, climate oscillations, 

habitat transformations, and region-specific pressures (Steinthorsdottir et al., 2021). 

More recently, the glaciation cycles of the Quaternary Period (2.85 mya to present) 

influenced the demographic and adaptive histories of species (Fu & Wen, 2023; Hewitt, 

2000; Shafer et al., 2010). Advancing and retreating ice sheets repeatedly fragmented 

habitats, created refugia, and temporarily exposed land bridges (Hewitt, 2000). These 

dynamic geological processes shaped patterns of movement and migration across and 

between continents. In many species, glacial cycles promoted population isolation 

leading to reduced gene flow, enhanced genetic drift, and local adaptation (Avila-

Cervantes et al., 2021; Hansen et al., 2023; Howell et al., 2025; Sherlock et al., 2025). 

Over time, these processes have resulted in genomic and phenotypic divergence, 

playing a key role in shaping global biodiversity. 

Island populations tend to exhibit behavioural, morphological, and ecological 

differences compared to their mainland counterparts (Baeckens & Van Damme, 

2020). Such differences can be attributed to, but not limited to, changes in predation, 

competition, and resources (Benítez-López et al., 2021; Lomolino et al., 2013). This 

phenomenon, known as the island syndrome, has been observed across a wide range 

of taxa (Jezierski et al., 2024; Matthews, 2023). For instance, island foxes (Urocyon 



 

 
 

2 

littoralis) on the Channel Islands are significantly smaller than their mainland 

conspecifics (Wayne et al., 1991), and conversely, the Flores giant rat (Papagomys 

armandvillei) in Indonesia exemplify island gigantism (Locatelli et al., 2012). These 

examples highlight the role of islands in shaping species traits and driving evolutionary 

divergence, where isolation and selective pressures foster distinct genetic and 

phenotypic outcomes. 

 

Omic tools to study evolution 

Investigating how species and populations diverge and evolve requires 

integrating information from multiple molecular layers, including the genome, 

epigenome, and transcriptome. Divergence at the species, population, and individual 

levels is shaped by a range of mechanisms operating across these layers (Snead & 

Clark, 2022). Understanding how these molecular components contribute to evolution 

begins with the central dogma of molecular biology, which outlines the directional flow 

of information from DNA to RNA to protein (Crick, 1970). This framework links heritable 

genetic variation (genome) to regulatory modifications (epigenome) and gene 

expression patterns (transcriptome), ultimately shaping phenotypic traits and 

influencing diversity and adaptation. 

The genome, which is the complete set of an organism’s hereditary information 

encoded in DNA, forms the instructions for biological function and is the fuel of 

evolutionary change. In recent years, large-scale initiatives have prioritized the 

assembly of high-quality genomes across diverse species (e.g. Lewin et al., 2018; Rhie 

et al., 2021; Teeling et al., 2018). These assembled genomes are the foundation for 

investigating evolutionary relationships through comparative genomics and serve as 
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references to study genetic variation within and between populations (Lewin et al., 

2018). Single nucleotide polymorphisms (SNPs) are the most common type of genetic 

variation and serve as valuable markers for detecting adaptive changes in a genome 

(Syvänen, 2001). In some cases, genomic regions that are typically highly conserved 

across related species exhibit an unusually high density of SNPs in a specific lineage 

(Ferris et al., 2018; Pollard, Salama, King, et al., 2006). These segments are known as 

accelerated regions (ARs) and often reflect signatures of positive selection or lineage-

specific adaptation (Pollard, Salama, King, et al., 2006). For example, human ARs are 

the fastest-evolving regions of the human genome and have been associated with 

important processes such as neurodevelopment and cognitive function (Girskis et al., 

2021; Pollard, Salama, King, et al., 2006). In addition to SNPs, structural variants 

(SVs), which include deletions, insertions, duplications, and inversions of 50 base pairs 

or more, are also a source of genomic variation (Mahmoud et al., 2019). Though less 

common, SVs often can have important functional impacts, influencing gene structure, 

dosage, or regulation (Alonge et al., 2020; Hurles et al., 2008). In comparative 

genomics, SVs complement SNP analysis by revealing large-scale genomic changes 

that drive species-specific traits and adaptations, offering additional insight into the 

structural and evolutionary dynamics of genomes. 

Genomic data are also fundamental to population-level studies, where they are 

used to infer phylogenetic relationships, reconstruct demographic histories, and 

investigate how evolutionary forces, such as natural selection, genetic drift, and gene 

flow, drive population divergence over time (e.g. Bourgeois & Warren, 2021; Kessler & 

Shafer, 2024; Martchenko & Shafer, 2023). Metrics such as FST quantify relative 

genetic differentiation between populations, while absolute divergence can be 
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measured by statistics such as dXY (Irwin et al., 2018). Within populations, diversity is 

captured by metrics such as nucleotide diversity (π) and runs of homozygosity (ROH), 

which reflect levels of genetic variation and inbreeding (Irwin et al., 2018; Shafer & 

Kardos, 2025).  Genetic health can be further assessed through GERP scores and 

mutation load, which provide insights into the burden of deleterious mutations 

(Davydov et al., 2010; Henn et al., 2015). Additionally, Tajima’s D help detect 

deviations from neutral evolution, indicating potential selection or demographic shifts 

(Korneliussen et al., 2013). Collectively, these approaches and many more provide 

insights into the evolutionary dynamics shaping populations through time. 

The epigenome consists of chemical modifications to DNA that regulate gene 

expression without altering the underlying DNA sequence (Al Aboud et al., 2021), and 

has been associated with divergence between species and populations (Meröndun et 

al., 2019; Vernaz, Malinsky, et al., 2021). These modifications include non-coding 

RNAs, histone modifications, and DNA methylation (Moore et al., 2013). Non-coding 

RNAs, while not encoding proteins, play essential regulatory roles by influencing 

chromatin structure and guiding processes like DNA methylation and histone 

modifications (Rinn & Chang, 2012). Histone modifications affect chromatin structure 

by changing how DNA interacts with histone proteins, which controls the accessibility 

of DNA for transcription (Al Aboud et al., 2021). DNA methylation, which primarily 

occurs through the addition of methyl groups to cytosine bases at CpG sites (Moore et 

al., 2013), can either suppress or activate gene expression depending on where these 

changes take place in the genome (Dhar et al., 2021; Wan et al., 2015). Together, 

these epigenetic mechanisms dynamically shape gene activity and cellular function 

throughout an organism's lifetime. Furthermore, methylation status follows predictable 
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patterns as organisms age which can be used to age individuals (Horvath, 2013; Prado 

et al., 2021; Wilkinson et al., 2021). These epigenetic clocks can predict chronological 

age in different mammalian species (Jasinska et al., 2021; Prado et al., 2021; Raj et 

al., 2021; Schachtschneider et al., 2021). While methylation data can be used to 

estimate age, instances where epigenetic age outpaces chronological age reflect a 

phenomenon known as epigenetic age acceleration (Horvath, 2013). This can be 

influenced by genetics, environmental exposures, lifestyle factors, or disease state 

(Oblak et al., 2021). These patterns offer insight into biological aging and population-

level differences in health and longevity. 

The transcriptome is the complete set of RNA molecules produced by a cell or 

tissue at a given time (Dong & Chen, 2013). It represents the temporal and spatial 

dynamics of gene activity, revealing the extent to which genes are being expressed in 

specific tissues under varying conditions (Dong & Chen, 2013). The transcriptome is 

highly dynamic and plastic in nature, constantly changing in response to developmental 

cues, environmental stimuli, and regulatory influences from both genomic and 

epigenetic factors, shaping phenotypes (Bogan & Yi, 2024).  One of the primary tools 

for studying the transcriptome is RNA sequencing (RNA-seq), which enables genome-

wide quantification of gene expression (Z. Wang et al., 2009). This allows researchers 

to identify differentially expressed genes (DEGs) between tissues, individuals, 

populations, and species (Fair et al., 2020; Lin et al., 2016). For example, RNA-seq has 

been used to uncover gene expression differences underlying altitude adaptation in 

highland versus lowland populations of deer mice (Peromyscus spp.), providing 

insights into the molecular basis of physiological adaptation (Cheviron et al., 2012) 
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Together, genomic, epigenomic, and transcriptomic data provide 

complementary insights on the mechanisms driving divergence and adaptation. 

Integrating these layers connects genetic variation with regulatory and expression 

changes that can drive phenotypic diversity and shape evolution across species and 

populations (Cai et al., 2021; M. S. Clark et al., 2023; Talavera et al., 2025). However, 

disentangling these complex relationships remains challenging. While integrative 

analyses have been performed at multiple biological levels, identifying consistent, 

overlapping trends across datasets is often complex (e.g. L. U. Gleason et al., 2023; 

Luo et al., 2025; T. Zhao et al., 2024). Yet, when signals do overlap, they reveal 

associations with functionally significant pathways under selection, offering insights 

into the molecular basis of adaptation (Lai et al., 2025; C. Li et al., 2024). 

 

Sequencing technologies 

Rapid technological advancements and decreasing costs have led to a variety 

of new library preparation and sequencing methods, each designed to overcome the 

limitations of earlier approaches (Mardis, 2017). Conventional (Illumina) short-read 

sequencing produces reads between 50 to 300 bp in length and offers high accuracy; 

while it is the standard for population resequencing studies, short-reads on their own 

fail to produce highly contiguous assemblies of complex genomes (Alkan et al., 2011). 

Short read lengths have limited accuracy in assembly of repetitive regions leading to 

fragmented contigs and incomplete genome reconstructions (Ji et al., 2011). To 

address this, technologies like mate-pair and 10x Genomics linked-read sequencing 

were developed. Both methods provided long-range genomic information by grouping 

of reads from the same DNA molecule, facilitating scaffolding, haplotype phasing, 
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structural variant detection, and ultimately novo genome assembly (Spies et al., 2017). 

However, mate-pair sequencing is no longer the preferred method in many modern 

genome assembly pipelines and the discontinuation of 10x Genomics’ linked-read 

technology has created a gap that is increasingly being filled by high-accuracy long-

read approaches. 

Long-read sequencing such as PacBio high-fidelity (HiFi) have a 99.9% accuracy 

for long (10 - 25 kb) single-molecule reads (Wang (王博) et al., 2025). Circular DNA 

molecules called SMRTbell templates are repeatedly read by a DNA polymerase, 

allowing the same DNA fragment to be sequenced multiple times (Rhoads & Au, 2015). 

These multiple passes are then used to build a consensus sequence, correcting 

random sequencing errors and producing what are known as HiFi reads (Wang (王博) 

et al., 2025). The length and accuracy of HiFi reads make them well-suited for de novo 

genome assembly, detection of structural variants, and comprehensive 

characterization of complex genomic regions (Wang (王博) et al., 2025). In fact, long-

read data form the backbone (i.e. primary sequence) of most modern assembly 

pipelines (e.g. Rhie et al., 2021). 

Long-read sequencing data still require scaffolding, ideally to the chromosome 

level, to achieve complete and accurate genome assemblies. Hi-C sequencing can be 

used capture the three-dimensional (3D) organization of the genome within the 

nucleus. It works by capturing and sequencing pairs of DNA fragments that are 

physically close to each other in 3D space (Korbel & Lee, 2013). This is done by 

crosslinking chromatin, digesting the DNA, ligating nearby fragments, and then 

sequencing the resulting chimeric fragments (Belton et al., 2012). The data is used to 
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generate a contact map that reveals how different regions of the genome interact with 

each other (Yaffe & Tanay, 2011). Hi-C can be paired with other sequencing methods 

to assemble genomes as it helps with chromosome level scaffolding and haplotype 

resolution (Zeng et al., 2024). For example, the Vertebrate Genomes Project uses Hi-C 

scaffolding of HiFi contigs to produce chromosome-scale assemblies, resulting in some 

of the most complete vertebrate genomes to date (Rhie et al., 2021). 

Quantifying epigenetic variation, specifically DNA methylation, can be 

conducted using a suite of techniques. While PacBio sequencing can directly detect 

methylation, most assays require converting unmethylated cytosines into uracils 

(typically via bisulfite or enzymatic reaction), while methylated cytosines remain 

unchanged (S. J. Clark et al., 2006). Methylation status of sites can then can be 

assessed using methylation arrays or sequencing, which allow for high-throughput 

quantification of DNA methylation at specific CpG sites across the genome (Arneson et 

al., 2022; Morris et al., 2014). The result is a high-resolution methylation profile for 

each sample, typically reported as β-values ranging from 0 (unmethylated) to 1 (fully 

methylated) (Bibikova et al., 2009). While direct sequencing is an option, challenges 

with library preparation and SNP calling have made high-density arrays a popular 

alternative (Arneson et al., 2022). 

RNA sequencing (RNA-seq) is a widely used technique to analyze the 

transcriptome and historically has used short-read Illumina sequence. The process 

begins with RNA extraction, followed by conversion into complementary DNA, which is 

then fragmented and sequenced (Z. Wang et al., 2009). The resulting short reads are 

mapped to a reference genome or assembled de novo to quantify gene expression 

levels, identify differentially expressed genes, or detect novel transcripts (Z. Wang et 
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al., 2009). However, due to the limited length of these reads, accurately reconstructing 

full-length transcripts and distinguishing between closely related isoforms can be 

challenging (Steijger et al., 2013). In contrast, Isoform Sequencing (Iso-Seq) uses long-

read sequencing technology to capture full-length RNA transcripts without the need for 

assembly (Minio et al., 2019). This approach enables identification of alternative 

splicing, transcript boundaries, and novel isoforms by capturing full-length transcripts, 

making it powerful for analyzing complex transcriptomes and improving genome 

annotations (L. Zhao et al., 2019). 

 

Study system 

Shrews (Soricidae), within the order Eulipotyphla, first appeared over 50 million 

years ago (Yuan et al., 2024) and have become one of the most diverse mammalian 

taxa with more than 400 extant species (Burgin et al., 2018). They are classified into 

three living sub-families, with the most speciose being Crocidurinae (white-toothed 

shrews), followed by Soricinae (red-toothed shrews), and Myosoricinae (African shrews) 

(George, 1986, 1988; Hutterer, 2005). Shrews exhibit remarkable ecological 

versatility, having colonized a wide range of habitats across the globe (Churchfield, 

1990), which has led to diverse physiological and behavioral adaptations between 

species and populations. For example, some species have developed echolocation to 

navigate their environment (Chai et al., 2020; Forsman & Malmquist, 1988; Tomasi, 

1979), while others possess venomous saliva used to subdue prey (Kita et al., 2004). 

Aquatic shrews dive underwater to hunt (Mendes-Soares & Rychlik, 2009), and many 

species show seasonal metabolic changes (Thomas, Baldoni, et al., 2025) and 

reversible reductions in skull morphology, body mass and organ size during winter to 
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conserve energy, followed by regrowth in the spring and summer (Lázaro & Dechmann, 

2021). Shrews are among the smallest, shortest-lived mammals (Churchfield, 1990) 

and have an extremely high mass-specific metabolic rate (Ochocińska & Taylor, 2005) 

requiring them adapt physiologically to seasonal variations in resource availability and 

environmental conditions. 

Bon Portage Island (BPI) lies approximately 3 km off the southwest coast of 

Nova Scotia, Canada. The island is about 3 km in length and less than 1 km in width, 

encompassing roughly 340 acres of undeveloped land. It is believed to have been 

separated from the mainland around 20 kya (Roland, 1982; Stewart & Baker, 1992). 

The island's shores are rich in marine algae, which wash up and create ideal conditions 

for dense populations of invertebrates such as kelp flies (Coelopidae) and sand fleas 

(Platorchestia platensis). The masked shrew (Sorex cinereus) population on the island 

travel up to 60 meters from the island’s interior to the shoreline to feed on these 

invertebrates, thus transferring significant amounts of energy back into the island’s 

terrestrial ecosystem (Stewart et al., 1989). They are the only Sorex shrews known to 

feed on sand fleas (MacPherson & Stewart, 2003; Stewart et al., 1989).  Also, previous 

work found that BPI shrews have a unique allele for the cytosolic non-specific 

dipeptidase 2 (CNDP2) gene (MacPherson & Stewart, 2003), involved in intracellular 

amino acid and dipeptide metabolism (Pfeffer et al., 2024). It is hypothesized that this 

unique allele reflects an adaptive response, enhancing their ability to digest sand fleas 

more efficiently (MacPherson & Stewart, 2003; McAlpine, 2009).  
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Thesis objectives and data chapters 

When I began my PhD in 2020, there were few genomic resources available for 

shrews, limiting opportunities to explore the mechanisms driving their evolution. Since 

then, the field has advanced significantly, with the addition of several new genome 

assemblies and an increasing number of studies focused on shrews. I have contributed 

to this by generating and annotating four de novo shrew genomes. Alongside this, I 

have developed and applied genomic, epigenomic, and transcriptomic tools to 

investigate patterns of evolution and adaptation in shrews at a species and population 

level, with a focus on BPI shrews, enabling deeper insights into their diversification, 

adaptation, and unique evolutionary trajectories. 

In Chapter 2 I conducted a comparative genomic analysis of four shrew species 

against 16 other mammals to identify lineage-specific variants in shrews. I used two 

publicly available shrew genomes and generated two additional de novo assemblies 

for the maritime (Sorex maritimensis) and smoky (Sorex fumeus) shrews. I identified 

accelerated regions, gene families undergoing significant size change, and positively 

selected genes to provide insights into the evolutionary mechanism driving shrew 

adaptation. 

Chapter 3 aimed to examine the relationship between geographical isolation 

and both morphological and epigenetic divergence between island masked shrews and 

their mainland counterparts. I analyzed morphological trends in body size and weight 

across populations. Then, using methylation data, I developed an epigenetic clock for 

the masked shrew to assess epigenetic aging rates and quantified differentially 

methylated patterns between populations. 
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Expanding on the previous chapter, in Chapter 4 I assembled and annotated a 

high-quality de novo genome for the masked shrew using HiFi and Hi-C data to 

investigate the evolutionary dynamics of the insular population on BPI. I reconstructed 

and modeled the demographic history of BPI shrews, examined how genome-wide SNP 

variation and differential gene expression contribute to their divergence from the 

mainland, and evaluated the extent to which these molecular mechanisms overlap. 

Overall, my PhD research aimed to develop genomic resources and apply a 

multi-omics approach, integrating genomic, epigenomic, and transcriptomic data, as 

well as morphological data to investigate adaptation and divergence in shrews, with a 

focus on the masked shrew population from BPI. 
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Abstract 

Originating over 50 million years ago, shrews (Soricidae) have diversified into 

around 400 species worldwide. Shrews display a wide array of adaptations, with some 

species having developed distinctive traits such as echolocation, underwater diving, 

and venomous saliva. Accordingly, these tiny insectivores are ideal to study the 

genomic mechanisms of evolution and adaptation. We conducted a comparative 

genomic analysis of four shrew species and 16 other mammals to identify genomic 

variations unique to shrews. Using two existing shrew genomes and two de novo 

assemblies for the maritime (Sorex maritimensis) and smoky (Sorex fumeus) shrews, 

we identified mutations in conserved regions of the genomes, also known as 

accelerated regions, gene families that underwent significant expansion, and positively 

selected genes. Our analyses unveiled shrew-specific genomic variants in genes 

associated with the nervous, metabolic, and auditory systems, which can be linked to 

unique traits in shrews. Notably, genes suggested to be under convergent evolution in 

echolocating mammals exhibited accelerated regions in shrews, and pathways linked 

to putative body size plasticity were detected. These findings provide insight into the 

evolutionary mechanisms shaping shrew species, shedding light on their adaptation 

and divergence over time. 

 

Keywords  

comparative genomics, genome assembly, accelerated regions, positive selection, 

gene duplication. 
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Introduction 

Mammals have undergone successive episodes of rapid diversification 

resulting in the emergence of over 6,000 extant species worldwide (Burgin et al., 

2018). Shrews (Soricidae) appeared over 50 million years ago (Yuan et al., 2024), and 

have become one of the most diverse mammalian taxa, having undergone numerous 

colonization, speciation, and extinction events (Reumer, 1989). Shrews consist of 

more than 400 extant species (Burgin et al., 2018) classified into three sub-families: 

Soricinae (red-toothed shrews), Crocidurinae (white-toothed shrews), and Myosoricinae 

(African shrews) (Hutterer, 2005). This diversification is also reflected in the diverse 

karyotypes both between (Schlitter et al., 1999) and within species (White et al., 2019; 

Wójcik et al., 2002), including sex chromosomes (Sharman, 1956).  

Shrews have successfully colonized a diverse array of habitats across the globe 

(George, 1986, 1988) ranging from tropical forests to grasslands and arid regions 

(Churchfield, 1990). This has led to a range of adaptations, such as echolocation to 

navigate their surroundings (Chai et al., 2020; Forsman & Malmquist, 1988; Tomasi, 

1979), aquatic diving capabilities to hunt prey (Mendes-Soares & Rychlik, 2009), 

venomous saliva for predation (Kita et al., 2004), and metabolic shifts (Thomas, 

Baldoni, et al., 2023) and reversible body size changes to survive winter (Lázaro & 

Dechmann, 2021). Shrews are among the smallest, shortest-lived mammals 

(Churchfield, 1990) and have an extremely high metabolic rate (Ochocińska & Taylor, 

2005) which requires them to consume up to 125% of their body weight in food each 

day (Churchfield, 1990). These adaptations and overall diversity of shrews make for a 

unique system to investigate genome evolution in the context of mammalian diversity 

and evolution. 
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Approximately 10% of the human genome appears evolutionary constrained 

across mammals (Christmas et al., 2023). These highly conserved regions are 

predicted to be functionally important (Bi et al., 2023; Ponting, 2017), but may 

occasionally exhibit lineage-specific increases in nucleotide substitutions, which are 

referred to as accelerated regions (ARs) (Ferris et al., 2018; Pollard, Salama, King, et 

al., 2006). ARs are thought to contribute to species-specific traits (Ferris et al., 2018; 

Levchenko et al., 2018) and can result from evolutionary forces such as positive 

selection and GC-biased gene conversion (Bi et al., 2023; Ferris et al., 2018; Hubisz & 

Pollard, 2014; Pollard, Salama, King, et al., 2006). Ferris et al. (2018) and Tollis et al. 

(2021) identified ARs enriched near immune system and DNA damage response genes 

in elephants (Loxodonta), which are known to show resistance to cancer. Similarly, 

human ARs have been associated with proteins hypothesized to be important in 

neurodevelopment (Pollard, Salama, Lambert, et al., 2006). 

On a larger scale, gene duplication provides new genetic material that can 

generate novel phenotypes that selection can act upon (Magadum et al., 2013). In bats 

(Myotis), repeated duplications of the protein kinase R (PKR) gene have been linked to 

immunity to viruses (Jacquet et al., 2022). Similarly, gene loss also has the potential 

to lead to phenotypic evolution and diversity (Helsen et al., 2020; Sharma et al., 2018). 

The loss of AMP deaminase 3 (AMPD3) in sperm whales (Physeter macrocephalus) has 

likely improved O2 transport (Sharma et al., 2018). Other variants, such as larger 

structural rearrangements, also contribute to genomic diversity and evolution (Damas 

et al., 2021, 2022), highlighting the complex nature of the genomic architecture 

underlying phenotypic evolution. 
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Comparative genomics can be used to identify unique and shared genomic 

features, providing insight on the genetic basis of diversity and patterns involved in 

species-specific traits. Understanding gene family evolution, including adaptive 

expansion (i.e. duplication of genes) and adaptive contraction (loss of genes), has 

increasingly become a focus of molecular evolutionary genetics as the number of fully 

sequenced genomes has been increasing (Rhie et al., 2021). Here, we assembled two 

de novo shrew genomes for the maritime shrew (Sorex maritimensis), which is endemic 

to Canada (Stewart et al., 2002), and the smoky shrew (Sorex fumeus) (Figure S2.1a). 

Although restricted to Canada, the maritime shrew is part of the Sorex subgenus of 

Sorex shrews that are predominantly found in Eurasia (Fumagalli et al., 1999). The 

smoky shrew is a member of the subgenus Otisorex, members of which are 

predominantly found in the Nearctic region (George, 1988). We included two previously 

assembled shrew genomes for the Etruscan shrew (Suncus etruscus) and the Eurasian 

common shrew (Sorex araneus) and compared them against 16 other mammal 

genomes (Figure S2.1b). We aimed to uncover shrew-specific genomic changes 

associated with their distinctive phenotypes, with the prediction that shared genomic 

variants among shrew species will be associated with unique phenotypes and traits 

shared among these species. We focused on characterizing ARs, gene family 

duplications, expansion, and contraction events, and positively selected genes in 

shrew to provide insights into the evolutionary mechanisms driving shrew diversity and 

adaptation. 
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Results 

Genome assembly and annotations 

For the smoky shrew assembly (GenBank assembly accession: 

GCA_029834395.2), the five HiFi cells produced 115,806,042,303 bp of HiFi data, or 

∼43× coverage from the estimated 2.7 GB genome (Cossette et al., 2023). The mean 

length of the HiFi reads was 14,652 bp. We generated 368,278,690 paired Hi-C reads. 

The final smoky shrew assembly was 2.87 GB with an N50 of 42.40 Mb and over 99% 

of the genome being in scaffolds >50 kb long (Table 2.1). Approximately 51.9% of the 

genome was made of repetitive sequences (Table 2.2). The BUSCO assessment was 

93.4% complete, of which 91.8% were single-copy. Distribution plots showed a high 

percentage of single-copy k-mers in the final assembly. We generated 890,398,361 

raw 150 bp paired-end reads (∼110× coverage) and 96,242,024,700 bp of 10× reads. 

The maritime shrew genome was 2.43 GB (GenBank assembly accession: 

GCA_030324115.1) and comprised of 91,327 scaffolds with an N50 of 84.5 kb. A 

total of 69.8% of the assembly was in scaffolds over 50 kb long, and 41.7% of the 

genome was classified as repetitive sequences. Out of the BUSCO orthologs from the 

mammalian data set, 72.9% were complete with 70.6% being single-copy. The 

potential impact of this lower quality genome assembly on subsequent analyses is 

discussed below (see Discussion). 

A total of 20,380 protein-coding genes were identified in the smoky shrew 

genome and 21,191 in the maritime shrew genome. The assembled maritime and 

smoky shrew mitochondrial genomes were 16,979 bp and 17,051 bp long, 

respectively; all 37 mitochondrial genes were present in both assemblies. 
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Accelerated regions 

We identified 598,180 conserved regions (~1% of the genome) (Table S2.1) in 

our alignments, comparable to other mammalian studies (Ferris et al., 2018; Tollis et 

al., 2021). From these regions, 307,989, ∼51% of conserved regions, were in exons. 

We found 2,643 common shrew ARs in 1,627 genes, 21,581 maritime shrew ARs in 

4,528 genes, 4,272 smoky shrew ARs in 2,257 genes, and 21,354 Etruscan shrew 

ARs in 6,787 genes (Table 2.3, Table S2.1). Soricidae shared 35 ARs, and the Sorex 

species shared 404 ARs (Figure 2.1a). Notable ARs were found in genes related to the 

nervous system such as the growth associated protein 43 (GAP43), fibroblast growth 

factor receptor 1 (FGFR1), and class III β-tubulin (TUBB3) (Table 2.4). Also, genes 

involved in metabolic pathways such as the adiponectin receptor 1 (ADIPOR1) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) had shared ARs in Sorex and 

Soricidae, respectively (Table 2.4). The common shrew and maritime shrew genomes 

shared ARs in the cadherin related 23 (CDH23) and otoferlin (OTOF) genes, which are 

associated with echolocation capabilities in mammals (Shen et al., 2012; Table 2.4). 

The pathway analyses revealed genes associated with nervous system development, 

olfactory receptors, insulin and energy metabolism pathways, muscle contraction, and 

cardiac conduction as well as keratinization (Figure 2.1, Figure S2.2). 

 

Gene family size evolution 

Orthofinder assigned 476,077 (97.0% of total) genes to 20,489 orthogroups. 

Of these, 7,954 orthogroups included at least one ortholog from each of the 20 species 

and 1,810 orthogroups were species-specific. A total of 533 genes were identified as 



 

 
 

20 

single-copy genes across all 20 mammals. The maritime shrew had 15,755 (74% of 

genes) genes assigned to orthogroups (Figure 2.2a) and had the most species-specific 

orthogroups (Figure 2.2b), which may be due to inaccurate gene predictions resulting 

from the fragmented assembly (Table 2.1). The three other shrew species’ assemblies 

had on average 37 unique gene families each (Figure 2.2b). Orthofinder further 

identified 2,722 gene duplication events in the common shrew, 2,658 in the maritime 

shrew, 2,328 in the smoky shrew, and 2,306 in the Etruscan shrew (Figure 2.2c, Table 

2.3). There were 42 gene duplication events shared between all shrew species and 62 

between the Sorex genus (Figure 2.2c, Table 2.3). The number of gene families 

undergoing expansion ranged between 904 and 1,476 in shrews with up to 407 

significantly expanding gene families in the common shrew (Figure 2.2d). The maritime 

shrew appeared to have undergone more contractions (n = 7,285) than any other 

shrew species which ranged between 629 and 1,598 contractions. This discrepancy 

may be due to incomplete gene predictions resulting from the fragmented assembly 

(Table 2.1). The orthogroup associated with the serine racemase (SRR) gene, which is 

involved in neurogenesis (Roychaudhuri et al., 2023), appeared to have undergone 

significant expansion in the Sorex shrews (Table 2.4). Other significantly expanded 

gene families in all Soricidae were associated with nervous system development genes 

and cellular response to stress and starvation, olfactory receptors, and the immune 

system (Figure 2.2e). The gene families that underwent significant contractions shared 

between species were related to olfactory receptors and blood group system pathways 

(Figure 2.2e). 
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Episodic diversifying selection in shrews 

We calculated the ratio of non-synonymous to synonymous substitutions 

(dN/dS) using aBSREL to identify positive selection. Out of the 533 single-copy genes 

tested, nine were detected as being under positive selection in the common shrew, 97 

in the maritime shrew, 31 in the smoky shrew, and 116 in the Etruscan shrew when 

the Soricidae common ancestor and all descendent branches were selected as the 

foreground branches (Figure 2.3a, Table 2.3). A total of 62 genes were detected as 

being under positive selection in the Soricidae node, and 47 were detected as being 

selected for in the Sorex (Figure 2.3a, Table 2.3).  Ninety-four percent of these genes 

had trees supporting shrews as a monophyletic group. In all shrew nodes and species, 

except for the common shrew, the ankyrin 2 (ANK2) gene, involved in making proteins 

found in the brain and heart, was under positive selection (Figure 2.3b, Table 2.4). 

Other genes under selection included anoctamin 10 (ANO10), myosin IXB (MYO9B), 

and reticulon 4 receptor (RTN4R) which are all associated with the nervous system 

(Table 2.4). Top enriched pathways for positively selected genes were related to protein 

metabolism and various GTPases cycles (Figure 2.3c). 

 

Discussion 

Over the course of mammalian evolution, species have adapted to diverse 

ecological niches, evolving an array of specialized traits and behaviors. Shrews, in 

particular, have evolved unique phenotypes and abilities tailored to their various 

environments, including venomous saliva (Kita et al., 2004), echolocation (Chai et al., 

2020; Forsman & Malmquist, 1988; Tomasi, 1979), hunting underwater (Mendes-
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Soares & Rychlik, 2009), and reversible body size changes (Lázaro & Dechmann, 

2021). Soricidae are also known to have one of the shortest lifespans and highest 

mass-specific metabolic rate of all mammals (Ochocińska & Taylor, 2005). Here, we 

assembled two de novo shrew genomes and conducted comparative genomic analyses 

between four shrews and 16 other mammal species to test our prediction that shared 

genomic variants among shrew species are likely associated with unique phenotypes 

and abilities specific to shrews. We identified ARs, gene family expansion and 

contractions, as well as genes undergoing positive selection in Soricidae. 

 

Genome evolution underling phenotypic changes in shrews 

Shrews have poor vision which is mostly used to detect light intensity; in 

contrast, their olfactory, tactile, and acoustic senses are well developed (Churchfield, 

1990). Certain Nearctic shrew species, and the common shrew, have even developed 

echolocating abilities to navigate their surroundings (Churchfield, 1990; Forsman & 

Malmquist, 1988; Gould, 1969). We found shared ARs in the coding region of the 

CDH23 gene and 3′UTR region of the OTOF gene in the common and maritime shrews 

(Table 2.4). Both genes are involved in the auditory system and more specifically 

echolocation in mammals (Y.-Y. Shen et al., 2012) . Chai et al. (2020) found evidence 

of convergent evolution between the common shrew and other echolocating mammals 

for both these genes. The common shrew is the only species included in our analyses 

confirmed to echolocate, but our findings indicate the potential for such ability in the 

maritime shrew, as it is the most closely related species and shares ARs with the 

common shrew for the CDH23 and OTOF genes. Echolocation is likely more widespread 

among shrews (i.e. Blarina) (M. E. Gleason et al., 2023), including other Sorex (Buchler, 
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1976), thus detection in the maritime shrew is not unexpected and this might be a 

Sorex-wide trait. 

Survival in cold climates involves species adopting strategies such as migration, 

hibernation, or entering a state of torpor. Shrews do not hibernate nor migrate long 

distances (Churchfield, 1990). Their high metabolic rate prevents them from building 

up sufficient fat storage (Churchfield, 1990); therefore, to survive through the winter, 

some shrew species have evolved a way to lower their energetical demand by 

undergoing reversible seasonal changes in body size and mass, known as Dehnel’s 

phenomenon (Lázaro & Dechmann, 2021). During the winter, brain mass can shrink 

around 20% in the common shrew and regrow up to 17% for the summer (Lázaro, 

Hertel, et al., 2017). This has also been shown in the Etruscan shrew (Ray et al., 2020), 

which enters torpor (Fons et al., 1997), and other Sorex shrews (e.g. Sorex minutus) 

(Bartkowska et al., 2008; Lázaro & Dechmann, 2021). It remains uncertain if the 

maritime shrew and smoky shrew exhibit Dehnel’s phenomenon, however both species 

belong to the Sorex genus and inhabit Northern climates, akin to other shrew species 

known to undergo these size changes. 

We observed hundreds of ARs in shrews associated with nervous system 

development and axon guidance pathways (Figure 2.1b), including specific genes such 

as TUBB3, GAP43, and FGFR1 (Table 2.4). In all Sorex species, ARs were found in the 

5′UTR regions of the TUBB3 and GAP43 genes. TUBB3 plays a role in the regeneration 

of axons (Latremoliere et al., 2018), while GAP43 is involved in neurite outgrowth and 

synaptic plasticity in the hippocampus (Aigner et al., 1995; Y. J. Lee et al., 2023), a 

region of the brain known to shrink during the winter and regrow in the spring in the 

common shrew (Lázaro et al., 2018). Furthermore, ARs were identified in the coding 
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region of the FGFR1 gene, which is also involved in hippocampal growth (Ohkubo et al., 

2004). These findings were further supported by the gene family expansions. Gene 

families associated with the SRR, PURA, and UGT8 genes, which are all involved with 

the brain and the nervous system (Table 2.4), had undergone significant expansion in 

all Sorex species. And in all Soricidae species, significantly expanded gene families 

were associated with SLITs and ROBOs pathways (Figure 2.2e) which are involved in 

neocortical development, a region responsible for sight and hearing (Gonda et al., 

2020). The pathway analysis further revealed that positively selected genes in shrew 

were related to Rho GTPase pathways (Figure 2.3c). Rho GTPases, such as RhoA, 

Cdc42, and Rac1, are involved in neuronal development, neurodegeneration, and 

synaptic plasticity (Stankiewicz & Linseman, 2014; H. Zhang et al., 2021). Finding such 

genes and pathways associated with the brain and nervous system consistently in all 

analyses and shared between all species, we hypothesize, is indicative of the genetic 

mechanisms involved in seasonal brain size plasticity. 

Shrews might also undergo a metabolic shift from lipid to glucose as a fuel 

source to survive the winter. Work by Thomas et al. (2023) found evidence that lipid 

metabolite concentration decreased throughout the winter in the common shrew, 

possibly promoting carbohydrate metabolism during the harsh winter months. Thomas 

et al. (2023) found differentially expressed genes and pathways associated with insulin 

and cholesterol between shrew brain and liver samples across seasons. When 

consumed, carbohydrates breakdown into glucose, and insulin then regulates if it is 

used as a source of energy or stored (Dube et al., 2013). We identified ARs and 

positively selected genes in shrews associated with Rho GTPase pathways (Figure 2.3, 

Figure S2.2). Rho GTPase are also involved in metabolic homeostasis more specifically 
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glucose metabolism (Møller et al., 2019). Furthermore, an AR was identified in the 

3′UTR region of the ADIPOR1 gene in Sorex (Table 2.4). ADIPOR1 plays a crucial role in 

the regulation of glucose and lipid metabolism (Yamauchi et al., 2007). All shrew 

species shared an AR in the GAPDH coding region, which is involved in glycolysis, the 

process that breaks down glucose into energy (Table 2.4). Furthermore, gene families 

that underwent significant expansions were associated with cellular response to stress 

and starvation (Figure 2.2e). These findings highlight the relationship between genomic 

variants unique to shrews and their distinctively fast metabolism and wintering strategy 

and offers candidate genes for further hypothesis testing (Table 2.4). 

 

Addressing bias from assembly and annotation differences 

The divergent assembly strategies and genome quality statistics (Table 2.1) 

presented us with a natural study to compare the impact of reference genome that 

warrants comment. Assembly inconsistencies between genomes can lead to 

overestimation of genomic differences between taxa when conducting comparative 

genomic analyses (Denton et al., 2014). Our shrew assemblies consisted of three 

highly contiguous genomes (Etruscan, smoky, and common shrew), and one 

fragmented genome (maritime shrew). In the AR analysis, the maritime shrew and 

Etruscan shrew assemblies revealed a high number of ARs; however, we found no clear 

pattern between number of ARs and genome assembly quality or contiguity (Figure 

S2.3). For good measure, we repeated the analysis to identify ARs in the African 

elephant (Loxodonta africana) and big brown bat (Eptesicus fuscus) and compared 

these values to the study done by Ferris et al. (2018). Our results were consistent with 
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their work, with a significant lower number of ARs in the African elephant (n = 1,904) 

compared to the bat (n = 20,939; Table S2.1). Thus, the AR analysis appears to not be 

impacted by highly fragmented assemblies like the maritime shrew, likely due to the 

bioinformatic approach of mapping short fragments. 

The maritime shrew had fewer genes assigned to orthogroups and more 

species-specific orthogroups compared to all other shrews. Here, this is likely due to 

the maritime shrew’s lower genome contiguity and not having a standardized RefSeq 

annotation like all other species. Depending on the sequencing and assembly method, 

de novo genome assemblies can be fragmented resulting in inaccurate structure and 

number of predicted genes (Denton et al., 2014). However, despite detecting 

considerably more orthogroups in the maritime shrew, the number of duplicated 

regions and genes under positive selection did not deviate significantly from the 

Etruscan shrew (Table 2.3), suggesting that none of our metrics were drastically 

impacted by fragmentation. Still, to avoid biases due to assembly and annotation 

differences between species, we focused on overall trends found in Soricidae and 

Sorex instead of species-specific trends. This minimizes overestimation of ARs, gene 

duplication event, or gene family expansion/contraction and positively selected genes 

identified in shrews. Overall, our study found shrew-specific genomic variants in genes 

associated with the nervous, auditory, metabolic, and olfactory systems, most of which 

can be linked to unique phenotypes or traits in shrews. 
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Materials and Methods 

Sampling and sequencing 

A single smoky shrew (S. fumeus) was live captured from Peterborough, Ontario 

(Animal Care Certificate no. 26234). Heart, liver, brain, and tail tissue were collected 

immediately after euthanasia and frozen. DNA was extracted from the heart and liver 

using the MagAttract HMW DNA Kit from QIAGEN. Pooled DNA extracts were sent to 

The Centre for Applied Genomics (TCAG) in Toronto, Ontario, Canada, to sequence five 

HiFi cells on the PacBio Sequel II instrument. Tissue samples were sent to Phase 

Genomics (Seattle, Washington) to generate a Hi-C library using the Phase Genomics 

Proximo Animal kit version 4.0. 

Genomic sequencing of the maritime shrew was undertaken as part of the 

CanSeq150 program (https://www.cgen.ca/canseq150). A single maritime shrew (S. 

maritimensis) was live captured and euthanized following the guidelines of the 

Canadian Council on Animal Care see Dawe et al. (2009). Liver tissue was collected 

immediately and frozen. Genomic DNA was extracted from frozen tissues using a 

standard proteinase K-phenol-chloroform protocol (Sambrook et al., 1989). DNA and 

tissues were stored at −80°, and DNA extracts from this maritime shrew were sent to 

TCAG for sequencing. Short-read (SR) libraries were generated using PCR-free 

preparation and sequenced on two lanes on the Illumina HiSeqX instrument and with 

150 bp paired-end reads. Linked reads (LR) were prepared using the 10× genome 

library after selecting fragments > 15 kb using BluePippin. The LR were sequenced on 

one Illumina HiSeq X Lane with 150 bp paired-end reads. 
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Genome assemblies and annotation 

We assembled the smoky shrew reference genome following the updated 

Vertebrate Genome Pipeline (Rhie et al., 2021). The HiFi bam files were filtered using 

bamtools version 2.5.1 (Barnett et al., 2011) (rq ≥ 0.99) and converted to fastq files 

using samtools version 1.12 (Danecek et al., 2021) via the fastq flag. We trimmed 

residual HiFi adapter sequences using cutadapt version 3.4 (M. Martin, 2011). The 

primary assembly was constructed using hifiasm version 0.16.1-r375 (Cheng et al., 

2021, 2022) allowing for the integration of the Hi-C reads. We used the default level 

of purge duplication of three for non-trio assembly. We ran the hifiasm python module 

on 32 threads with 228 GB of RAM. We used Merqury version 1.3 (Rhie et al., 2020) 

with meryl from Canu version 2.2 (Koren et al., 2017) to assess genome assembly 

quality via k-mer copy number analysis. 

For the maritime shrew genome, we used BBMap version 35.8 (Bushnell, 2022) 

to remove adapters and trim low-quality data from the fastq files. Kmergenie version 

1.7048 (Chikhi & Medvedev, 2014) was used to find the k-mer size for downstream 

analysis. The genome was assembled using a tiered approach: (i) using only the SR 

data with w2rap-contigger with -K set to 144 (Clavijo, 2021) and (ii) with only the 10X 

LR data using Supernova version 2.1.1 (Weisenfeld et al., 2018) using the --maxreads 

filter set to “all”. The pseudohap2 style was selected for the assembly output. Following 

these assemblies, both SR and LR assembly versions were merged via quickmerge 

version 0.3 (Chakraborty et al., 2016) with the LR as the backbone and the default 

parameters. Scaff10x version 5.0 (Ning et al., n.d.) was used to further polish the 

maritime shrew genome. 
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Nuclear genome completeness was assessed for both assemblies using 

Benchmarking universal single-copy orthologues (BUSCO) version 3.0.2 (Simão et al., 

2015) by comparing the genomes to highly conserved genes in mammals. The smoky 

shrew mitochondrial genome was assembled using the PacBio subreads and the 

mitochondrial genome of a previous smoky shrew assembly (NCBI accession: 

GCA_026122425.1) (Cossette et al., 2023) as a backbone with MitoHifi version 3.2 

(Uliano-Silva et al., 2023). The mitochondrial genome for the maritime shrew was 

assembled using MitoZ (Meng et al., 2019a) with the function “mitoz all” on the fastq 

reads and parameters --genetic_code 2 --clade Chordata --kmers_megahit 59 63 79 

99 119 141 --requiring_taxa Chordata and was manually curated. 

The smoky shrew genome annotation was generated by NCBI using their 

eukaryotic genome annotation pipeline that integrated RNAseq data (SRA RNA-Seq 

accession: SRX20204431, SRX20204430) from Cossette et al. (2023). We generated 

the maritime shrew annotation in-house via GenSAS version 6.0 (Humann et al., 2019) 

as it was too fragmented for the NCBI pipeline. Repeat regions were identified using 

RepeatModeler version 2.0.1 (Smit & Hubley, 2023b) and RepeatMasker version 4.1.1 

(Smit & Hubley, 2023a). Here, we used the smoky shrew liver and heart RNA reads 

from Cossette et al. (2023), as we did not have RNA data for the maritime shrew, and 

mapped them to the maritime shrew genome using HISAT2 version 2.2.1 (Kim et al., 

2019). The resulting BAM files were used by Augustus version S3.4.0 (Stanke et al., 

2006) for gene prediction. The NCBI refseq vertebrate-mammalian protein database 

available on GenSAS was aligned to the genome using DIAMOND version 2.0.11 

(Buchfink et al., 2015). Augustus and DIAMOND were also run using the common 

shrew, mSorAra2.pri (GenBank accession: GCF_027595985.1), protein fasta file. 
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EVidenceModeler version 1.1.1 (Haas et al., 2008) was used to generate a consensus 

gene set using the Augustus (1× weight) and DIAMOND (5× weight) outputs. Gene 

function was assigned to our gene consensus model with DIAMOND and InterProScan 

version 5.53-87.0 (P. Jones et al., 2014). 

 

Detection of ARs in shrew genomes 

We generated a multiple alignment file (MAF) consisting of 20 mammalian 

genome assemblies to identify ARs in the four shrew species. We downloaded the 

pairwise syntenic net alignment files for the 16 mammals, including the common 

shrew, against the human (hg38) genome (Table S2.2) from the UCSC database (Kent 

et al., 2002). Using LASTZ version 1.04.03 (Harris, 2007), we generated pairwise 

alignments against the hg38 genome for the smoky, maritime, and Etruscan shrew 

genomes. The LASTZ run parameters were set to K = 3,000, L = 3,000, Y = 9,400, E = 

30, H = 2,000, and O = 400 based on UCSC’s hg38 100-way conservation parameters 

for their common shrew alignment. The alignments for each species were chained with 

the chainMinScore = 3000 and linearGap = medium options and subsequently netted 

using kentutils tools version 401 (UCSC Genome Browser, 2020). Our resulting 

pairwise alignments for each shrew species were then aligned to the other mammal 

pairwise alignments to create one MAF using the roast function from MULTIZ version 

11.2 (Blanchette et al., 2004) and the tree topology in Figure S2.1b, supported by 

Murphy et al. (2001) and Meredith et al.  (2011). 

The MAF was filtered to only keep alignments to the 22 main autosomal 

chromosomes of the hg38 genome. We used the msa_view function from the PHAST 

package version 1.5 (Hubisz et al., 2011) to extract 4-fold degenerate (4D) sites from 
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the non-shrew species in our alignments and based on the human annotations (NCBI 

accession: GCA_000001405.15) from which we only kept coding sequences. The 

output was used to estimate a non-conserved phylogenetic model using phyloFit with 

the substitution model REV and the EM algorithm option. The PhastCons function from 

RPHAST version 1.6.11 (Hubisz et al., 2011) was used to identify conserved regions in 

the non-shrew species with the parameters set to expected.length = 45, 

target.coverage = 0.3, rho = 0.31, and viterbi = TRUE. We filtered the predicted 

conserved regions to sites that aligned to all the shrew species and at least 18 species 

in total. We regularized the length of the conserved regions to 50 bp regions to simplify 

the likelihood ratio tests. PhyloP was run using the acceleration (ACC) mode with the --

features option to identify ARs within the predicted conserved regions for each of our 

shrew species. This was done by running phyloP sequentially on each shrew terminal 

branch using the full species alignment. Nonparametric simulations were run to 

calculate empirical P-values by generating 100,000 synthetic alignments and running 

phyloP on these alignments to obtain a null distribution of log likelihood ratios. 

Statistically significant ARs were defined with a false discovery rate threshold of 5%. 

Genes overlapping these ARs were identified using bedtools version 2.30.0 (Quinlan & 

Hall, 2010) and the hg38 genome annotations. 

 

Gene family size evolution 

We identified orthogroups among protein sequences from all 20 mammal 

genomes (Figure S2.1b, Table S2.2) to identify gene duplication events. Here, an 

orthogroup is a set of genes that have descended from a single ancestral gene in the 

last common ancestor to our species of interest and all other mammalian genomes in 
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the set (Emms & Kelly, 2019). We downloaded the protein files from NCBI RefSeq for 

each species (Table S2.2), except the maritime shrew for which we used our GenSAS 

annotation. We further filtered the data to keep the longest transcript variant per gene 

in each species’ file to minimize run time and increase accuracy. OrthoFinder version 

2.5.4 (Emms & Kelly, 2019) with the parameters -M msa, -S diamond, -A mafft, -z, -T 

fasttree was used to obtain 20,489 orthogroups and identify duplicated genes. We 

then used CAFE version 4.2 (De Bie et al., 2006) with a multi-lambda model to analyze 

the evolution of orthogroup sizes and used an error estimation model to account for 

genome assembly errors. A Monte Carlo resampling procedure was applied to each 

branch and node to compute family-wide P-values. For P ≤ 0.01, the Viterbi method 

was used to calculate exact P-values and identify gene families that have experienced 

significant expansion (P ≤ 0.01) (De Bie et al., 2006).  

 

Non-synonymous to synonymous rate ratio 

We used an adaptive branch site random effects likelihood (aBSREL) model (M. 

D. Smith et al., 2015) with the HyPhy package version 2.5.49 (Pond et al., 2005) to 

identify possible episodic diversifying selection in shrews by calculating the ratio of non-

synonymous to synonymous substitutions (dN/dS). The analysis was performed on the 

533 single-copy genes identified by OrthoFinder. Multiple sequence alignment for each 

protein was converted to sequence codon alignments using PAL2NAL version 14.1 

(Suyama et al., 2006) to input in aBSREL using the coding sequence available on 

RefSeq (Table S2.2). We examined the individual gene trees for each single-copy gene 

alignment and found that 80% of these trees supported shrews as a monophyletic 

group. We used the consensus species tree output from the OrthoFinder analysis, 
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which is based on approximately 20,000 orthogroups and also includes shrews as a 

monophyletic group, as the input tree for all aBSREL runs. We ran the aBSREL analysis 

twice to estimate dN/dS, first (i) with the branch leading to the common ancestor of 

the shrews and all its descendent branches selected as the foreground; and (ii) with 

no foreground branches specification and all branches tested for positive selection. An 

R script (Jarva, 2023) was used to parse and extract data from the nested json file 

outputs. 

 

Gene pathway analysis 

Gene and protein summaries were manually retrieved from UniProt (Bateman 

et al., 2023) and NCBI (National Center for Biotechnology Information (NCBI), 1988). 

Genes that were associated with ARs, duplications events, statistically significant 

family size changes, and positive selection in shrews were linked to the corresponding 

human ortholog gene ID when possible, to input in DAVID, the Database for Annotation, 

Visualization and Integrated Discovery (D. W. Huang et al., 2009; Sherman et al., 

2022), to identify gene pathways for each analysis. 
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Figures and Tables 
 
 

 
 

Figure 2.1. Accelerated region (AR) analysis results. (a) Location of ARs shared between Sorex species (n = 404) in 
blue and Soricidae (n = 35) in yellow mapped to the human (hg38) genome. Venn diagram for the number of 
overlapping ARs between shrew species. (b) Top Reactome pathways for overlapping ARs in Sorex and Soricidae. 
Asterisk represents significant pathways (5% FDR). Top pathways for individual shrew species can be found in the 
Supplemental (Figure S2.2). 

 
 

Figure 2.2. OrthoFinder and CAFE analyses results. (a) Percentage of genes from each species assigned to 
orthogroups. (b) Number of species-specific orthogroups. (c) Number of species-specific duplication events. 
Number of duplication events shared by all descendants of the shrew nodes are also represented. (d) Number of 
significantly (P-value < 0.01) expanded/contracted orthogroups across 20 mammalian species. Shrew nodes and 
branches are highlighted. (e) Top Reactome pathways for the significantly expanded/contracted orthogroups 
shared between Sorex and Soricidae species. Asterisk represents significant pathways (5% FDR). 
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Figure 2.3. aBSREL (dN/dS) analysis results. (a) Manhattan plot of Bonferroni-Holm corrected P-values used as 
evidence for selection for all 533 single-copy genes from the foreground run mapped to the human (hg38) genome. 
Dark grey points represent genes with non-significant P-values for shrew nodes and species. Light grey points 
represent genes from all other mammal nodes and species. The red dotted line represents the 0.05 significance 
threshold. Top genes for shrew nodes and species are indicated by the respective name. (b) HyPhy Vision plot for 
the different omega (ω) rate distributions in each branch for the ANK2 gene. The color of the segments indicates 
the rate (ω), while the length of each segment represents the proportion of sites exhibiting that specific ω rate. 
Thicker branches highlight those identified as having undergone diversifying positive selection (corrected P-value < 
0.05). (c) Top Reactome pathways for the positively selected genes from the dN/dS analysis in shrew nodes and 
species. Asterisk represents significant pathways (P-value < 0.05). 
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Table 2.1. Genome assembly statistics for the smoky shrew genome generated from PacBio HiFi long-reads and Hi-
C reads, the maritime shrew genome generated from 10X long-reads and short-reads, and the common shrew and 
Etruscan shrew genomes downloaded from NCBI. 

 

Table 2.2. Summary of repeats in the smoky and maritime shrew genomes in length occupied (bp) and percentage 
of the genome. 

 

 

 

 

 

 

 

 

 

 

 

 

 Smoky shrew Maritime shrew Common shrew Etruscan shrew 

Main genome assembly size 2.87 GB 2.43 GB 2.42 GB 2.47 GB 

Main genome number of scaffolds 499 91,327 12,478 147 

Main genome scaffold N/L50 42.4 Mb/23 84.5 kb/7,135 22.8 Mb/36 131.9 Mb/8 

Main genome scaffold N/L90 17.4 Mb/49 15.3 kb/29,605 4.2 Mb/129 87.5 Mb/17 

Max scaffold length 91.7 Mb 2.5 Mb 60.2 Mb 208.2 Mb 

Number of scaffolds > 50 kb 365 14,697 473 70 

% main genome in scaffolds > 50 kb 99.9% 69.8% 98.4% 99.9% 

Genome coverage 43.0× 76.5× 120.0× 142.6× 

Number of protein-coding genes 20,380 21,191 19,080 19,819 

 Smoky shrew Maritime shrew 

SINE 182,692,788 (6.36%) 141,858,027 (6.90%) 

LINE 614,478,406 (21.38%) 366,060,918 (17.81%) 

LTR elements 41,000,372 (1.43%) 30,015,478 (1.46%) 

DNA transposons 10,884,988 (0.38%) 6,592,309 (0.32%) 

Unclassified 500,269,535 (17.41%) 198,021,546 (9.63%) 

Rolling-circles 686,527,20 (2.39%) 58,004,316 (2.82%) 

Small RNA 20,490,319 (0.71%) 18,114,174 (0.88%) 

Satellites 2,682,795 (0.09%) 2,057,146 (0.10%) 

Simple repeats 39,822,407 (1.39%) 29,813,949 (1.45%) 

Low complexity 9,066,276 (0.32%) 5,801,032 (0.28%) 

Total 1,421,387,886 (51.86%) 856,338,895 (41.65%) 
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Table 2.3. Summary statistics from each analysis per shrew species/node. 

 
Table 2.4. Genes associated to the nervous system, auditory system, and metabolism in shrew species/nodes 
identified in each analysis based on the human hg38 annotations (NCBI accession: GCA_000001405.15). 

 Smoky 

shrew 

Maritime 

shrew 

Common 

shrew 

Etruscan 

shrew Sorex Soricidae 

# accelerated regions 4,272 21,581 2,643 21,354 404 35 

# gene duplications 2,328 2,658 2,722 2,306 62 42 

# significant+/−orthogroups +85/−8 +54/−503 +407/−1 +128/−36 +62/−5 +52/−18 

# genes under selection 31 97 9 116 62 47 

 Node/species Gene Function 

Accelerated regions Sorex sorex CDH23 Critical component of hair bundle formation (Palma et al., 2001)  

 Sorex sorex OTOF Involved in vesicle release at the synapse between inner hair cells 

and auditory nerve fibers (Roux et al., 2006) 

 Sorex GAP43 Associated to neurite outgrowth and synaptic plasticity (Aigner et 

al., 1995; Y. J. Lee et al., 2023) 

 Sorex TUBB3 Involved in axon regeneration (Latremoliere et al., 2018) 

 Sorex CPNE6 Regulates dendritic spine structural plasticity, learning and 

memory (Reinhard et al., 2016) 

 Sorex FGFR1 Necessary for hippocampal growth (Ohkubo et al., 2004)  

 Sorex ADIPOR1 Plays a role in glucose and lipid metabolism (Yamauchi et al., 

2007)  

 Soricidae GAPDH Involved in glycolysis pathway (Seidler, 2013)  

 Soricidae CSNK2A1 Mutations associated with neurodevelopmental abnormalities 

(Okur et al., 2016)  

Duplication/CAFE Sorex SRR Involved in synaptic plasticity (Wong et al., 2020) and affects 

adult neurogenesis (Roychaudhuri et al., 2023)  

 Sorex PURA Important for postnatal brain development (Khalili et al., 2003)  

 Sorex UGT8 Involved in the synthesis of glycosphingolipid of myelin (Dziȩgiel et 

al., 2010)  

dN/dS Soricidae 

Sorex 

Sorex sorex 

S. fumeus 

S. maritimensis 

S. etruscus 

ANK2 Variants associated to cardiac and neurological disorders (York et 

al., 2022) 
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 Sorex 

Sorex sorex 

S. maritimensis 

S. etruscus 

ANO10 Variants are known to cause spinocerebellar ataxia, a 

neurological disorder (Chrysanthou et al., 2022)  

 Soricidae 

Sorex 

S. maritimensis 

S. etruscus 

MYO9B Modulates dendritic morphogenesis in the brain (Long et al., 

2013)  

 S. fumeus 

S. etruscus 

RTN4R Plays an essential role in regulating axonal regeneration and 

plasticity in the central nervous system (Kimura et al., 2017)  

 Soricidae 

S. maritimensis 

ACLY Directs glucose metabolic fluxes to de novo lipogenesis (R. Li et 

al., 2023)  

 Sorex CH25H Modulates cholesterol homeostasis (J. Zhao et al., 2020) 
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Abstract 

Geographically isolated populations, specifically island-mainland counterparts, 

tend to exhibit phenotypic variation in many species. The so-called island syndrome 

occurs when different environmental pressures lead to insular divergence from 

mainland populations. This phenomenon can be seen in an island population of Nova 

Scotia masked shrews (Sorex cinereus), which have developed a specialized feeding 

habit and digestive enzyme compared to their mainland counterparts. Epigenetic 

modifications, such as DNA methylation (DNAm), can impact phenotypes by altering 

gene expression without changing the DNA sequence. Here, we used a de novo shrew 

genome assembly and a mammalian methylation array profiling 37 thousand 

conserved CpGs to investigate morphological and DNA methylation patterns between 

island and mainland populations. Island shrews were morphologically and 

epigenetically different than their mainland counterparts, exhibiting a smaller body 

size. A gene ontology enrichment analyses of differentially methylated CpGs implicated 

developmental and digestive system related pathways. Based on our shrew epigenetic 

clock, island shrews might also be aging faster than their mainland counterparts. This 

study provides novel insight on phenotypic and epigenetic divergence in island-

mainland mammal populations and suggests an underlying role of methylation in 

island-mainland divergence.  

 

Keywords  

DNA methylation, epigenetic clock, genome assembly, island divergence, island 

syndrome, masked shrew 
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Introduction 

Insular populations tend to exhibit divergent traits compared to their continental 

counterparts (Adler & Levins, 1994; Foster, 1964; Goltsman et al., 2005; Meröndun et 

al., 2019; Novosolov et al., 2013). This phenomenon is known as the island syndrome 

and refers to ecological and morphological differences between island and mainland 

populations (Baeckens & Van Damme, 2020). Altered predation, competition, 

environment, and geographic isolation are thought to lead to phenotypic differences 

between mainland and insular populations (Baeckens & Van Damme, 2020; Benítez-

López et al., 2021; Lomolino et al., 2013).  

 Relatively little is known about the specific mechanisms causing phenotypic 

changes in island-­mainland scenarios, whether it be genetic drift, natural selection, or 

plasticity (Baeckens & Van Damme, 2020; Benítez-López et al., 2021). Miller et al. 

(2021) found heritable variations for deer mice for both mass and length associated 

with outlier loci between island-­mainland populations and suggested that natural 

selection underlies such phenotypic divergence. Island-­mainland populations, 

however, do not always exhibit clear signals of nuclear genetic divergence with 

divergent phenotypes (e.g. Meröndun et al., 2019). In some cases, different epigenetic 

signatures, which include chemical modifications that regulate gene expression (Al 

Aboud et al., 2021), have been associated with levels of divergence between species 

and populations exhibiting different phenotypes (e.g. Meröndun et al., 2019; Vernaz et 

al., 2021) and unlike DNA, epigenetic modifications can respond quickly to 

environmental pressures even within an individual’s lifetime (Anastasiadi et al., 2021). 

For example, differential epigenetic patterns associated with phenotypic traits have 

been noted for body size in sheep (Ovis sp.) (Cao et al., 2015) and lynx (Lynx 
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canadensis) (Meröndun et al., 2019), for pigmentation levels in rabbits (Oryctolagus 

cuniculus) (Y. Chen et al., 2021) and for breeding success in barn swallows (Hirundo 

rustica) (Saino et al., 2017). 

 Epigenetic modifications may take a variety of forms, these include DNA 

methylation (DNAm), histone modifications and non-coding RNA activity, all of which 

can regulate gene expression without requiring changes in the DNA sequence (Moore 

et al., 2013). Differential patterns of epigenetic modification have been associated 

with early stages of speciation (Vernaz, Hudson, et al., 2021; Vernaz, Malinsky, et al., 

2021; Vogt, 2017). DNAm involves the transfer of a methyl group to a cytosine base 

(Moore et al., 2013) and can occur throughout the genome but mostly occurs on CpG 

dinucleotide sites (Moore et al., 2013). Depending on where in the genome these 

modifications occur, they can either supress or activate gene expression (Dhar et al., 

2021; Wan et al., 2015) and in some cases, methylation of only one CpG can inhibit 

the binding of transcription factors (Iguchi-Ariga & Schaffner, 1989; Watt & Molloy, 

1988). 

 CpG islands (CGI) are regions of the genome that contain a high frequency of 

CpGs relative to other regions of the mammalian genome (Illingworth & Bird, 2009). 

CGIs are also known to often overlap promoter regions (Deaton & Bird, 2011; P. A. 

Jones, 1999; Saxonov et al., 2006). These sites might be evolutionarily important in 

mammals since many CGIs are conserved between mice and humans (Illingworth et 

al., 2010; Moore et al., 2013). It is theorized that over time differential methylation can 

lead to permanent heritable (cis) nuclear changes, referred to as genetic assimilation 

(Anastasiadi et al., 2021). This can happen when environmental conditions persist 

through generations favouring a specific phenotype. Over time, this can result in 
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selection for a permanent genetic basis (e.g. point mutations) of the plastic 

epigenetically influenced phenotype (Anastasiadi et al., 2021). 

In addition, DNAm levels, particularly hypermethylation, on specific CpG sites 

changes throughout an individual's lifetime, making it possible to age individuals based 

on their methylation levels (Horvath, 2013; Lu et al., 2021; Prado et al., 2021; 

Wilkinson et al., 2021). These epigenetic clocks can predict chronological age in 

different mammalian species (Jasinska et al., 2021; Lu et al., 2021; Prado et al., 2021; 

Raj et al., 2021; Schachtschneider et al., 2021), and can be used to validate current 

aging techniques based on field observations (Robeck et al., 2021). Epigenetic clocks 

can also be used to predict demographic trends for conservation efforts (Prado et al., 

2021) and have been shown to be elevated in inbred individuals, suggesting that 

inbreeding can lead to aging at a faster rate (Larison et al., 2021a). Likewise, metabolic 

syndrome in humans (i.e. obesity) also results in increased epigenetic aging (H. S. Lee 

& Park, 2020; Nannini et al., 2019). It stands to reason that the differential selection 

pressures underlying island-­mainland patterns might also alter the DNAm aging rate. 

Shrews of the family Soricidae appeared over 50 million years ago (Yuan et al., 

2024). Hundreds of extant shrew species are now found on most continents 

(Churchfield, 1990; George, 1986) and have evolved unique traits such as 

echolocation (Chai et al., 2020; Forsman & Malmquist, 1988; Tomasi, 1979), 

venomous saliva (Kita et al., 2004) and the ability to dive underwater (Catania et al., 

2008; Mendes-Soares & Rychlik, 2009). Shrews have the highest mass-­specific 

metabolic rate of all mammals (Ochocińska & Taylor, 2005). They are also one of the 

smallest and shortest-­lived mammals, with many species having a maximum lifespan 

of ~17 months (Churchfield, 1990), making them important to study from an aging 
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perspective. Shrews of the genus Sorex show differing trends in body size variation 

across their range; populations of certain species at higher latitudes tend to have 

smaller body sizes, which is counter to the predictions of Bergmann's rule (Ochocinska 

& Taylor, 2003; Yom-Tov & Yom-Tov, 2005), whereas some populations of other 

species are larger at more northerly latitudes (Huggins & Kennedy, 1989). Sorex 

shrews also exhibit morphological plasticity; the Eurasian common shrew (Sorex 

araneus), for example, manifests seasonal and reversible changes in skull morphology, 

body mass and organ size (Lázaro, Dechmann, et al., 2017; Schaeffer et al., 2020; 

Taylor et al., 2013). Whether plastic or genetic in nature, these phenotypic variations 

throughout winter and latitude are generally explained as a response to limited 

resource availability (Lázaro, Dechmann, et al., 2017; Ochocinska & Taylor, 2003; 

Schaeffer et al., 2020; Taylor et al., 2013; Yom-Tov & Yom-Tov, 2005). 

Masked or cinereus shrews (Sorex cinereus) are the most abundant shrew in 

North America (Nagorsen, 1996). The range of this species spans much of the northern 

United States and most of Canada (Nagorsen, 1996) with a varied diet consisting 

primarily of invertebrates (Bellocq et al., 1994; Churchfield, 1990; Whitaker Jr. & 

French, 1984). One population of island dwelling masked shrews off the southern 

coast of Nova Scotia became isolated from the mainland during the late Wisconsin 

glaciation around 20,000 years ago (Roland, 1982; Stewart & Baker, 1992) and has 

developed a specialized feeding habit in response to their littoral environment (Stewart 

et al., 1989). Masked shrews on Bon Portage Island (BPI) are the only population of 

Sorex known to mainly feed on sand fleas (Platorchestia platensis) (MacPherson & 

Stewart, 2003; Stewart et al., 1989). Platorchestia platensis is a type of amphipod 

typically not consumed by insectivores, although Churchfield (1990) observed that the 
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population of the lesser white-­toothed shrew (Crocidura suaveolens) on St. Martin's, 

Isles of Scilly, in the United Kingdom, also feed on amphipods. In the case of S. 

cinereus, electrophoresis assays by Stewart and Baker (1992) found that the BPI 

masked shrew population expressed a unique (slow) allele for Peptidase A and showed 

evidence of drift. It was later hypothesized that due to the importance of sand fleas on 

BPI, the shrew's digestive enzyme, Peptidase A, had undergone an adaptive response 

(MacPherson & Stewart, 2003). Here, using a de novo assembled and annotated 

genome, we built a masked shrew epigenetic clock and quantified differential 

methylation patterns between populations to examine the association between 

geographical isolation and epigenetic divergence. We hypothesized that island shrews 

will exhibit different phenotypes than mainland shrews based on the island syndrome 

and that divergent methylation patterns could underly these differences. 

 

Materials and Methods 

Sampling, sexing, and aging shrews 

Masked shrew samples were collected from four locations: Sandy Cove 

(44°49′N, 66°09′W), North Mountain (45°18′N, 64°46′W), Long Island (44°38′N, 

66°23′W) and Bon Portage Island (43°46′N, 65°75′W) in Nova Scotia, Canada (Figure 

S3.1). All shrews were trapped between mid-July and late August to limit seasonal 

morphological differences, such as skull and body size (Lázaro, Dechmann, et al., 

2017; Lázaro et al., 2019, 2021). Shrews were euthanized using cervical dislocation 

or thoracic compressions (Animal Care Certificate No. 26234). An Ohaus CS200 scale 

was used to weight each shrew in grams with an accuracy of one decimal place. A vinyl 
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Almedic ruler was used to measure full body length with and without tail in millimetres 

(Figure S3.2). Body length values without tail were used for the analyses. A Preciva 

electronic digital caliper was used to measure the full skull length from the most 

protruding anterior to the most protruding backward point of the skull (Figure S3.2). 

DNA was extracted from liver as this is where digestive enzymes are found; tail and 

fetal tissue were selected to help build the epigenetic clock (see Lu et al., 2021). Liver 

and tail samples produce high DNA yields and are easy to locate in shrews. We used a 

DNeasy Blood & Tissue Kit from QIAGEN following the Purification of Total DNA from 

Animal Tissues (Spin-Column Protocol) to extract DNA from whole fetuses, ~ 20-30 mm 

tail snips and ~ 20 mg of liver samples from each individual. Shrews were left in 

dermestid beetle tanks for a week to remove all remaining tissue from the skulls. A 

Leica EZ4 microscope was used to assess age class for each shrew based on teeth 

wear according to the method of Pruitt (Pruitt, 1954; Rudd, 1955). Age in months was 

estimated based on the trapping date, the age class, and the known reproductive 

season of masked shrews assuming a maximum lifespan of ~17 months (Churchfield, 

1990). Shrews were sexed by gel electrophoresis of PCR amplicons of the Y 

chromosome-linked SRY gene (Cervantes et al., 2013; Matsubara et al., 2001) using 

custom primers (Table S3.1); sex assignments were subsequently validated with the 

methylation assay. 

 

Genome assembly and annotation 

A single smoky shrew (Sorex fumeus) from Peterborough County (44°53′N, 

78°05′W), Ontario, Canada had DNA and RNA extracted from the heart and liver 

immediately after euthanasia. We used the MagAttract HMW DNA Kit from QIAGEN 
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following the Disruption/Lysis of Tissue and Manual Purification of High-Molecular-

Weight Genomic DNA from Fresh or Frozen Tissue protocols to extract DNA from ~ 20 

mg of heart and liver samples. Both extracts were then pooled together. We used the 

Monarch Total RNA Miniprep Kit from New England BioLabs to extract RNA from ~ 20 

mg of heart and liver following the kit’s protocol for tissue samples. Extracts were sent 

to The Centre for Applied Genomics, Toronto, Ontario, Canada, for sequencing. Short-

read (SR) libraries were generated using Truseq PCR-free preparation and sequenced 

on two lanes on an Illumina HiSeq X platform with 150 bp paired-end reads. Linked 

reads (LR) were prepared using the 10X genome library after selecting fragments 

>20Kb using BluePippin. The linked reads were sequenced on one Illumina HiSeq X 

Lane. Twenty-five million RNA reads were sequenced on a HiSeq2500 with 126 bp 

paired-end reads. 

 We used BBMap v.35.8 (Bushnell, 2022) to remove adapters and trim low-

quality data from the fastq files. Contaminant screening was performed using Kraken2 

v.2.0.9-beta (Wood & Salzberg, 2014) and all unclassified sequences were kept. 

Kmergenie v.1.7048 (Chikhi & Medvedev, 2014) was used to find the kmer size for 

downstream analysis. The genome was assembled using a tiered approach: 1) using 

only the SR data with Meraculous v.2.2.4 (Chapman et al., 2011) and 2) with only the 

LR data using Supernova v.2.1.1 (Weisenfeld et al., 2018) using the --maxreads filter 

set to "all". The pseudohap2 style was selected for the assembly output. Following 

these assemblies, both SR and LR assembly versions were merged via quickmerge 

v.0.3 (Chakraborty et al., 2016) with the LR as the backbone. Scaff10x v.5.0 (Ning et 

al., n.d.) was used to further polish the S. fumeus genome. Genome completeness was 

assessed using Benchmarking Universal Single-copy Orthologs (BUSCO) v.3.0.2 (Simão 
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et al., 2015) by comparing the hybrid genome to highly conserved genes in mammals 

based on the mammalia_odb9 dataset. The mitochondrial genome was assembled 

using MitoZ v.2.4-alpha (Meng et al., 2019b). Genome annotation was conducted via 

GenSAS v.6.0 (Humann et al., 2019) using the assembled genome and RNAseq data. 

Here, repeat regions of the genome were identified using RepeatModeler v.1.0.1.1 

(Smit & Hubley, 2023b) and RepeatMasker v.4.0.7 (Smit & Hubley, 2023a). Smoky 

shrew liver and heart RNA reads were mapped to the genome using HISAT2 v.2.1.0 

(Kim et al., 2019). The resulting BAM file was used by BRAKER v.2.1.1 (Hoff et al., 

2019) and EVidenceModeler v1.1.1 (Haas et al., 2008) to predict features in the 

genome. Functional annotation to find common protein sequences between the smoky 

shrew and the common shrew, Sorex araneus (GenBank assembly accession: 

GCA_000181275.2), and other vertebrate mammals was done using BLAST v.2.11.0 

(Altschul et al., 1990), SwissProt v.2.11.0 (Bairoch & Apweiler, 1996) and InterProScan 

v.5.44-79.0 (Jones et al., 2014) databases.  The assembled genome and shared 

annotations were used only to identify Sorex specific probes.  

 

Epigenetic clocks 

DNA methylation profiles for each sample (n = 39, Table S3.2) were assayed on 

the HorvathMammalMethylChip40, a novel Infinium array that profiles up to 37,000 

highly conserved CpGs across the genome (Arneson et al., 2022). The SeSaMe 

normalization method was used to define beta values for each probe (Zhou et al., 

2018). Unsupervised hierarchical clustering based on inter-array correlation 

coefficients revealed that samples cluster by tissue type. The methylation array 

measurements can assess the sex of each sample based on the X chromosomal CpGs. 
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One fetal sample was removed due to inaccurate sexing. Only probes that aligned to 

the smoky shrew genome using QuasR v.1.12.0 (Gaidatzis et al., 2015) were retained 

for downstream analysis (n = 29,609). Elastic net regression models (alpha = 0.5, 10-

fold internal cross-validation) were applied to the DNAm data (covariates) and the 

chronological age estimate (dependent variable). The resulting multivariate regression 

model will be referred to informally as the masked shrew epigenetic clock. The alpha 

value of the glmnet R software package v.4.1-3 (J. H. Friedman et al., 2010) was set to 

0.5 to be midpoint between a ridge and lasso type regression. Elastic net regressions 

help prevent overfitting the model to the data by selecting variables (CpGs) and 

shrinking them simultaneously (Zou & Hastie, 2005). Three different models were used 

as per Lu et al. (2021); 1) no transformation to the chronological age, 2) log-

transformed chronological age (log(x+1)), and 3) square root transformed 

chronological age (sqrt(x+1)) with offsets of 1 year to avoid negative values for our fetal 

samples. To assess the accuracy of our epigenetic clock models we used a leave-one-

out (LOO) cross-validation method. This method consists of training the epigenetic 

clock models with a subset of the data and testing how well it can predict other 

observed data. We report the LOO estimates of the Pearson correlation between age 

and its DNAm based estimates as well as the median absolute error (MAE) between 

DNAm age and observed age (estimated chronological age in years).  

 

Statistical analyses and functional gene enrichment 

We ran a series of models in R v.1.3.959 (R Core Team, 2021). Using linear 

models, we separately regressed body size, weight, and skull length against location, 

age, and sex (i.e., phenotype ~ location + age + sex) of 27 masked shrews (Table S3.2). 
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Here, location was a categorical variable of island or mainland (see Table 3.1). 

Additionally, we extracted the residuals from the epigenetic clock for each sample and 

ran a Welch Two Sample T-test using location, sex and age group to test if different 

groupings epigenetically aged at comparable rates. Positive residuals were indicative 

of an epigenetically older individual than the linear model would predict.  

Epigenome-wide association studies (EWAS) were conducted using the limma 

package v.3.44 (Ritchie et al., 2015) with 36 methylomes (Table S3.2); note we 

removed the fetal samples from this analysis to avoid biased results associated with 

developmental genes and pathways.  Using the β values of aligned probes, we ran the 

following model: DNAm ~ location + sex + age + tissue including animal ID as a random 

effect. This model was run two times; once with BPI and Long Island grouped together 

as ‘Island’ in the model with all other locations assigned as ‘Mainland’ and once with 

BPI versus all other populations. The latter grouping was meant to isolate possible 

unique dietary adaptations of BPI shrews. The island versus mainland model was also 

run with only Long Island samples to test for a potential bias of having more BPI 

samples in the island grouping. 

A p value < 2e-6 was set according to the Bonferroni-corrected threshold as the 

cutoff for significance to be conservative (Johnson et al., 2010). The location of probes 

in relation to the gene annotations were identified using the ChIPseeker v.1.24.0 (Yu 

et al., 2015) and GenomicFeatures v.1.40.1 (Lawrence et al., 2013) packages. Probe 

locations were identified as intron, exon, downstream up to 300 bp from the 

transcriptional start site (TSS), promoter up to 10 kb upstream and 1 kb downstream 

from the TSS, and distal intergenic for probes that were not part of any other category. 

Enriched pathways associated with the significant CpGs for the EWAS models were 
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identified with rGREAT v.1.20 (McLean et al., 2010) using the human Hg19 genome 

annotation to allow for comparisons (Jasinska et al., 2021; Prado et al., 2021; 

Schachtschneider et al., 2021). We accounted for bias resulting from the design of the 

mammalian array by using the 14,290 CpGs that mapped to our shrew gene 

annotations as background. Following Schachtschneider et al. (2021), from these 

probes we filtered and kept the top 500 hypermethylated and top 500 hypomethylated 

sites based on p values to use for the enrichment analysis.  

 

Results 

Genome assembly and annotations 

We assessed the quality and completeness of our genome assembly to ensure 

confidence in our downstream analyses. The SR and LR assembly statistics are 

provided in Table S3.3; the final hybrid genome was 2.66 Gb with an N50 of 1.99 Mb 

and L50 of 291 scaffolds. The GC content was 42.88% with over 86% of the genome 

being in scaffolds over 50 Kb and the largest scaffold being around 22 million base 

pairs. Close to 95% of BUSCOs were identified in this assembly (Table S3.3): 3504 of 

4101 were complete single-copies, 74 were complete duplicates and 301 were 

fragmented. Repeats represented 38.60% of the genome (Table S3.4) with long 

interspersed nuclear elements (LINEs) and unclassified repeats representing 20.17% 

and 15.39% of the genome respectively. The functional annotation pipeline identified 

20,067 protein coding genes (Table S3.3). The metrics assessed were comparable to 

other genome assemblies using similar sequencing approaches (e.g., Etherington et 

al., 2020; Wolf et al., 2022). The raw sequence data have been deposited in the Short 
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Read Archive (SRA) under accession number PRJNA826195. The genome assembly 

has been deposited in GenBank/NCBI under accession number JAOANZ000000000.  

 

Epigenetic clocks 

We built a shrew methylation clock to assess epigenetic aging rates between 

different shrew populations (n = 24 from islands versus n = 6 from mainland). The 

methylation data consisted of 27 tail, 9 liver, and 3 fetal tissue DNA samples selected 

from 30 different individuals (Table S3.2). One fetal sample was dropped due to quality 

control metrics (wrong sex). The average age of our samples was seven and a half 

months; the youngest shrews being fetuses and the oldest one being an estimated 16 

months (Table 3.1). Out of the 37,000 probes, 29,609 were aligned to our shrew 

genome. We constructed and cross-validated epigenetic clocks for different masked 

shrew tissue types, which included liver, tail, fetus, and multi-tissue clock. The final 

clocks were based on the methylation profiles of 21 CpGs, similar to clocks from other 

species such as elephants or cats (e.g., Prado et al., 2021; Raj et al., 2021), our clocks 

were highly accurate with a LOO cross validation estimate of the Pearson correlation 

between age and its predicted value r >= 0.94 and a median absolute error  of MAE = 

0.12 years for the multi-tissue clock, representing approximately a 6-week difference 

between the estimated DNAm age and the teeth-based chronological age. The liver 

DNAm clock had the lowest MAE of 0.07 years (~3.5 weeks), followed by the tail clock 

with MAE around 0.14 (~7 weeks) (Figure 3.1). 
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Island-mainland differences 

Morphological and epigenetic age differences between 21 island and 6 

mainland masked shrew populations (Table 3.2) were examined using linear 

regressions. Mass, body length and skull length differed between the mainland and 

island samples (Table 3.2). Our models including age, sex, and island-mainland 

covariates explained a high percentage of variance: skull length (Adj. R2 = 0.70), body 

length (Adj. R2 = 0.33) and weight (Adj. R2 = 0.27; Table 3.2). In all models, location 

was the variable that correlated most to the change in body size and weight (p value < 

0.01; Table 3.2). All size metrics were negatively correlated to being on an island (Table 

3.2, Figure 3.2). Age was correlated to body length whereas sex did not have a 

significant effect in all models (Table 3.2). 

Epigenetic clock residuals were slightly elevated on islands indicative of 

individuals epigenetically older than predicted (t = - 1.77, df = 18.83, p value = 0.09); 

residual variation was higher on the island (mean of 0.01) compared to the mainland 

(mean of -0.02). There was also a difference in residuals among the sexes (t = -1.78, 

df = 33.93, p value = 0.08) but not for age groups (yearlings versus older) (t = -0.04, 

df = 26.59, p value = 0.97). 

 

EWAS Island effects 

EWAS were conducted using the methylation data consisting of the 27 tail, 9 

liver samples (Table S3.2) to identify differentially methylated genes and pathways 

between island and mainland masked shrews. A total of 469 differentially methylated 

CpG sites (218 hypermethylated and 251 hypomethylated relative to mainland) were 

identified (p value < 2e-6) between our island and mainland populations (Figure 3.3a). 
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The most divergent CpG was on the EWS exon (p value = 5.76e-18) a gene that 

encodes a multifunctional protein involved in various cellular processes such as gene 

expression, cell signaling, and RNA processing and transport. Top differentially 

methylated CpGs were located on or near genes associated to developmental and 

adipose-related processes: MEST exon (p value = 1.01e-09), PHIP intergene (p value 

= 3.72e-08) SIM1 intergene (p value = 1.28e-08) and metabolism: ATPA exon (p value 

= 8.74e-11) and ZBTB7C promotor (p value = 3.53e-09) (Table 3.3, Figure 3.3a, b). 

The top hypermethylated CpGs were associated to three different fibroblast growth 

factor receptors pathways (p value < 5.17e-10) (Figure 3.3c). Other significantly 

enriched pathways included synaptic and adipose-related processes (Figure 3.3c).  

Isolating BPI identified 112 significant CpGs (p value < 2e-6), 59 were 

hypermethylated and 53 were hypomethylated compared to other populations (Figure 

3.4a). The top significant hypomethylated CpG in BPI samples was on the SMO exon (p 

value = 1.06e-24; Table 3.3, Figure 3.4a, b). Top CpGs were most often 

hypomethylated in BPI island samples  (Table 3.3, Figure 3.4a, b). Pathway analysis 

highlighted that differentially methylated sites in BPI shrews compared to other 

populations seem to affect digestive and intestinal phenotypes and functions (Figure 

3.4c). Additionally, other phenotypes related to morphology, more specifically the 

skeleton, tail, and cartilage showed pathway enrichment in BPI (Figure 3.4c). When BPI 

was removed from the island-mainland model (i.e. only Long Island), digestive enzymes 

were not identified as being a significantly enriched pathway (Figure S3.3). 
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Discussion 

The island syndrome describes the distinctive morphological differences 

between island-mainland populations due to different ecological and environmental 

pressures (Baeckens & Van Damme, 2020). Here, we examined phenotypic divergence 

and epigenetic modifications, specifically DNAm, which has the potential to increase 

phenotypic plasticity within an individual (Anastasiadi et al., 2021). Our analysis 

showed differential methylation patterns and distinct phenotypes between island and 

mainland masked shrew populations. Over 29,000 CpG methylation probes aligned to 

our genome, consistent with other mammalian studies (Larison et al., 2021b; Pinho et 

al., 2022; Sugrue et al., 2021), and a robust epigenetic clock was generated (Figure 

3.1). The differential methylation between island-mainland populations showed a 

remarkable overlap between enriched pathways and measured phenotypic 

differences. While some association assessments suffer from false positives and 

“story-telling” (Pavlidis et al., 2012), there was an unambiguous connection to the 

measured body phenotypes (Figure 3.2), dietary differences (MacPherson & Stewart, 

2003; McAlpine, 2009; Stewart et al., 1989), and the observed enriched pathways 

(Figure 3.3c, Figure 3.4c).  Thus, the clear morphological and dietary island-mainland 

differences appear to be, in part, under epigenetic influence.  

Highly diversified DNAm methylation among populations can be a strategy to 

take advantage of unpredictable environments (Anastasiadi et al., 2021); moreover, 

epigenetic modifications have been shown to allow isogenic lines to adjust their 

phenotype to maximize fitness (Van Egeren et al., 2018). Bon Portage Island masked 

shrew populations have lower genetic diversity than their mainland counterparts 

(Stewart & Baker, 1992), but likely have a broader ecological niche due to reduced 
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interspecific competition; masked shrews on mainland Nova Scotia are broadly 

sympatric with six other species of shrews, and diet studies demonstrate that these 

soricids differentially exploit available invertebrate food resources (Whitaker & French, 

1984). Without standing genetic variation, differential methylation among offspring 

could be a bet-hedging strategy to allow for exploration and exploitation of a range of 

food resources on the island (Anastasiadi et al., 2021). Further, DNAm can theoretically 

lead to genetic modifications through the process of genetic assimilation where 

methylated cytosines have a higher frequency of mutagenesis resulting in novel alleles 

(Anastasiadi et al., 2021). Differential methylation is an effective strategy that 

individuals in genetically impoverished populations may use to generate phenotypic 

diversity. Thus, we hypothesize that BPI shrews are in the process of methylation-

induced genetic assimilation, with the high frequency of the unique peptidase A allele 

in this population being one outcome of this process. 

 

Phenotypic and epigenetic divergence  

Here, insular masked shrews exhibited different phenotypes than their 

mainland counterparts; morphologically, this presented as decreased body length, 

mass, and skull length on islands. Body size appears to be a heritable polygenic trait 

in mammals (Bonnet et al., 2017; Posbergh & Huson, 2021; Postma, 2014) with many 

underlying mechanisms, often making it difficult to clearly understand the role of each 

gene or pathway involved (e.g., Anderson et al., 2022). Cytosine methylation levels 

measured in highly conserved stretches of DNA have been linked to traits such as 

maximum lifespan in mammals (Haghani et al., 2021) and has been suggested as a 

universal mechanism to regulates body mass and morphological development in 
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animals in other association studies (Cao et al., 2015; Haghani et al., 2021). Genetic 

variation in quantitative trait loci (QTL) almost certainly play a role in phenotypic 

variations between insular and mainland populations – and might also influence 

methylation (J. T. Bell et al., 2011; A. K. Smith et al., 2014). We suggest that pooled 

genome sequencing approaches (e.g., island versus mainland samples) are a feasible 

option to test for nuclear genomic associations of this nature. 

Differential methylated pathways between island and mainland shrew 

populations for all tissue types included fibroblast growth factors (FGF), which are 

crucial for animal body development (Oulion et al., 2012), and adipose-related genes 

and processes. Haghani et al. (2021) also found that across mammals, species weight 

was correlated to development and adipose-related pathways, possibly due to DNAm 

affecting the expression of adipose tissue and regulation of lipid storage (Ma & Kang, 

2019). In masked shrews, CpGs on the homolog to mesoderm-specific transcript 

protein (MEST) exon and single-minded homolog 1 (SIM1) intergenic region were hypo 

and hypermethylated, respectively, in island shrews compared to mainland shrews. 

MEST expression is known to be correlated to adipocytes in humans (Karbiener et al., 

2015) and mice (Takahashi et al., 2005), while SIM1 expression is associated with 

food intake regulation and obesity (Holder et al., 2004; Yang et al., 2006), both possibly 

affecting body mass in shrews. Differential methylation of genes such as SIM1 might 

affect shrews’ metabolism and ultimately body size by regulating the expression of 

hormones involved in signaling for food intake. Further, island shrews had a 

hypomethylated CpG in the pleckstrin homology domain-interacting protein (PHIP) 

intergenic region, a probable regulator of insulin-like growth factor signaling pathways 

(Farhang-Fallah et al., 2002), which reinforces the idea that insulin growth factors are 
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involved in mammalian life-history variation (Swanson & Dantzer, 2014). The overall 

associations between DNAm and genes related to body composition possibly indicates 

that methylation inhibits or activates various genes during developmental stages in 

shrews, but future studies are needed to better understand such mechanisms. 

Masked shrew insular populations appear to have non-significantly decreased 

body mass compared to their mainland counterparts; BPI masked shrews occur in high 

densities (Downie, 1986; Stewart et al., 1989; Telfer, 1984), which should lead to 

small animals having larger body size to better compete for resources (Juette et al., 

2020). However, the discrepancy with this expected phenotype for island shrews might 

be due to their diet. Previous studies have shown that food scarcity contributes to the 

selection of smaller body size in Palearctic shrews, which might also be the case for 

Nearctic populations (Ochocinska & Taylor, 2003; Yom-Tov & Yom-Tov, 2005). 

Churchfield (2002) found that in locations where higher biomass resources are scarce, 

shrews tend be smaller in size and survive by consuming less nutritional but more 

abundant sources of food. This might be the case for BPI shrews feeding on sand fleas. 

Supporting this idea, top EWAS genes involved in energy homeostasis and metabolism 

were differentially methylated between mainland-island populations. For example, ATP 

Synthase F1 Subunit Alpha (ATPA) catalyzes the synthesis of ATP, the main molecule 

used to store and transfer energy in cells (Erecińska & Silver, 1989). Similarly, the zinc 

finger and BTB domain–containing 7c (ZBTB7C) gene promotor was also differentially 

methylated in island shrews. ZBTB7C is an important metabolic regulating gene for 

blood-glucose homeostasis during fasting (Choi et al., 2019).  

BPI shrews also showed differentially methylated sites associated with various 

processes related to the digestive system, including peptidase activity. This is of 
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significance as previous studies noted that masked shrews on BPI have developed a 

specialized littoral feeding habit (MacPherson & Stewart, 2003; Stewart et al., 1989). 

Previous work showed that BPI shrews possess a unique polymorphism for the 

digestive enzyme Peptidase A (Stewart & Baker, 1992), which was hypothesized to 

potentially facilitate digestion of sand flea exoskeletons by preferentially cleaving 

proteins unique to amphipods (McAlpine, 2009). Digestive system related pathways 

being in the top enrichment category indicate that these dietary habits seem to be one 

of the most significant molecular differences between this insular population and 

others and support earlier allozyme work (MacPherson & Stewart, 2003; McAlpine, 

2009; Stewart & Baker, 1992). Our work remains correlative, but future genomic 

assays can be used to test our genetic assimilation hypothesis, while mouse models 

or common-garden experiments could be used to assess the localization of these CpGs 

and phenotypic associations to provide information on possible mechanism of 

enriched regions on masked shrew methylomes. 

 

Epigenetic age 

DNA methylation and chronological age can be used to build epigenetic clocks 

to identify genes associated with aging and predict how methylation patterns change 

throughout an individual’s lifetime (Larison et al., 2021b; Lu et al., 2021; Prado et al., 

2021; Wilkinson et al., 2021). Epigenetic clocks have been constructed for a wide 

range of species, showing consistent trends with CpGs associated to developmental 

genes and pathways (Lu et al., 2021; Pinho et al., 2022; Raj et al., 2021; 

Schachtschneider et al., 2021). Second generation clocks, such as the DNAm GrimAge, 

account for variables such as chronological age, health factors and mortality, to predict 
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lifespan and healthspan (C. G. Bell et al., 2019; Lu et al., 2019). In humans, DNAm 

GrimAge has been studied in relation to various comorbidities and social factors (Lu et 

al., 2019; McCrory et al., 2021). Inbreeding has been associated with decreasing 

longevity and an increase in health concerns in various species (Keller & Waller, 2002; 

Skotarczak et al., 2020; Yordy et al., 2020) and recently was linked to accelerated 

DNAm aging in zebras (Equus quagga) (Larison et al., 2021b). We used these patterns 

to explore accelerated aging as a component of island-mainland divergence. 

 Masked shrews tend to live on average 14 months; accurately aging small 

mammals such as shrews can be difficult since they are such small creatures and 

current methods rely on somewhat subjective classification based on teeth wear, body 

length measurements and weight (Pruitt, 1954; Rudd, 1955). Our epigenetic clock 

validated the current aging techniques used in the field, and overall, the clock was 

highly predictive (R = 0.95; MAE = 0.12) (Figure 3.1). Further, when we examined the 

clock model residuals, island shrews appeared to age slightly faster than mainland 

shrews. Parasites can affect hosts’ life-history traits through the energetic investment 

of maintaining an immune system response (Cooper et al., 2012; Cowan et al., 2009; 

Morand & Harvey, 2000), possibly resulting in faster biological aging. Group size has 

been shown to be correlated with prevalence and intensity of parasitism (Cote & 

Poulinb, 1995). The population density of shrews on BPI is extremely high, at least in 

some years (Downie, 1986; Stewart et al., 1989; Telfer, 1984) possibly resulting in an 

increased incidence of various parasites and pathogens. Overall, this study reports 

divergent phenotypic trends between mainland-island masked shrew populations, and 

more broadly support the possible role of epigenetics in shaping phenotypic 

divergence. Future research should investigate epigenetic aging in insular populations, 
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especially when inbreeding (Larison et al., 2021) or phenotypic divergence (i.e., this 

study) is present.   
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Figures and Tables 

 

 
Figure 3.1. Cross-validation study of multi-tissue epigenetic clock for masked shrews. Leave-one-sample-out (LOO) 
estimate (y-axis, in units of years) versus chronological age (x-axis, in unit of years). The linear regression of 
epigenetic age is indicated by a solid line while the diagonal line (y = x) is depicted by a dashed line. “MAE” 
represents the mean absolute error and “cor” represents the correlation coefficient.  
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Figure 3.2. Boxplot of (a) weight (g), (b) body length (mm) and (c) skull length (mm) between mainland and island 
masked shrew populations.  
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Figure 3.3. Epigenome-wide association (EWAS) of the multivariate regression model between island and mainland 
masked shrew populations (location, age, sex and tissue). (a) Manhattan plots of the EWAS for location (island 
versus mainland). The coordinates are estimated based on the alignment of 29,609 Mammalian array probes to 
our smoky shrew genome assembly. The direction of associations with < 2e-6 (red dotted line) is highlighted by red 
(hypermethylated) and blue (hypomethylated) colors relative to mainland methylation levels. Top 15 CpGs are 
indicated by their neighboring genes. (b) DNAm levels of island samples versus mainland for the top 10 significant 
CpGs (p value) associated to location. (c) Enrichment analysis of the top CpGs with positive (hypermethylated) and 
negative (hypomethylated) correlations to island populations. The gene-level enrichment analysis was carried out 
using the GREAT software. Background probes were limited to 14,290 probes that had shrew gene annotations. 
The top ontologies with most significance pathways for island samples were selected based on Bonferroni corrected 
p values. 
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Figure 3.4. Epigenome-wide association (EWAS) of the multivariate regression model between Bon Portage Island 
and other masked shrew populations (location, age, sex and tissue). (a) Manhattan plots of the EWAS for location 
(Bon Portage Island (BPI) versus others). The coordinates are estimated based on the alignment of 29,609 
Mammalian array probes to our smoky shrew genome assembly. The direction of associations with < 2e-6 (red 
dotted line) is highlighted by red (hypermethylated) and blue (hypomethylated) colors relative to non-BPI 
methylation levels. Top 15 CpGs are indicated by their neighboring genes. (b) DNAm levels of BPI samples versus 
others for the top 10 significant CpGs (p value) associated to location. (c) Enrichment analysis of the top CpGs with 
positive (hypermethylated) and negative (hypomethylated) correlations to BPI. The gene-level enrichment analysis 
was carried out using the GREAT software. Background probes were limited to 14,290 probes that had shrew gene 
annotations. The top 3 ontologies with most significance pathways for BPI were selected based on Bonferroni 
corrected p values.  

 
 
Table 3.1. Trapping location of samples, N = total number of samples, number of females, minimum and maximum 
age. Age is represented as the estimated age in months divided by 12. Note, age of 0.00 represents fetus. 

 
 
 

 

 

 

 

 
 

Location Island N No. of females Age (min/max) 

Bon Portage Island, NS Yes 16 6 0.167/1.33 

Long Island, NS Yes 9 4 0.00/1.25 

Sandy Cove, NS No 4 3 0.250/0.375 

North Mountain, NS No 2 1 0.417/0.417 
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Table 3.2. Summary statistics for the linear regression models for weight, body length and skull length of mainland 
versus island masked shrews. Sex values are relative to females and location relative to mainland populations. The 
β-coefficient (estimate), 95% confidence interval (CI), p value and adjusted R2 are provided. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Estimate 95% CI P value Adj. R2 

Model 1: Weight ~ Age + Sex + Location 

Age 0.96 –0.03 to 1.95 0.056 0.27 

Sex –0.21 –0.89 to 0.47 0.535  

Location –1.42 –2.26 to –0.57 0.002  

Model 2: Body length ~ Age + Sex + Location 

Age 6.95 1.27 to 12.63 0.019 0.33 

Sex –0.30 –4.22 to 3.63 0.877  

Location –8.80 –13.64 to –3.96 0.001  

Model 3: Skull length ~ Age + Sex + Location 

Age –0.38 –1.11 to 0.36 0.298 0.70 

Sex –0.35 –0.86 to 0.16 0.170  

Location –1.64 –2.27 to –1.01 <0.001  
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Table 3.3. Top 5 genes near outlier CpGs for island versus mainland EWAS and BPI versus all other populations. 
Functions of each gene are abbreviated from Uniprot. 

 

 

 

 
 
  

Gene name CpG Direction Location (p) Putative function 

Island-mainland 

EWS exon cg11703808 pos 5.76e-18 Transcriptional repressor and might play a 

role in the tumorigenic process. 

PO4F3 intron cg00152260 pos 7.32e-14 Transcriptional activator. Involved in the 

auditory system development. 

UBP54 intron cg22063749 neg 1.71e-13 Has no peptidase activity. 

MYH6 exon cg11736686 pos 5.48e-12 Actin-based motor molecules with ATPase 

activity. 

TRI47 exon cg25115601 neg 2.07e-11 Mediates the ubiquitination and 

proteasomal degradation of CYLD. 

BPI 

SMO exon cg20625795 neg 1.06e-24 Associates with the patched protein (PTCH) 

to transduce the hedgehog's proteins 

signal. 

ZO1 exon cg03673751 neg 6.04e-16 Related to movement of substances 

through the paracellular space. Plays a 

role in the regulation of cell migration. 

PRP8 promoter cg25476805 neg 2.57e-14 Plays role in pre-mRNA splicing. 

CBX5 

intergenic 

cg23036219 neg 1.10e-13 Associated with epigenetic repression. 

Involved in the formation of functional 

kinetochore. 

ZBT20 

intergenic 

cg00903722 neg 5.24e-13 Transcription factor that may be involved 

in hematopoiesis, oncogenesis, and 

immune responses. Plays a role in 

postnatal myogenesis. 
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Abstract 

Geographic isolation and local selection drive population divergence, leaving 

distinct genomic signatures. In North America, repeated glacial cycles fragmented 

habitats, restricted gene flow, and reshaped migration routes, influencing the 

evolutionary trajectories of many species and populations. One such case is the 

masked shrew (Sorex cinereus) population on Bon Portage Island (BPI), off the coast 

of Nova Scotia (Canada), which exhibits notable differences in morphology, behavior, 

and diet compared to their mainland conspecifics. To investigate the evolutionary and 

adaptive mechanisms underlying this divergence, we generated a high-quality de novo 

genome assembly and annotation and analyzed whole genome resequencing and 

transcriptome data from four distinct masked shrew populations. Demographic 

modeling suggests that the BPI population became isolated from the mainland 

approximately 16-17 kya, coinciding with the post-glacial sea-level rise following the 

Last Glacial Maximum (LGM), leading to a decline in effective population size. Analyses 

of genomic islands of differentiation revealed evidence of divergent selection in the BPI 

population, particularly in genes involved in fatty acid metabolism. Transcriptomic 

analysis also identified differentially expressed genes (DEGs) also associated with fatty 

acid metabolism and metabolic regulation. However, overlap between genomic islands 

of differentiation and DEGs was limited to one region, suggesting a complex 

architecture and pathways underlying adaptive divergence. Together, our findings 

highlight the role of historical isolation and divergent selection shaping the genomic 

and transcriptomic landscape of an insular masked shrew population. 
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Introduction 

Divergence among populations is often driven by historical isolation and shaped 

by local adaptation, leaving signatures across the genome (Brown et al., 2016; Byer et 

al., 2021). The repeated glaciation events of the Quaternary Period played a major role 

in shaping the demographic and adaptive history of North American species (Hewitt, 

2000; Shafer et al., 2010). As glaciers advanced and retreated, they repeatedly 

fragmented habitats, established refugia, and intermittently exposed land bridges 

(Hewitt, 2000). These geological events shaped patterns of movement and migration 

for many species. In some cases, these events led to population isolation, particularly 

among island groups formerly connected to the mainland, resulting in reduced gene 

flow, increased genetic drift, and local adaptation, ultimately creating genomic and 

phenotypic divergence (e.g. Avila-Cervantes et al., 2021; Hansen et al., 2023; Howell 

et al., 2025; Sherlock et al., 2025).  

Whole genome sequencing (WGS) has become an essential tool to infer 

phylogenies, reconstruct demographic histories, and understand how evolutionary 

forces drive population divergence over time (e.g. Bourgeois & Warren, 2021; Kessler 

& Shafer, 2024; Martchenko & Shafer, 2023). Whole genome sequencing enables the 

detection of genomic islands of differentiation, regions of the genome that show 
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elevated relative genetic differentiation in allele frequencies (FST), between populations 

or species (Irwin et al., 2018; Wright, 1949). These islands can arise under different 

scenarios, each of which will exhibit different patterns for nucleotide diversity within 

populations (π), absolute nucleotide divergence between populations (dXY), and 

Tajima’s D (Irwin et al., 2018). Genomic islands of differentiation, characterized by 

elevated FST and dXY values, are strong candidates for barrier loci which contribute to 

reproductive isolation between populations experiencing gene flow (Irwin et al., 2018; 

Ravinet et al., 2017). In allopatric populations, divergent selection pressures acting on 

unevenly inherited ancestral polymorphisms can lead to the fixation of different alleles, 

also resulting in signals of elevated FST and dXY (Guerrero & Hahn, 2017; Han et al., 

2017; B. Wang et al., 2019). When combined with reduced π and negative Tajima’s D, 

these patterns likely indicate loci under selection since the population split (Montejo-

Kovacevich et al., 2022; Zhai et al., 2009). While WGS effectively detects such genomic 

patterns, it does not directly reveal the functional impacts of these variants on 

phenotypes.  

Transcriptomic data capture gene activity and can help reveal molecular 

mechanisms through which genetic variants influence traits. RNA sequencing (RNA-

seq) quantifies genome-wide patterns of gene expression, allowing the identification of 

differentially expressed genes (DEGs) in population-level studies (e.g. Cheviron et al., 

2012; Pravosudov et al., 2013). Differential gene expression (DGE) directly influences 

phenotypes by altering the levels and timing of protein synthesis (Zuckerkandl & 

Pauling, 1965), which can affect an organism's development, physiology, and response 

to environmental challenges, thereby shaping observable traits and adaptive potential 

(Romero et al., 2012). While WGS can be used to identify genomic regions and 
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candidate loci under selection, RNA-seq provides insights into phenotypic variation by 

quantifying transcriptomic abundance and differences across populations. Thus, 

integrating WGS and RNA-seq data offers a more comprehensive understanding of the 

processes driving population divergence (Y. Huang et al., 2019; Wooldridge et al., 

2022). 

Bon Portage Island (BPI), located 3 km off the southwest coast of Nova Scotia, 

Canada, is home to a population of masked shrews (Sorex cinereus). The island spans 

about 3 km in length and less than 1 km in width, covering 340 acres of undeveloped 

land. It is believed to have been separated from the mainland around 20 kya (Roland, 

1982; Stewart & Baker, 1992). The shrews on BPI exhibit considerable phenotypic 

variation from the mainland shrews, such as a smaller body size, accelerated 

epigenetic aging, and a unique feeding habit and peptidase digestive enzyme – all 

consistent with insular evolution (Cossette et al., 2023; MacPherson & Stewart, 2003; 

Stewart et al., 1989; Stewart & Baker, 1992). Notably, BPI shrews travel up to 60 

meters to forage in intertidal zones (Stewart et al., 1989) where they consume kelp 

flies (Coelopidae) and they are the only Sorex shrews known to feed on sand fleas 

(Platorchestia platensis), a behavior likely driven by the island’s distinct coastal 

environment (MacPherson & Stewart, 2003; Stewart et al., 1989). Previous work found 

that BPI shrews have a unique allele for the cytosolic non-specific dipeptidase 2 

(CNDP2) gene (MacPherson & Stewart, 2003; Nandi, 2025), involved in intracellular 

amino acid and dipeptide metabolism (Pfeffer et al., 2024). It is hypothesized that 

CNDP2 has undergone adaptive evolution in shrews to enhance their ability to digest 

sand fleas more efficiently (MacPherson & Stewart, 2003; McAlpine, 2009). 

Furthermore, Cossette et al. (2023) found differentially methylated CpGs between BPI 
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and mainland shrews linked to genes associated with digestive system related 

pathways, providing additional support for the hypothesis that BPI shrews are 

undergoing local adaptation related to their specialized diet. 

Here, we assembled and annotated a high quality de novo genome, and 

sequenced whole genomes and transcriptomes from four distinct masked shrew 

populations to investigate the evolutionary history and evidence of divergent selection 

in the insular population on BPI. Our objectives were to (i) reconstruct and model the 

demographic history of the BPI shrew population, (ii) detect candidate genomic islands 

of differentiation potentially shaped by divergent selection, and (iii) identify DEGs 

between BPI shrews and mainland populations, as well as (iv) assess the extent of the 

overlap between these genomic islands of differentiation and DEGs. We hypothesized 

that the distinctive phenotypes observed in BPI shrews, such as their specialized 

feeding behavior, are the result of local adaptation to the island's coastal environment. 

We predict that these phenotypic traits are associated with genomic regions shaped by 

divergent selection, and that genes involved in digestion (i.e. CNDP2) and metabolism 

will show both genetic differentiation and differential expression between BPI and 

other populations. Furthermore, we expect some overlap between genomic islands of 

differentiation and DEGs, as regions near these islands may harbor genes that 

contribute to phenotypic divergence through regulatory changes in gene expression 

(McGirr & Martin, 2020; Verta & Jones, 2019). 
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Results 

Genome assembly and annotations 

The three HiFi cells from one individual produced 86,791,021,970 bp (~30x 

coverage) of data with an average length of 18,225 bp. We generated 538,468,674 

paired Hi-C reads.  The final primary assembly was 2.82 Gb in 343 scaffolds and N50 

and L50 values of 80,745,324 bp and 13 respectively (Table 4.1). The primary 

assembly had a Mercury QV of 57.99 and completeness of 84.81. Approximately 

49.14% of the genome was made of repetitive sequences and the BUSCO assessment 

revealed that 93.79% of orthologs were present and single-copy (Figure S4.1). A total 

of 15,123 unique protein-coding genes with 50% match were identified (Table 4.1). 

The assembled mitochondrial genome was 17,082 bp long and all 37 mitochondrial 

genes were present (Figure S4.2).  

 

Genome Summary Statistics and Population Divergence 

ANGSD called 80,926,708 SNPs across the 24 masked shrew samples with 

coverage varying between (6X and 18X) (Table S4.1). The PCA from allele frequencies 

and the NGSadmix analysis clustered the samples in 4 different populations with no 

admixed individuals (Figure 4.1b, c). The inbreeding coefficient values were between -

0.0265 and 0.0393, and nucleotide diversity values from 2.80 x 10-3 to 7.43 x 10-3 

(Table 4.2). Tajima’s D values were negative in the Ontario (ON) population (-0.123), 

while the highest positive values were observed in the island populations: Long Island 

(LI)  (0.517) and BPI (0.727). Pairwise averaged FST values ranged from 0.0827 to 

0.236, with the lowest differentiation observed between the two geographically closest 



 

 
 

76 

populations, Sandy Cove (SC) and LI. The highest level of genetic differentiation was 

found between the island populations, BPI and LI. Pairwise averaged dXY values were 

similar among all Nova Scotia populations, ranging from 5.72 x 10-3 to 5.82 x 10-3. dXY 

values between BPI and ON was 8.36 x 10-3. All populations had low FHBD values 

(<0.3%). 

The highest f2 estimate was observed between BPI and LI (0.431), and the 

lowest was observed between LI and SC (0.189) (Table S4.2). All f3 values were 

positive, indicating no evidence of admixture in any of the tested population triplets. 

Furthermore, all f₄ tests of the form f₄(ON, B; C, D) yielded estimates near zero, ranging 

from –5.59×10⁻⁴ to 3.57×10⁻⁴, consistent with either minimal gene flow or closely 

spaced divergence times among BPI, LI and SC. 

 

Demographic modeling 

We performed SMC analyses on all individual genomes and at the population 

level for higher-coverage samples. The three Nova Scotia populations showed a peak 

in Ne around 100 kya, followed by a steady decline with a broadly similar trajectory 

across all three (Figure 4.2a). However, the SC population displayed a rapid expansion 

approximately 5 kya, increasing from an estimated 20,000 to 70,000 individuals. In 

contrast, LI and BPI populations had flat Ne estimates of approximately 13,000 

individuals each at this time. The ON population showed a distinct trajectory, diverging 

from other groups around 100 kya, with a wider range of Ne values across individuals 

and generally higher Ne than all other populations. 

Using Momi2 we estimated the ON population split from the Nova Scotia 

population around 175 kya (Figure 4.2b).  Within the Nova Scotia groups, BPI diverged 
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approximately 16–17 kya, followed by LI separating from the mainland population 

around 12–13 kya. Consistent with the MSMC results, the current Ne of BPI is 

estimated at approximately 12,000 individuals, while LI is estimated at around 14,000 

individuals. Current Ne estimates based on Momi2 suggest slightly higher values 

compared to MSMC, particularly for SC (~218,000) and ON (~672,000).  

 

Differential gene expression 

To investigate gene expression differences among populations, we compared 

gene expression profiles of BPI shrews to those from SC and LI. A total of 244 DEGs 

were identified, with 177 significantly underexpressed genes and 67 significantly 

overexpressed genes in BPI shrews compared to SC and LI (Figure 4.3a, Table S4.3). 

The gene with the most significantly reduced expression in BPI was FCN2 (LFC = -4.00, 

adjusted p-value = 1.32 × 10-08), which encodes a protein involved in the innate 

immune system (Messias-Reason et al., 2009). In contrast, PRODH (LFC = 3.89, 

adjusted p-value = 3.41 x 10-14) was the gene with the most significantly increased 

expression and is involved in proline catabolism (Tanner, 2019). Genes associated with 

fatty acid metabolism (e.g. ACOT4, ACOT11, HADH, and PECR), and to metabolic 

regulation (LEPR, PDK4), were significantly differentially expressed between BPI and 

the other populations (Table 4.3). Overall, differentially expressed genes were 

associated with various pathways including immune system, structural and 

development processes, as well as signaling pathways (Table S4.4). 

 



 

 
 

78 

Genomic islands of differentiation and DEGs overlap 

We identified 128 candidate genomic islands of differentiation (top 5% elevated 

FST and dXY) shared between BPI-SC and BPI-LI comparisons but absent in SC-LI. These 

islands harbored 52 annotated genes that were associated with various pathways, 

including fatty acid elongation and lipid metabolism (ELOVL2/5, FABP5/P3, and 

CEBPZ), bone development and growth factor (BMP5/7, and NODAL), and chromatin 

regulation (H2BC14, H1-4, and Histone H2B type 1) ( Figure 4.3b, c, Table S4.5, Table 

S4.6). Of the 52 genes, only one, SNAI2, was differentially expressed between BPI and 

the other populations. SNAI2 encodes a transcription factor that represses gene 

expression (Zhou et al., 2019). 

 

Discussion 

 Geographic isolation and local adaptation lead to population divergence over 

time (Hope et al., 2013). In North America, repeated glacial cycles fragmented habitats, 

which shaped the evolutionary paths of many species and populations (Shafer et al., 

2010). One clear example is the masked shrew population on BPI, which exhibit 

distinct phenotypic differences from their mainland counterparts. To understand the 

evolutionary processes behind this divergence, we assembled and annotated a high-

quality de novo genome and analyzed whole-genome and transcriptome data from four 

masked shrew populations. This allowed us to reconstruct the demographic history of 

the BPI population and to investigate how genomic and transcriptomic patterns differ 

between island and mainland shrews. 
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Impact of the Last Glacial Maximum on shrews in Nova Scotia 

During the last glaciation cycle, the Laurentide Ice Sheet (LIS) began forming 

over the eastern Canadian Arctic around 116–110 kya and underwent several 

episodes of expansion and retreat before reaching its maximum extent around 26–25 

kya (Stokes, 2017). At its peak, the LIS completely covered present day Nova Scotia 

(Dalton et al., 2020, 2022). As the ice advanced and retreated, it reshaped Nova 

Scotia’s landscape through erosion and deposition, carving valleys and forming 

geographic features across the region. When the ice began to melt ~20 kya, global sea 

levels rose significantly; this post-glacial sea-level rise inundated coastal areas and 

fragmented the land, creating over 3,800 islands around Nova Scotia (Parker, 2012). 

The change in sea level played a key role in the isolation of island populations, including 

masked shrews on BPI, which are thought to have been cut off from the mainland 

during this post-Wisconsin glacial period less than 20 kya (Stewart & Baker, 1992). 

Our demographic analyses support this scenario (Figure 4.2), where shrew 

populations in Nova Scotia appear to have diverged from the ON population before the 

last glaciation cycle, around 175 kya, suggesting long-term separation shaped by 

earlier glacial cycles. Historical patterns show a distinct demographic trajectory for ON, 

including earlier divergence and consistently higher Ne than the Nova Scotia 

populations, consistent with a presumed larger Sorex cinereus population. Following 

this, estimates place the divergence of BPI from the Nova Scotia mainland population 

at approximately 16-17 kya, consistent with the timing of sea-level rise and island 

isolation (Figure 4.2c). Shortly after, the LI population diverged from the mainland 

around 12-13 kya, likely reflecting continued fragmentation due to rising waters. 

Furthermore, the lack of admixture and clear population structure between BPI, SC, 
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and LI populations support limited gene flow, driven by geographic distance and 

physical isolation (Figure 4.1). 

All Nova Scotia populations appear to have undergone population decline 

during the Wisconsin glaciation, consistent with broader patterns observed in other 

mammals during this period (Blois et al., 2010; Mann et al., 2015). Post-glaciation, the 

SC population, which is part of mainland Nova Scotia, appears to have rebounded 

whereas both island populations continued declining. Smaller isolated populations are 

generally expected to exhibit reduced genetic diversity, increased inbreeding, and a 

higher genetic load (Frankham et al., 2010). In line with these expectations, nucleotide 

diversity was lower in the island populations compared to the mainland, but F values 

did not reflect elevated levels of inbreeding (Table 4.2). Consistent with this, there were 

few long HBD segments detected, with only one segment over 1 Mb found in an 

individual from BPI (Table S4.7). Based on recombination rates from other Sorex 

species (Borodin et al., 2008), an HBD segment of this length likely traces back to a 

common ancestor more than 100 generations ago, and thus recent inbreeding is 

unlikely to be a concern on the island, contradictory to other shrew species where 

inbreeding has been documented (Duarte et al., 2003; Stockley et al., 1993). Here, the 

low levels of diversity observed are likely the result of historical bottlenecks and 

prolonged, relatively small effective population size. Furthermore, the effects of any 

inbreeding in the island populations may be partially mitigated by fast purging of 

deleterious alleles (Duarte et al., 2003), particularly since Sorex shrews experience 

rapid (yearly) generational turnover and relatively high reproductive output 

(Churchfield, 1990). Another factor that may reduce this effect is a polyandrous mating 

system, in which females mate with several males, resulting in multiple paternities 
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within a single litter (Batova et al., 2021). Although it is unknown whether this 

population exhibits such behavior, other shrew species within the genus Sorex have 

been documented to do so (Tegelström et al., 1991). These mechanisms would 

facilitate the maintenance of small but stable populations despite reduced genetic 

diversity, allowing the long-term persistence of island populations. 

 

Evidence of divergent selection and differential expression of fatty acid related genes 

Regions of high FST and dXY are often interpreted as signatures of divergence 

with gene flow, potentially highlighting loci involved in reproductive isolation (Irwin et 

al., 2018). Similar patterns can also arise without gene flow, especially when 

geographically varying selection acts on ancestral balanced polymorphisms that have 

been unequally sorted among descendant lineages (B. Wang et al., 2019). If the 

descendant populations inherit ancestral polymorphisms that are unequally sorted, 

and experience divergent environmental pressures (e.g., differences in diet), this may 

drive the fixation of alternate alleles in each lineage over time, resulting in genomic 

islands of differentiation with both elevated FST and dXY (Guerrero & Hahn, 2017; Han 

et al., 2017; B. Wang et al., 2019). These patterns are consistent with loci under 

selection since the population split, particularly when reduced nucleotide diversity (π) 

and negative Tajima’s D are also observed (Montejo-Kovacevich et al., 2022; Zhai et 

al., 2009). 

BPI shrews have developed a specialized diet adapted to their littoral habitat, 

feeding primarily of sand fleas (Platorchestia platensis) and kelp flies (Coelopidae) 

(Stewart et al., 1989). Both are fatty prey species, notably rich in polyunsaturated fatty 

acids (PUFAs) (Albalat et al., 2025; Jiménez-Prada et al., 2018; Nandi, 2025; Warwas 
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et al., 2024), which are produced by algae and accumulate through the food web 

(Harwood, 2019). As mammals are unable to synthesize PUFAs de novo, these 

essential nutrients must be acquired through their diet (Burdge, 2018). Once ingested, 

PUFAs are converted into acyl-CoA derivatives, enabling their function in membrane 

synthesis, gene regulation, inflammatory responses, neural development, and energy 

production via β-oxidation (Benatti et al., 2004; Calder, 2015; Mititelu et al., 2024). 

Candidate genomic islands of differentiation between BPI and SC and LI harbored 

genes involved in fatty acids metabolism and adipocytes (Figure 4.3b, c, Table 4.3). 

Notably, ELOVL2 and ELOVL5 catalyze the first, rate-limiting step of the elongation of 

long-chain fatty acids (LCFAs) and PUFAs (Monroig et al., 2016). FABP5 and FABP5P3 

regulate intracellular levels of fatty acids (Xu et al., 2022) and CEBPZ modulated the 

differentiation and proliferation of preadipocytes (Y. Chen et al., 2022). These genes 

were in windows with elevated FST and dXY, reduced π, and negative Tajima’s D in BPI 

populations, suggesting potential local adaptation to their PUFA-rich diet. 

 Several lipid and fatty acid metabolism genes were also significantly 

differentially expressed in BPI shrews compared to the other populations (Figure 4.3a). 

ACOT4 and ACOT11 are acyl-CoA thioesterase enzymes that hydrolyze fatty acyl-CoA, 

playing key roles in regulating fatty acid metabolism (Tillander et al., 2017). HADH 

encodes the mitochondrial enzyme 3-hydroxyacyl-CoA dehydrogenase, which catalyzes 

a crucial step in the β-oxidation of fatty acids to generate ATP (X. Wang et al., 2022), 

and PECR is a peroxisomal enzyme that catalyzes the last step of the fatty acid 

elongation cycle (B. Shen et al., 2019). Furthermore, gene expression for the leptin 

receptor (LEPR) was significantly lower in the livers of BPI shrews compared to other 

populations. Leptin is a hormone secreted by adipose tissue that regulates appetite 
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and energy expenditure by signaling satiety and modulating metabolic processes (J. M. 

Friedman & Halaas, 1998; Klok et al., 2007). Previous studies have suggested that 

leptin plays a critical role in modulating seasonal feeding behavior in shrews (Nieminen 

& Hyvärinen, 2000; Thomas et al., 2025), suggesting that altered leptin signaling in 

this species may be part of a more comprehensive adaptive strategy to maintain their 

high energetical demands by sustaining foraging and metabolic flexibility. PDK4, which 

regulates energy metabolism by minimizing carbohydrate oxidation (Buck et al., 2002), 

was also differentially expressed in BPI shrews. Given that masked shrews exhibit 

exceptionally high metabolic rates and possess minimal fat reserves, they are highly 

vulnerable to starvation during periods of food scarcity (Churchfield, 1990) and are 

likely under strong selective pressure to optimize fuel use based on the most 

accessible energy sources. Consequently, differential expression of genes associated 

with metabolism and energy regulation in BPI shrews may reflect adaptive molecular 

mechanisms that help meet their extreme energetic demands. 

 

Overlaps between islands of differentiations and DEGs  

Both the islands of differentiation and DGE analyses identified outliers 

associated with fatty acid metabolism, with some specifically linked to PUFAs. However, 

we observed limited direct overlap between the genomic islands of differentiation and 

DEGs, consistent with results from other studies (Szukala et al., 2023; Wegner et al., 

2020). This discrepancy may reflect the influence of trans-regulatory mechanisms, 

where expression is modulated by regulatory elements located elsewhere in the 

genome rather than cis-acting variation at the expressed gene itself  (Signor & Nuzhdin, 

2018). Additionally, transcriptional changes are highly dynamic and can be rapidly 
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induced (e.g., within minutes) through regulatory responses to environmental stimuli, 

rather than being solely determined by fixed genetic differences (DeBiasse & Kelly, 

2016; López-Maury et al., 2008), Accordingly, BPI shrews may display DEGs as a 

consequence of their current diet and environment rather than fixed evolutionary 

differences. Although this study focused on the liver because of its role in digestion and 

metabolism and the presence of CNDP2, gene expression is tissue-specific, meaning 

that genomic islands of differentiation could affect expression in other tissues that 

were not examined. 

Furthermore, genomic windows containing the CNDP2 gene were not among 

the top genomic islands of differentiation (Table S4.8). Although this pattern suggests 

the surrounding region may not be undergoing linked selection, it remains possible that 

selection is acting specifically on the allele rather than on the broader genomic window. 

All sampled individuals in the BPI population carried the unique allele, with 70% of 

individuals being homozygous, while the allele was completely absent in individuals 

from the SC and LI populations (Nandi, 2025). Additionally, there were no significant 

differences in overall CNDP2 gene expression between the BPI population and the 

other populations, indicating that the unique allele does not appear to affect total 

transcript abundance. However, this does not exclude the possibility that the allele 

influences isoform-level variation or protein function. Notably, the allele results in a 

nonsynonymous substitution from glutamic acid to lysine, which computational 

predictions suggest may slightly reduce protein stability (Nandi, 2025). Overall, our 

findings highlight the complex molecular basis of local adaptation in BPI shrews. 
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Materials and Methods 

Sampling 

Masked shrew specimens were collected in July and August 2022 from four 

locations: Peterborough County, in Ontario (ON), Canada, and Sandy Cove (SC), Long 

Island (LI), and Bon Portage Island (BPI) in Nova Scotia, Canada (Figure 4.1a). Pitfall 

cone traps were used and monitored at a maximum of 12-hour intervals. Shrews were 

euthanized using cervical dislocation or thoracic compressions (Animal Care Certificate 

no. 26234). We collected liver, heart, tail and hindfoot samples and stored half of the 

tissues in RNAlater and the other half in empty Eppendorf tubes and flash froze them 

with liquid nitrogen. A single smoky shrew (S. fumeus) was collected as an outgroup.  

 

Genome sequencing, assembly, and annotation 

Masked shrew tail tissue from one individual was submitted to the DNA 

Sequencing & Genotyping Center at the University of Delaware, Newark, USA, for high 

molecular weight DNA extraction. PacBio HiFi library preparation and sequencing on 

three SMRT cells using the PacBio Sequel II platform was conducted. Arima High 

Coverage Hi-C library preparation and sequencing on an Illumina NextSeq 2000 for 

300 cycles on a P2 flow cell to generate 150 bp paired-end reads was performed. We 

assembled the masked shrew genome following the Vertebrate Genomes Project (VGP) 

pipeline v2.0 (Larivière et al., 2024). Prior to running the pipeline, we used cutadapt 

V4.8 (M. Martin, 2011) to remove reads that contain adapters. We ran the pipeline 

with default parameters and include the purge_dups steps. For the YaHS scaffolding 

step we used the "-e 'GATC,GANTC,CTNAG,TTAA' -l 5000 --no-contig-ec" flags. 



 

 
 

86 

Subsequently, we ran the Assembly-decontamination-VGP9 pipeline v0.1.4 on the 

primary and alternate assemblies to identify any contaminated and/or mitochondrial 

scaffolds. WindowMasker v1.0 (Morgulis et al., 2006) was used to mask highly 

repetitive and low complexity regions from the primary assembly. Genome 

completeness was assessed using Benchmarking universal single-copy orthologues 

(BUSCO) version 5.8.0 (Simão et al., 2015) with the mammalia_odb10 data set. 

Liver and heart tissue samples from the same individual as mentioned above 

were submitted for Iso-Seq RNA extractions at the DNA Sequencing & Genotyping 

Center. PacBio Iso-Seq library preparation for each tissue was done before sequencing 

on one cell using the PacBio Sequel IIe platform. We received demultiplexed full-length 

non-concatemer (FLNC) polyA removed data. To annotate the genome, we assembled 

transcripts with the Iso-Seq and population RNA-Seq data (see RNA sequencing 

strategy below) separately and then merged the resulting transcript annotations to 

create a comprehensive gene model. First, we identified isoforms from the Iso-Seq data 

using the nf-core/isoseq pipeline v2.0.0 (P. A. Ewels et al., 2020; Guizard et al., 2023) 

starting at the mapping entry point for the Iso-Seq data. We used the default 

parameters and selected minimap2 (H. Li, 2018) as aligner for mapping. We then ran 

TAMA Merge (Kuo et al., 2020) to combine the output BED files from both heart and 

liver samples. Secondly, we assessed the RNA-seq data using FastQC v0.11.9 

(Andrews, 2010), then removed adapters and filtered out short (< 20bp) and low 

quality (q < 20) reads using cutadapt v5.0 (Martin, 2011). We used the masked shrew 

genome and GTF file resulting from the Iso-Seq annotation step above to align the RNA-

seq reads using STAR v2.7.11b (Dobin et al., 2013). We only kept unique reads and 

used MarkDuplicates v3.1.0 (Broad Institute, 2019) to identify and remove duplicates. 
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The reads were then assembled into transcripts and expression levels were estimated 

for each sample with StringTie v2.2.3 (Pertea et al., 2015). We retained novel 

transcripts identified by StringTie that were not present in the Iso-Seq annotation file 

and had an FPKM value of at least 0.5 in all samples (Y. Zhao et al., 2024).  

To predict open reading frames (ORF) and identify potential targets for 

nonsense-mediated decay (NMD) from both Iso-Seq and RNA-seq transcript 

annotations we used the TAMA GO: ORF and NMD predictions pipeline (Kuo et al., 

2020). The output amino acid sequences were aligned to the Swiss-Prot mammal 

database (Bairoch & Apweiler, 1997) using blast+ v2.14.0 (Camacho et al., 2009) with 

an evalue cutoff of 1 x 10-10. Results from the Iso-Seq and RNA-seq transcript 

annotations were parsed and merged to create the final annotation file. The picard 

v3.1.0 CollectAlignmentSummaryMetrics command (Broad Institute, 2019), samtools 

v1.20 flagstat (Danecek et al., 2021) and MultiQC v1.13 (P. Ewels et al., 2016) were 

used to obtain alignment summaries both here and in several other analyses described 

later in the manuscript. 

 

Whole genome sequencing and variant calling 

We extracted DNA from the shrew tissue samples mentioned above and from 

samples previously collected by Cossette et al. (2023) (Table S4.1) using the Qiagen 

DNeasy Blood and Tissue Kit following manufacturer’s instructions and checked 

concentrations using Invitrogen Qubit assays. DNA was submitted to The Centre for 

Applied Genomics (TCAG) in Toronto, Canada, for PCR-free library preparation. WGS 

was performed on an Illumina NovaSeq X 25B flow cell (1 lane) for some samples, and 

on a NovaSeq S4 flow cell (0.5 lanes) for others, generating 150 bp paired-end reads.  
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We used FastQC v0.11.9 (Andrews, 2010) to assess the quality of the raw 

reads. Trimmomatic v0.36 (Bolger et al., 2014) and fastp v0.23.4 (S. Chen et al., 2018) 

were used to trim adapters and remove polyG tails respectively. We used bwa-mem2 

v2.2.1 (H. Li & Durbin, 2009) with default parameters and included read group 

information to align the reads to the masked shrew genome assembly and samtools 

v1.20 (Danecek et al., 2021) to sort the output. We used the picard MarkDuplicate 

v3.1.0 (Broad Institute, 2019) command to identify duplicates and Sambamba view 

v0.8.0 (Tarasov et al., 2015) to remove them. GATK RealignerTargetCreator and 

IndelRealigner v3.8 commands were used for local realignment around indels. 

Sambamba flagstat was used for quality checks and the final coverage was calculated 

using mosdepth v0.3.8 (Pedersen & Quinlan, 2018).  The data from two smoky shrews, 

one sourced from NCBI GenBank (GCA_029834395.2) were included in the data 

processing steps to facilitate single nucleotide polymorphism (SNP) polarization for 

subsequent analyses. 

We ran ANGSD v0.940 (Korneliussen et al., 2014) to call variants for all 

samples (including smoky shrews) with the following parameters: -SNP_pval 1e-6 -

minMapQ 30 -minQ 30 -skipTriallelic 1 -doMajorMinor 1 -gl 2 -doGlf 2 -doMaf 1 -doPost 

1 -doGeno 4 -doCounts 1 -doBcf 1. Using the output VCF, we polarized SNPs to identify 

the “ancestral” and “derived” states of each variant, using the smoky shrew as an 

outgroup (Esteva et al., 2010). We used est-sfs v.2.04 (Keightley & Jackson, 2018) 

with the Kimura2 parameter model to infer the ancestral state probabilities for each 

SNP. A custom script from Battilani et al. (2025) was then used to extract the most 

probable ancestral state for each variant and align it with its corresponding genomic 
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position. These ancestral states were subsequently used to overwrite the matching 

positions in the reference genome using the base_changer2.py script (Lipworth, 2017).  

 

Population structure, summary statistics 

We used PCAngsd v1.2 (Meisner & Albrechtsen, 2018) and NGSadmix v33 

(Skotte et al., 2013) to investigate population clustering. The inbreeding coefficient (F) 

for each individual was calculated with PLINK v2.00-20231024-avx2 (Purcell et al., 

2007). All subsequent genome-wide analyses were conducted using sliding windows 

of 50 Kb with a 10 Kb step size. For each population, nucleotide diversity (π) was 

estimated using vcftools v0.1.16 (Danecek et al., 2011), and Tajima’s D were 

computed using an unfolded site-frequency spectrums (SFS) generated by ANGSD 

v0.940 (Korneliussen et al., 2014). FST and dXY values, were calculated using 

popgenWindows.py v0.5 (S. Martin, 2025). 

To assess inbreeding levels for each individual, we identified homozygous-by-

descent (HBD) segments on the scaffold making up the N90 of the genome (n=47). 

We used RZooRoH v0.3.2 (Bertrand et al., 2019) and the genotype probabilities 

generated by ANGSD. The analyses were conducted using the default 10K model, 

which assumes multiple HBD classes. The proportion of the genome covered by HBD 

(FHBD) was then calculated by dividing the total sum of the HBD that were over 500 kb 

per individual by the genome’s N90 length. 

We used ADMIXTOOLS v2.0 (Maier et al., 2023) in r v.4.4.0 (R Core Team, 2021) 

to investigate genetic relationships, population divergence, and potential admixture 

among the studied populations. Pairwise f2-statistics were calculated across all 

population pairs to quantify genetic drift. To test for admixture, we computed f3-
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statistics in the form f3(A; B, C), evaluating all possible combinations among BPI, SC, 

and LI populations. Additionally, we calculated f4-statistics in the form f4(ON, B; C, D) 

for all possible population combinations to test whether the populations fit a simple 

tree-like relationship and to identify signals of gene flow or shared ancestry. 

 

Demographic modeling 

We ran the multiple sequentially Markovian coalescent (MSMC) model v2.1.4 

(Schiffels & Wang, 2020) to estimate the historical effective population size (Ne) of the 

masked shrew populations using every WGS sample. Following the MSMC2 workflow 

(Rick, 2024) we created a 35-mer mappability mask file for scaffolds making up the 

N90 of the genome using Heng Li’s SNPable program (2009). We called variants using 

bcftools v1.21 mpileup (Danecek et al., 2021) for sites with at least 10X coverage to 

generate the input for the MSMC2 runs. First, (i) we ran MSMC2 on each sample 

separately, and then (ii) with samples that had an overall coverage ~15X (BPI n=5, SC 

n=3) from the same population using the unphased data. We ran 20 iterations for each 

run with the 1*2+25*1+1*2+1*3 segmentation pattern, used a generation time of 1 

year and the default MSMC2 mutation rate 1.25e-8. 

We used Momi v2.1.20 (Kamm et al., 2020) to estimate current Ne and 

divergence times among the shrew populations. Raw allele counts were computed 

using the polarized SNPs, restricted to the N90 scaffolds. The counts were then used 

to generate an unfolded site frequency spectrum (SFS). Demographic models were fit 

across a range of Ne and divergence time parameters, informed in part by estimates 

from the MSMC results. Including migration parameters did not improve model fit. The 

best-fitting model was selected based on the highest log-likelihood score and was re-
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run using 100 bootstrap replicates of the SFS to assess uncertainty in parameter 

estimates. 

 

Differential gene expression analysis 

We extracted RNA from liver and heart tissue samples stored in RNAlater using 

the QIAGEN QIAwave DNA/RNA Mini Kit following manufacturer’s instructions and 

checked concentrations using Invitrogen Qubit assays. RNA extracts were submitted to 

TCAG for NEB Ultra II Directional polyA RNA preparation. Sequencing was done on an 

Illumina NovaSeq S4 to generate 150 bp paired-end reads with 15-25 million 

reads/sample. All data were used for genome annotation, as described above; 

however, only liver RNA-seq samples were used for the DGE analysis, as our focus was 

on population-level differences in gene expression associated with the digestive 

system, and CNDP2 is expressed in the liver. We used the final merged (Iso-Seq + RNA-

seq) GTF file, keeping only genes that had a minimum 50% match, to align the RNA-

seq reads using STAR v2.7.11b (Dobin et al., 2013) to generate gene counts. 

Prefiltering was done to remove genes with low (< 5) read counts across all samples to 

avoid biases in fold change due to weakly expressed genes (Love et al., 2014; Singh 

et al., 2017). DGE was analyzed using DESeq2 v1.48.1 (Love et al., 2014) in r v.4.4.2 

(R Core Team, 2021) with the experimental design accounting for location. The DESeq 

function was then applied to normalize counts, estimate dispersion, and fit a negative 

binomial model to test for differential expression between BPI and non-BPI shrews. 

Genes with an adjusted p-value (FDR) < 0.05 were considered significantly 

differentially expressed. 
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Genomic islands of differentiation and overlaps 

Regions of genomic differentiation between Nova Scotia shrew populations 

were identified through pairwise comparisons based on elevated FST and dXY values 

(see above). Candidate genomic islands of differentiation were defined as regions 

falling within the top 5% of each metric (Gu et al., 2023), shared between the BPI-SC 

and BPI-LI comparisons, but absent in the SC-LI comparison. We identified direct 

overlaps, without any flanking regions, between the candidate genomic islands of 

differentiation and DEGs using the GenomicRanges package v.1.58.0 (Lawrence et al., 

2013) in r v.4.4.2 (R Core Team, 2021). DAVID, the Database for Annotation, 

Visualization and Integrated Discovery (D. W. Huang et al., 2009; Sherman et al., 

2022), was used to identify enriched gene pathways for each analysis. 
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Figures and Tables 

 
Figure 4.1. (a) Map of sampling locations. Population structure inferred from (b) PCA and (c) NGSadmix based on 
SNPs from WGS data. 
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Figure 4.2. Demographic history and modeling. (a) SMC plot estimating historical effective population size of each 
shrew population. (b) Estimated split times and present effective population sizes from the Momi analysis with 100 
bootstrap replicates. (c) Estimated ice coverage over Nova Scotia at the estimates split times of the BPI and LI 
populations from the mainland. 

Wisconsin Glaciation
LGM

0.0M

0.1M

0.2M

0.3M

0.4M

Ef
fe

ct
iv

e 
Po

pu
la

tio
n 

Si
ze

672,000dff

LI

SC

BPI

BPI

SC

SC

BPI

ON

LI

LI

0 kya 10 kya 25 kya 50 kya 100 kya 250 kya 500 kya 1 Mya

Years Before Present

672,000

12,000

14,000

218,000

A C

B

~13 kya ago

~16 kya ago
43°N

44°N

45°N

46°N

47°N

67°W 66°W 65°W 64°W 63°W 62°W 61°W

Longitude

La
tit

ud
e

43°N

44°N

45°N

46°N

47°N

La
tit

ud
e



 

 
 

95 

 

Figure 4.3. (a) Volcano plot of DEGs between BPI and SCI + LI from liver tissues. (b) Top 5% outliers for FST and dXY 

between BPI and LI populations. Annotated genes in (a) and (b) are genes associated with lipid metabolism and 
regulation. (c) Genome scans (50 kb windows with 10 kb steps) for candidate island of differentiation in BPI shrews 
compared to SC and LI populations, overlapping ELOVL2 and ELOVL5 genes. 
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Table 4.1. Genome assembly metrics for the masked shrew genome generated from PacBio HiFi long-reads and Hi-
C reads. 

 Primary assembly 

Assembly size 2.82 Gb 
# of scaffolds 343 
Scaffold N/L50 80,745,324 bp/13 
Scaffold N/L90 6,969,911 bp/47 
Average scaffold length 8,223,106 bp 
Longest scaffold length 159,956,999 bp 
Shortest scaffold length 19,156 bp 
# of contigs 1,187 
Contigs N/L50 5,462,505 bp/144 
Contigs N/L90 1,310,465 bp/542 
Average contig length 2,376,037 bp 
Longest contig length 31,895,011 bp 
Shortest contig length 19,156 bp 
Number of gaps 844 
GC content 43.02% 
Merqury QV 57.99 
Merqury completeness 84.81 
% genome masked 49.14% 
BUSCO results S:8653, D:97, F:126, M:350, n:9226 
# proteins-coding genes >50% match 15,123 
Mitochondrial genome length 17,082 bp 

 

 

Table 4.2. Summary statistics for within and between populations analyses. Values for π, Tajima’s D, FST, and dXY 
are averages from the sliding windows. 

 BPI  SC LI ON 

n 10 6 5 3 

#snps 30,948,385 46,978,069 32,253,653 55,385,074 

F -0.0265 0.0393 -0.0211 0.0178 

π 0.00280 0.00561 0.00370 0.00743 

Tajima’s D 0.727 0.201 0.517 -0.123 

FHBD > 500 kb (%) 0.281 0.163 0.186 0 

 BPI - LI BPI - SC SC - LI BPI - ON 

FST 0.236 0.151 0.0827 0.223 

dXY 0.00572 0.00582 0.00571 0.00836 
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Table 4.3. Top DEGs and genes overlapping islands of differentiation between BPI and other NS populations, associated with lipid metabolism and regulation. 

 
 
 
 
 

DEGs 
Name LFC Adjusted p-value Function 

ACOT4 -1.90 2.63 × 10-02 Hydrolyzes fatty acyl-CoAs (Tillander et al., 2017) 
ACOT11 1.51 3.64 × 10-02 Hydrolyzes fatty acyl-CoAs (Tillander et al., 2017) 
HADH -2.04 9.80 × 10-03 Mitochondrial 3-hydroxyacyl-CoA dehydrogenase, catalyzes fatty acid β-oxidation (X. Wang et al., 2022) 
PECR 1.85 6.94 × 10-04 Catalyzes the last step of the fatty acid elongation cycle (B. Shen et al., 2019) 
LEPR -3.04 2.50 × 10-03 Regulates appetite and energy expenditure (J. M. Friedman & Halaas, 1998; Klok et al., 2007) 
PDK4 -4.02 1.59 × 10-02 Regulates energy metabolism by minimizing carbohydrate oxidation (Buck et al., 2002) 
Islands of differentiation 
Name FST dXY π BPI Tajima’s D BPI Function 
 BPI - SC BPI - LI BPI - SC BPI - LI    
ELOV2/ ELOV5 0.474 – 0.502 0.614 – 0.634 0.0142 – 0.0146 0.0160 – 0.0169 9.00 × 10-04 – 1.00 × 10-03 -0.139 – -0.652  Catalyze elongation of long-chain 

fatty acids (Monroig et al., 2016) 
FABP5/ FABP5P3 0.458 – 0.483 0.654 – 0.769 0.0129 – 0.0130 0.0129 – 0.0146 5 .00 × 10-04 -0.620 – -0.480 Regulate intracellular levels of 

fatty acids (Xu et al., 2022) 
CEBPZ 0.262 – 0.422 0.705 – 0.849 0.0132 – 0.0150 0.0146 – 0.0188 8.00 × 10-04 – 3.10 × 10-03 -2.505 – -2.243   Modulated the differentiation and 

proliferation of preadipocytes (Y. 
Chen et al., 2022) 
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CHAPTER 5: General Discussion  
 

Mammals have undergone repeated episodes of diversification driven by major 

historical climatic shifts and geological events, which have shaped evolution at both 

the species and population level (Burgin et al., 2018; Hewitt, 2000). These processes 

have led to a wide range of specializations that allowed individuals to survive in diverse 

and often changing environments. Among mammals, shrews (family Soricidae) stand 

out as one of the most diverse groups, with over 400 extant species inhabiting various 

habitats worldwide (Burgin et al., 2018). This has led to a range of specialized traits 

such as echolocation (Forsman & Malmquist, 1988; Tomasi, 1979), venomous saliva 

(Kita et al., 2004), extreme seasonal physiological changes like Dehnel’s phenomenon 

(Lázaro et al., 2017, 2019), and unique foraging behaviors and diets (Mendes-Soares 

& Rychlik, 2009; Stewart et al., 1989). Understanding how such traits arose and are 

maintained requires examining both macroevolutionary and microevolutionary trends. 

The aim of my Ph.D. was to develop genomic resources to explore the mechanisms 

driving these phenotypic adaptations in shrews. This involved using comparative 

genomic analyses at the species level and a multi-omics approach, integrating 

genomic, epigenomic, and transcriptomic data, at the population level. 

 

Comparative genomics of shrews  
 

I assembled high-quality genomes for three shrew species: the masked shrew 

(Sorex cinereus), maritime shrew (S. maritimensis), and two smoky shrew genomes (S. 

fumeus). In Chapter 2, I used these resources to identify genomic variants unique to 

shrews and to explore whether these variants are associated with some of their distinct 
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traits. Analyses of accelerated regions (ARs), gene family expansions, and positively 

selected genes revealed outliers associated with the nervous system development, 

such as genes linked to axon regeneration, neurite outgrowth, synaptic plasticity, and 

hippocampal growth. Notably, the hippocampus is a region of the brain known to shrink 

during the winter and regrow in the spring in common shrews (S. araneus), a pattern 

associated with Dehnel’s phenomenon (Lázaro et al., 2018). Furthermore, I also found 

outliers in all analyses that were either related to lipid and glucose metabolism, or 

cellular responses to stress and starvation. Shrews exhibit the highest mass-specific 

metabolic rate of any mammal and do not hibernate or rely on large fat stores to meet 

their energetic demands (Churchfield, 1990). Thus, adaptations related to metabolism 

and energy regulation are likely critical for sustaining the extreme metabolic demands 

of shrews, particularly during cold and resource-scarce seasons. My findings suggest 

that shrew-specific genomic variants have likely contributed to the physiological and 

neurological adaptations that enable their survival under extreme metabolic pressure 

and environmental stress, particularly during winter months for northern species. 

 

Evolutionary history of Nova Scotia masked shrew populations 
 

Geographic isolation and local adaptation are drivers of population divergence 

over time. In North America, repeated glacial cycles fragmented habitats and reshaped 

the evolutionary paths of many populations (Shafer et al., 2010). An example of this is 

the masked shrew population on Bon Portage Island (BPI), Nova Scotia, which exhibits 

distinct phenotypic differences from their mainland counterparts (MacPherson & 

Stewart, 2003; Stewart et al., 1989). Prolonged isolation on BPI has likely contributed 



 

 
 

100 

to both phenotypic and behavioral divergence, with island shrews exhibiting traits such 

as reduced body size and signs of accelerated aging relative to mainland conspecifics 

(Chapter 3). These shrews also have a specialized diet and carry a unique allele for the 

cytosolic non-specific dipeptidase 2 (CNDP2) gene, a digestive enzyme believed to 

have undergone adaptive changes in response to dietary pressures (MacPherson & 

Stewart, 2003; Stewart et al., 1989).  

In Chapter 4, I explored the demographic history of Nova Scotia masked shrew 

populations, including BPI, tracing their divergence from a common ancestor shared 

with the Ontario lineage to approximately 175 kya. Since then, the data revealed a 

prolonged and steady decline in effective population (Ne) size across all Nova Scotia 

populations, with the most marked reductions observed in island populations, each 

now estimated to have an Ne close to 13,000 individuals. Demographic modeling 

suggests that BPI and Long Island (LI) became isolated approximately 16-17 kya and 

12-13 kya, respectively, a timing that coincides with major climatic and geological 

shifts during the Last Glacial Maximum (Stokes, 2017). These shifts, particularly post-

glacial sea-level rise, played a key role in fragmenting habitats and isolating 

populations on islands, specifically in Nova Scotia (Parker, 2012). Furthermore, the 

absence of detectable gene flow since their divergence provides strong evidence of 

long-term genetic isolation, which likely facilitated genetic drift and adaptive 

divergence in these island populations.  

Building on this, I employed a multi-omics approach, integrating genomic, 

epigenomic, and transcriptomic data, to uncover varying levels of differentiation across 

genes and pathways between BPI masked shrews and other populations. Notably, 

Chapter 3 revealed epigenetic modifications, specifically differential DNA methylation 
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pattens near genes linked to digestive function and peptidase activity. In Chapter 4, 

genomic and transcriptomic analyses pointed to divergence in metabolic related genes 

and pathways, particularly those associated with fatty acid metabolism and metabolic 

regulation. This divergence across multiple biological layers, suggest that BPI shrews 

may have undergone functional shifts in physiology and downstream energy 

metabolism relating to their largely marine-based diet. Such changes are likely 

reflective of selection pressures imposed by their insular environment. However, direct 

overlap between these different omic layers was limited, suggesting that divergence in 

BPI shrews is a process driven by a complex genomic architecture functioning at 

multiple layers. This complexity shows how environmental pressures shape 

phenotypes through multiple mechanisms, providing a deeper understanding of local 

adaptation beyond genetics alone.  

Collectively, my dissertation advances our understanding of the mechanisms 

underlying adaptation and divergence in shrews. It demonstrates that geographic 

isolation and distinct selection pressures leave signatures across their genomic, 

transcriptomic, and epigenomic landscapes. By integrating comparative genomics, 

population genetics, and multi-omic approaches, this work uncovers key molecular 

pathways that mediate responses to these evolutionary forces and contribute to the 

emergence of divergent and unique phenotypes.  
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Appendix I: Supplementary Material for Chapter 2 
Figures 

 
Figure S2.1. (a) Shrew species' range according to the IUCN. (b) Tree topology used for the accelerated region 
analysis. 

 

 
Figure S2.2. Top Reactome pathways for ARs found in each shrew species. All pathways are significant pathways 
(5% FDR). 
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Figure S2.3. Analysis results versus genome assembly statistics for each species. Number of ARs (a) versus N50, 
(b) number of scaffolds, and (c) coverage. Number of gene families that underwent significant size change (d) 
versus N50, (e) number of scaffolds, and (f) coverage. Number of gene duplications (g) versus N50, (h) number of 
scaffolds, and (i) coverage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

135 

Tables 
Table S2.1. Conserved and accelerated region statistics aligned to the hg38 chromosomes (NCBI accession: 
GCA_000001405.15) for all shrew species, and the African elephant and big brown bat. 

Chromosome  # 50 bp 
conserved 
regions 

# ARs 
S. etruscus 
 

# ARs 
S. fumeus 
 

# ARs 
S. maritimensis 
 

# ARs 
S. araneus 
 

#ARs 
L. africana 
 

#ARs 
E. fuscus 
 

1  53,160 1,494 548 2,183 259 67 2,870 

2  62,618 2,638 315 1,262 145 362 1,942 

3  45,064 1,131 365 1,317 139 177 1,253 

4  28,793 962 156 615 104 73 1,266 

5  38,505 983 219 1,393 212 38 1,475 

6  32,985 1,358 325 871 144 93 422 

7  31,500 988 124 939 124 158 915 

8  26,899 986 233 512 67 86 1,166 

9  29,383 778 154 735 73 178 436 

10  26,248 2,080 153 841 126 77 928 

11  30,470 1,056 244 1,667 260 65 1,144 

12  27,793 1,237 344 1,371 197 28 175 

13  18,667 536 121 395 39 190 324 

14  24,584 805 80 806 73 10 343 

15  20,174 1,143 104 816 111 54 1,146 

16  21,988 651 187 1,138 117 70 1,890 

17  26,095 978 166 1,600 181 15 228 

18  16,292 355 77 348 30 54 1,685 

19  13,331 457 142 1,575 126 41 768 

20  13,448 421 120 609 70 35 51 

21  4,008 103 19 120 14 24 467 

22  6,175 214 76 468 32 9 45 

TOTAL  598,180 21,354 4,272 21,581 2,643 1,904 20,939 
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Table S2.2. Species name, genome version, and NCBI RefSeq accession number of the protein.faa and 
cds_from_genomic.fna files downloaded and used for the OrthoFinder and aBSREL analyses respectively. The 
synNet.maf files used for each species for the accelerated region analysis matched the genome versions listed 
here. *There is no RefSeq annotation file for the maritime shrew. We used the maritime shrew protein.faa file from 
our GenSAS annotation pipeline (available on gitlab). 

Species  Genome version  NCBI RefSeq accession 

Black flying fox (Pteropus alecto)  ASM32557v1 GCF_000325575.1 

Dog (Canis lupus familiaris)  CanFam6 GCF_000002285.5 

Domestic guinea pig (Cavia porcellus)  Cavpor3.0 GCF_000151735.1 

Star-nosed mole (Condylura cristata)  ConCri1.0 GCF_000260355.1 

Big brown bat (Eptesicus fuscus)  EptFus1.0 GCF_000308155.1 

Horse (Equus caballus)  EquCab3.0 GCF_002863925.1 

Western European hedgehog (Erinaceus europaeus)  EriEur2.0 GCF_000296755.1 

Human (Homo sapiens)  GRCh38.p14 GCF_000001405.40 

African savanna elephant (Loxodonta africana)  Loxafr3.0 GCF_000001905.1 

Gray mouse lemur (Microcebus murinus)  Mmur_3.0 GCF_000165445.2 

Prairie vole (Microtus ochrogaster)  MicOch1.0 GCF_000317375.1 

House mouse (Mus musculus)  GRCm39 GCF_000001635.27 

Etruscan shrew (Suncus etruscus)  mSunEtr1.pri.cur GCF_024139225.1 

American pika (Ochotona princeps)  OchPri3.0 GCF_000292845.1 

Killer whale (Orcinus orca)  Oorc_1.1 GCF_000331955.2 

Norway rat (Rattus norvegicus)  mRatBN7.2 GCF_015227675.2 

Common shrew (Sorex araneus)  SorAra2.0 GCF_000181275.1 

Smoky shrew (Sorex fumeus)  SorFum_2.1 GCF_029834395.1 

Maritime shrew (Sorex maritimensis)  SorMar_1.0* GCA_030324115.1* 

Pig (Sus scrofa)  Sscrofa11.1 GCF_000003025.6 
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Appendix II: Supplementary Material for Chapter 3 
Figures 

 
Figure S3.1. Trapping information for our masked shrew samples. (a) Example picture of the type of ecosystem 
where traps were set. (b) Map of trapping locations in Nova Scotia. Traps in Sandy Cove and North Mountain were 
set on the mainland. Bon Portage is located ~ 2.5 km from the mainland and Long Island is separated by ~ 750 m 
of water from the mainland. Both islands require a ferry or boat to reach. 
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Figure S3.2. Measurements taken for each individual. (a) Full skull length from the most protruding anterior to most 
protruding backward point of the skull, (b) full body length and (c) tail length. 

 
 

 
Figure S3.3. Epigenome-wide association (EWAS) of the multivariate regression model between Long Island and 
other masked shrew populations (location, age, sex and tissue). (a) Manhattan plots of the EWAS for location (Long 
Island vs others). The coordinates are estimated based on the alignment of Mammalian array probes to our masked 
shrew genome assembly. The direction of associations with < 2e-6 (red dotted line) is highlighted by red 
(hypermethylated) and blue (hypomethylated) colors relative to non-Long Island methylation levels. Top 15 CpGs 
are indicated by their neighboring genes. (b) DNAm levels of Long Island samples versus others for the top 10 
significant CpGs (p value) associated to location. (c) Enrichment analysis of the top CpGs with positive 
(hypermethylated) and negative (hypomethylated) correlations to Long Island. The gene-level enrichment analysis 
was carried out using the GREAT software. Background probes were limited to 14290 probes that had shrew gene 
annotations. The top 4 ontologies with most significance pathways for Long Island were selected based on 
Bonferroni corrected p values. 
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Figure S3.4. Location and distance to transcriptional start site (TSS) of significant (p value < 2e-6) probes aligned 
to the smoky shrew genome for (a) & (d) Bon Portage Island shrews relative other populations, (b) & (e) Island 
shrews relative to mainland shrews and (c) & (f) all probes. Blue bars represent hypomethylated CpGs and red bars 
represent hypermethylated CpGs. Probe locations were identified as intron, exon, downstream up to 300 bp from 
the transcriptional start site (TSS), promoter up to 10 kb upstream and 1 kb downstream from the TSS, and distal 
intergenic for probes that were not part of any other category. 
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Tables 
Table S3.1. Master mix formula. Custom primer: 5′-CATGGTGTGGGCTCGCAATC-3 and 5′ CTGCCTGTAGTCTCTGTGCC-
3'. PCR cycles as follow: denature at 93°C for 2 minutes, run 30 cycles of 15 seconds at 93°C, 20 seconds at 60°C 
and 20 seconds at 72°C. 

Reagents Conc. of stock solution Volume per individual reaction 

Buffer 5X 4 µL 
dNTPs 2mM 2 µL 
MgCl2 50mM 1 µL 
BSA 3mg/mL 1 µL 
Primer 10µM 0.8 µL 
Taq polymerase 5U/µL 0.2 µL 
DNA  2 µL 
Water  11 µL 
Total volume (before DNA)  20 µL 
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Table S3.2. Breakdown of sample information. n = represents the total number of samples used for each analysis. 
*represents second sample from a same individual. 

SampleID Tissue Sex Teeth 
class 

Age 
(months) 

Location Used for 
epigenetic 

clock (n = 39) 

Used for 
body size 
analysis  
(n = 27) 

Used for 
EWAS  

(n = 36) 

1213 Tail F 2 3.5 Bon Portage Island, NS yes yes yes 
1215 Tail M 1 2 Bon Portage Island, NS yes yes yes 
1216 Tail M 2 3 Bon Portage Island, NS yes yes yes 
1217 Tail F 2 5 Bon Portage Island, NS yes yes yes 
1222 Tail M 3 11 Bon Portage Island, NS yes yes yes 
1223 Tail F 1 5 Bon Portage Island, NS yes yes yes 
1225 Tail F 1 2 Bon Portage Island, NS yes yes yes 
1226 Tail M 3 12 Bon Portage Island, NS yes yes yes 
1227 Tail M 3 12 Bon Portage Island, NS yes yes yes 
1228 Tail M 3 12 Bon Portage Island, NS yes yes yes 
1229 Tail F 3 12 Bon Portage Island, NS yes yes yes 
1231 Tail M 3 11 Bon Portage Island, NS yes yes yes 
1232 Tail F 3 12 Bon Portage Island, NS yes yes yes 
1233 Tail M 3 11 Bon Portage Island, NS yes yes yes 
1234 Tail M 4 16 Bon Portage Island, NS yes yes yes 
1235 Tail M 3 11 Bon Portage Island, NS yes yes yes 
1335 Tail M 2 5 North Mountain, NS yes yes yes 
1336 Tail F 2 5 North Mountain, NS yes yes yes 

SC001 Tail F 2 4.5 Sandy Cove, NS yes no yes 
SC002 Tail F 2 3 Sandy Cove, NS yes no yes 
SC003 Tail F 2 4 Sandy Cove, NS yes no yes 
SC004 Tail M 2 3 Sandy Cove, NS yes no yes 
LI001 Tail M 4 15 Long Island, NS yes no yes 
LI002 Tail F 4 13 Long Island, NS yes no yes 
LI003 Tail F 2 4.5 Long Island, NS yes no yes 
LI004 Tail M 4 13 Long Island, NS yes no yes 
LI005 Tail M 4 15 Long Island, NS yes no yes 
SC001 Liver* F 2 4.5 Sandy Cove, NS yes yes yes 
SC002 Liver* F 2 3 Sandy Cove, NS yes yes yes 
SC003 Liver* F 2 4 Sandy Cove, NS yes yes yes 
SC004 Liver* M 2 3 Sandy Cove, NS yes yes yes 
LI001 Liver* M 4 15 Long Island, NS yes yes yes 
LI002 Liver* F 4 13 Long Island, NS yes yes yes 
LI003 Liver* F 2 4.5 Long Island, NS yes yes yes 
LI004 Liver* M 4 13 Long Island, NS yes yes yes 
LI005 Liver* M 4 15 Long Island, NS yes yes yes 

LI002_FET1 Fetus F 0 0 Long Island, NS yes no no 
LI002_FET2 Fetus M 0 0 Long Island, NS yes no no 
LI002_FET3 Fetus F 0 0 Long Island, NS no no no 
LI002_FET4 Fetus M 0 0 Long Island, NS yes no no 
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Table S3.3. Assembly statistics for smoky shrew genome assemblies. 

 Short-read assembly Linked-read assembly Hybrid assembly 

Assembly size 1.92 Gb 2.66 Gb 2.66 Gb 

N50/L50 2.77 Kb/175,854 scaffolds 1.99 Mb/291 scaffolds 1.99 Mb/291 scaffolds 

N90/L90 1.23 Kb/607,012 scaffolds 0.16 Mb/1,755 scaffolds 0.16 Mb/1,753 scaffolds 

Number of scaffolds 779,274 84,561 84,558 

Largest scaffold 91,699 22,233,027 22,233,027 

% Genome in scaffolds > 50 Kb  0.03 86.15 86.14 
GC content (%) 42.63 42.88 42.88 

BUSCOs identified   3,879 (95%) 

Number of protein coding genes   20,067 

 
 

Table S3.4 Summary of repeats in the smoky shrew genome. 

 Length (bp) Percentage of genome (%) 

SINE 53,159,155 2.10 

LINE 509,850,416 20.17 

LTR elements 2,632,939 0.10 

DNA elements 665,221 0.03 

Unclassified 389,117,414 15.39 
Small RNA 0 0 

Satellites 0 0 

Simple repeats 20,505,599 0.81 

Low complexity 0 0 

Total 975,930,744 38.60 
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Appendix III: Supplementary Material for Chapter 4 
Figures 

 
Figure S4.1. Primary assembly BUSCO assessment results for the mammalia_odb10 data set. 
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Figure S4.2. Masked shrew mitochondrial genome annotations Circos plot. 
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Tables 
Table S4.1. Sample information. * Denotes smoky shrew samples. 

Sample ID PCA ID Species Sex Location WGS Mean Coverage RNA-seq tissue From Cossette 
et al. 2023 

 

1223 BPI1 S. cinereus F BPI 6.7X NA yes  

1228 BPI2 S. cinereus M BPI 8.1X NA yes  

1229 BPI3 S. cinereus F BPI 6.6X NA yes  

LI002 LI1 S. cinereus F LI 6.7X NA yes  

LI003 LI2 S. cinereus F LI 6.9X NA yes  

LI004 LI3 S. cinereus M LI 7.7X NA yes  

LI005 LI4 S. cinereus M LI 8.0X NA yes  

NS1 BPI4 S. cinereus M BPI 9.2X Liver no  

NS2 BPI5 S. cinereus M BPI 14.7X Heart, Liver no  

NS3 BPI6 S. cinereus M BPI 17.7X Liver no  

NS4 BPI7 S. cinereus M BPI 14.5X Liver no  

NS5 BPI8 S. cinereus F BPI 14.1X Liver no  

NS6 BPI9 S. cinereus M BPI 6.2X Liver no  

NS7 BPI10 S. cinereus M BPI 14.8X Liver no  

NS8 SC6 S. cinereus F SC 7.5X Liver no  

NS10 SC1 S. cinereus M SC 13.1X Liver no  

NS11 SC2 S. cinereus M SC 15.8X Liver no  

NS12 LI5 S. cinereus M LI 6.9X Heart, Liver no  

NS13 SC3 S. cinereus M SC 6.5X Heart, Liver no  

NS14 SC4 S. cinereus M SC 7.3X Liver no  

NS15 SC5 S. cinereus M SC 15.7X Liver no  

ON4 ON1 S. cinereus  NA ON 6.5X Heart, Liver no  

ON5 ON2 S. cinereus  NA ON 8.6X Heart, Liver no  

ON6 ON3 S. cinereus  NA ON 13.7X Liver no  

NS9* NA S. fumeus  NA SC 14.6X NA no  

SC2* NA S. fumeus M ON 6.3X NA yes  
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Table S4.2. F-statistics done with genome N90 (72,716,233 SNPs). 

f 
    

pop1 pop2 est se 
    

BPI LI 0.43055543 0.00240651 
    

BPI ON 0.38777294 0.00190862 
    

LI ON 0.32865797 0.001784 
    

BPI SC 0.28038394 0.00180212 
    

SC ON 0.22242853 0.00174191 
    

LI SC 0.18898498 0.00124119 
    

f3 (A; B, C)   

pop1 (A) pop2 (B) pop3 (C) est se z p n 

BPI SC LI 0.59218144 0.0177494 33.3634629 4.65E-244 10384226 

SC BPI LI 0.02152528 0.00260015 8.27847868 1.25E-01 10384226 

LI BPI SC 0.28684796 0.00723655 39.6387631 0 10384226 

f4 (ON, B; C, D)   

pop1 pop2 (B) pop3 (C) pop4 (D) est se z p 

ON SC LI BPI -5.59E-04 1.96E-04 -2.8502261 0.00436882 

ON LI SC BPI -2.02E-04 2.17E-04 -0.930139 0.3522991 

ON BPI SC LI 3.57E-04 2.15E-04 1.66114207 0.09668492 

 
 
Table S4.3. Significant DEGs between BPI vs SC & LI. 

baseMean log2FoldChange lfcSE stat pvalue padj 

gene 

name 

uniprot 

accession 

120.4144107 1.798886667 0.44432824 4.048553537 5.15E-05 0.005422961 8ODP P36639 

41.44717994 -2.020878393 0.393075766 -5.141193044 2.73E-07 8.66E-05 A1AG1 P02763 

146.6957401 -3.424308341 0.81031377 -4.225904171 2.38E-05 0.003122915 ABCA9 Q8K449 

457.2754087 0.711316162 0.218667858 3.252952534 0.001142126 0.039156392 ABCG5 Q99PE7 

95.40289497 1.513206457 0.460814967 3.283761521 0.001024316 0.036423981 ACO11 Q8VHQ9 

978.2074655 -1.901143603 0.554298217 -3.429820886 0.00060398 0.026267945 ACOT4 Q8BWN8 

363.5283868 -2.006625001 0.476984263 -4.206899804 2.59E-05 0.003284119 ACTA P62738 

122.0230527 -2.599971454 0.806667647 -3.22310119 0.001268107 0.042607747 ADAM8 Q05910 

150.8362839 -2.590801457 0.413281845 -6.268848937 3.64E-10 3.46E-07 ADH6 P28332 

58.36291782 -2.092445614 0.56760679 -3.686435135 0.000227417 0.014423947 ADRB2 O70431 

154.2630261 -1.0674719 0.33798496 -3.15834142 0.001586696 0.049493213 AFAP1 Q80YS6 

452.8479846 0.975721648 0.288812034 3.378396786 0.000729098 0.029834218 AIG1 Q9NVV5 

5397.020754 -3.166600974 0.935920313 -3.383408746 0.00071592 0.029453334 AK1CA D3ZF77 

119.1145539 -2.028779093 0.509133759 -3.984766396 6.75E-05 0.006590984 AL1A3 P47895 

2940.373276 -2.017214192 0.521006037 -3.871767404 0.000108049 0.008477951 ANXA2 A2SW69 

683.060662 -1.646566638 0.487728488 -3.375990288 0.000735505 0.029935453 ANXA4 P08132 
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52.07466365 -2.5199011 0.702492826 -3.587084463 0.000334396 0.018058984 AP1M2 Q3SYW1 

17.00739363 -3.078842631 0.91966329 -3.347793332 0.000814577 0.032054351 APCD1 Q8J025 

421.9802635 0.68513605 0.184063376 3.72228341 0.000197429 0.012843025 APLP2 P15943 

38.72344369 -1.397743245 0.427052875 -3.272998094 0.001064132 0.03732308 ARSK Q6UWY0 

116.4463356 0.728360922 0.219586349 3.316968129 0.00091 0.034118275 ASAP3 Q8TDY4 

28.61898379 -2.443323778 0.680994727 -3.587874738 0.000333384 0.018058984 ASGL1 Q4R7U8 

1180.643391 0.989465476 0.285281424 3.468383826 0.000523599 0.024063061 ATP7A Q04656 

225.47261 2.70563131 0.576571549 4.692620219 2.70E-06 0.000632395 ATRAP Q6RW13 

20.13694281 -3.566228459 0.866737818 -4.114541196 3.88E-05 0.004513839 ATS5 Q9TT92 

20.76659179 -1.586511444 0.475267431 -3.338144677 0.000843398 0.032584284 AURKB O70126 

9.105099293 -2.573629379 0.777036334 -3.312109441 0.000925953 0.034546223 B3GL1 Q864U6 

54.49358724 -1.682448079 0.481052417 -3.497431919 0.000469761 0.022628784 B3GN5 Q9BYG0 

29.90270027 -2.181178013 0.677406803 -3.219893872 0.001282381 0.042607747 BMP3 Q8BHE5 

60.69121731 -2.316753482 0.354395858 -6.537191199 6.27E-11 7.95E-08 CAD17 P55281 

14.17780895 -3.08882313 0.871432105 -3.54453676 0.000393304 0.020790277 CAHM5 Q8N5C1 

33.92775619 -3.658828943 1.130646382 -3.236050637 0.001211959 0.040996527 CAN6 Q9Y6Q1 

225.6092528 0.71611974 0.173020717 4.138924816 3.49E-05 0.004353707 CC28B Q9BUN5 

111.9711997 -1.348138618 0.410451912 -3.284522686 0.001021553 0.036423981 CCBE1 Q3MI99 

159.3834339 -2.148382462 0.316544296 -6.786988392 1.14E-11 2.18E-08 CCL11 Q9TTQ4 

187.1732652 -2.448301654 0.744892443 -3.286785462 0.00101338 0.0363813 CD44 P14745 

20.64045551 -2.821068917 0.848957646 -3.322979573 0.000890614 0.033556762 CD80 P33681 

49.44964473 -2.010161491 0.516626963 -3.890934145 9.99E-05 0.008085395 CDKA1 O14519 

100.0737132 1.035033532 0.222822565 4.645101959 3.40E-06 0.000718623 CEP63 Q4KLY0 

28.70779308 -4.942501753 0.908016634 -5.443184151 5.23E-08 2.21E-05 CES1P Q9UKY3 

672.8716223 -1.021755046 0.263290366 -3.880715664 0.00010415 0.008257106 CISD3 P0C7P0 

472.4640366 -0.676753299 0.154365406 -4.384099508 1.16E-05 0.001886014 CIZ1 Q9ULV3 

507.212004 -1.547607599 0.418978522 -3.693763562 0.000220959 0.014132109 CML2 O97664 

2.445403488 -3.270659061 1.005916603 -3.251421689 0.001148294 0.039191327 CMTD1 Q86VU5 

40.14313032 -4.308865735 1.121803205 -3.841017492 0.000122525 0.009515721 CO3A1 P02461 

7.080449592 -2.535161382 0.716625383 -3.537638271 0.000403723 0.021046122 CP2BJ O55071 

17.17540866 -3.350089517 0.77837928 -4.303929464 1.68E-05 0.002494998 CP2D7 A0A087X1C5 

136.2436185 -0.822192115 0.191285248 -4.298251565 1.72E-05 0.002494998 CPSF1 Q10569 

476.5106875 0.580383075 0.14864375 3.904523913 9.44E-05 0.007726479 CS025 Q1LZF3 

447.3588086 -1.063391849 0.291688985 -3.645635954 0.000266731 0.015860096 CSRP1 P97315 

26.57328727 -8.106370918 1.986251177 -4.081241593 4.48E-05 0.005024614 CTHR1 Q96CG8 

515.9099839 1.016912909 0.293655021 3.462950868 0.000534286 0.024205062 CTNS A7MB63 

41.61974933 -1.529425095 0.435477729 -3.512062715 0.000444643 0.021975184 CYBR1 Q925G2 

968.5891668 -1.240010544 0.313405291 -3.956571828 7.60E-05 0.00698095 CYL1B A0A8V8TMC4 

144.1872845 1.240928418 0.316621001 3.919286514 8.88E-05 0.007521562 CYREN Q09HN1 

68.63383866 -1.485527072 0.454549883 -3.268127717 0.001082615 0.037797169 DAAM2 Q80U19 



 

 
 

148 

105.7269586 0.784326836 0.194368963 4.035247312 5.45E-05 0.005610008 DC4L1 Q3SXM0 

163.6437804 -2.705488707 0.592284076 -4.567890339 4.93E-06 0.000937404 DDR1 Q08345 

27.48899581 1.752367709 0.407282385 4.30258654 1.69E-05 0.002494998 DDT4L Q8VD50 

141.6701572 -1.241717733 0.365317891 -3.399006083 0.000676312 0.028282481 DEN2B P78524 

235.3677405 0.711815971 0.211192449 3.370461272 0.000750425 0.030349805 DI3L1 Q5R5N8 

786.3020842 0.666925186 0.13298963 5.014866106 5.31E-07 0.0001496 DJB14 Q0IIE8 

1559.730323 0.780790404 0.146579542 5.326735181 1.00E-07 3.81E-05 DMP34 Q6PK57 

79.26722489 3.538985312 0.60322559 5.866769204 4.44E-09 3.38E-06 DNSL3 Q13609 

71.80603183 -2.29053732 0.405074718 -5.654604496 1.56E-08 9.91E-06 DOC10 Q8BZN6 

380.752252 0.851944717 0.265885516 3.204178736 0.001354484 0.044427262 DOK4 Q8TEW6 

124.1338249 -2.676780156 0.65595422 -4.080742337 4.49E-05 0.005024614 DPYL3 Q14195 

830.8777582 -1.437099435 0.428945962 -3.350304145 0.000807229 0.031999051 DUS14 O95147 

9.376352262 -3.047795247 0.876707884 -3.476409079 0.000508177 0.023583728 EFCB6 Q4R8T1 

138.0039357 -2.469703968 0.52667251 -4.689259309 2.74E-06 0.000632395 EMP1 P54850 

450.1701284 -0.931871931 0.211646173 -4.402970849 1.07E-05 0.00176672 ERO1A Q8R4A1 

10.50217554 1.854096731 0.487715807 3.801592453 0.000143769 0.010074666 FANCF E9Q5Z5 

21.77407149 -2.476277278 0.774303113 -3.198072223 0.001383496 0.044999103 FBLN5 Q5EA62 

57.96541333 0.995500139 0.313036298 3.180142833 0.001472025 0.046876906 FBW12 Q6X9E4 

475.8769714 -4.0014153 0.57995229 -6.899559446 5.22E-12 1.32E-08 FCN2 P57756 

678.9694095 0.736870965 0.184351562 3.997096407 6.41E-05 0.006424506 FCSD2 O94868 

9.27558237 -2.137105232 0.654761887 -3.263942626 0.001098734 0.038011207 FEZ1 P97577 

43.52462789 -3.069237516 0.579942815 -5.292310613 1.21E-07 4.38E-05 FHL2 O35115 

124.1144492 -1.076117756 0.338174121 -3.182141058 0.001461906 0.046750279 FRMD6 Q96NE9 

134.0657464 -2.12402774 0.498463222 -4.261152374 2.03E-05 0.002764091 FXYD5 P59647 

108.6296969 -1.743370724 0.498282039 -3.498762922 0.000467422 0.022628784 GBP6 Q5R9T9 

5.985675213 -3.58701365 0.986272895 -3.636938285 0.000275898 0.015979469 GFPT2 Q08DQ2 

17.84011875 -1.282894696 0.365504174 -3.509931721 0.000448222 0.021981309 GLCTK Q8IVS8 

19.66329683 -2.231432926 0.620087693 -3.598576379 0.000319964 0.017770117 GLT16 Q9JJ61 

637.7111218 -1.573939001 0.330492185 -4.762409136 1.91E-06 0.000485316 GNB5 Q6PNB6 

222.3952196 -1.660864249 0.511852524 -3.244810119 0.00117529 0.039933614 GPC3 P51654 

186.8673825 -0.729529556 0.206597476 -3.531163935 0.000413735 0.021219542 GPR39 O43194 

14.689465 4.73030789 0.986512822 4.79497862 1.63E-06 0.000426983 GUC2D Q02846 

8.784240836 -2.141915547 0.574798629 -3.726375535 0.000194253 0.012745336 H31 Q6LED0 

69.68456508 -2.080335213 0.545359742 -3.814610893 0.000136398 0.009800783 HA19 P14431 

274.0187994 0.447019109 0.137151002 3.25932077 0.001116793 0.038461145 HAUS2 Q9NVX0 

71.24464793 -2.044325223 0.536271248 -3.812110441 0.000137785 0.009800783 HCDH P00348 

2863.047576 0.537511139 0.166956236 3.219473267 0.001284263 0.042607747 HECD3 Q5T447 

314.6138479 -1.077140026 0.269922098 -3.99055888 6.59E-05 0.006515587 HID1 Q8IV36 

151.2756978 -4.149878629 0.803424275 -5.165239289 2.40E-07 7.95E-05 HLAF P33617 

219.6936953 -1.182523893 0.313857546 -3.76770898 0.000164753 0.011096744 HMGN1 P02316 
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4.203400236 -3.699264002 1.006417112 -3.675676771 0.00023722 0.014866517 HOGA1 Q86XE5 

31.78285869 -1.932951618 0.448407884 -4.310699445 1.63E-05 0.002494998 HSPB1 P04792 

35.35460568 -1.323000535 0.336065112 -3.936738711 8.26E-05 0.007337254 HSPB6 Q148F8 

17.7336575 -2.456142693 0.642264553 -3.824191575 0.000131202 0.009800783 HVCN1 Q96D96 

252.1911204 -2.427038818 0.52655217 -4.609303614 4.04E-06 0.00083108 IEX1 Q7YR42 

195.0276273 -1.704694449 0.46639225 -3.655065981 0.000257116 0.015655269 IFI44 Q8BV66 

92.03298525 1.528042634 0.409312578 3.73319247 0.000189068 0.012513014 IFIT2 P09913 

45.81345503 -2.257133456 0.678924286 -3.324573154 0.00088554 0.033531566 IRF6 P97431 

10.96289395 -1.928909989 0.587785817 -3.28165453 0.001032 0.036423981 ITA2 P53710 

168.3766447 -1.242471378 0.364680572 -3.407012804 0.00065678 0.027666341 ITA2B P53711 

201.3178161 1.454398068 0.34283891 4.242219962 2.21E-05 0.002955199 ITB4 P16144 

27.25368224 -2.61293802 0.549676888 -4.753589023 2.00E-06 0.000490632 KCJ15 Q99712 

62.6838154 -1.463456733 0.448285893 -3.264561201 0.001096338 0.038011207 KCNN4 O15554 

6733.296323 0.865764695 0.261663808 3.30869103 0.000937332 0.034800171 LACB2 P21664 

39.61450958 -3.040520545 0.708405232 -4.292063928 1.77E-05 0.002494998 LEPR P48356 

49.31384733 -2.038605196 0.544630185 -3.743099909 0.000181764 0.012135133 LHPL6 Q8BM86 

20.40463872 -2.769375551 0.703630441 -3.935838174 8.29E-05 0.007337254 LOX5 P09917 

89.97524915 -2.792718059 0.497523392 -5.613239701 1.99E-08 1.06E-05 LRCC1 Q69ZB0 

323.6022259 -2.962897759 0.530260197 -5.58762995 2.30E-08 1.09E-05 LYOX P45845 

54.17824706 -2.553360012 0.67361372 -3.790540391 0.00015032 0.010400769 M4A6A Q9H2W1 

14.64430522 1.546777661 0.480554762 3.218733398 0.001287581 0.042607747 MALL Q91X49 

195.0222564 2.07676146 0.457461595 4.539750407 5.63E-06 0.001045507 MATN1 P51942 

77.55815037 -3.88778446 0.984660789 -3.948349019 7.87E-05 0.007130059 MEDAG Q5VYS4 

363.8654597 -1.814103261 0.504371061 -3.59676318 0.000322202 0.017770117 MFAP4 P55083 

13.25882129 -3.431917262 0.750363743 -4.573671493 4.79E-06 0.000935277 MIME Q62000 

88.43848375 0.652883344 0.185132994 3.526563957 0.000420989 0.021219542 MLEC Q14165 

9.469055572 -2.172469254 0.640939545 -3.389507282 0.000700183 0.028962481 MLRT P24732 

123.418015 -2.000339678 0.630042684 -3.174927237 0.001498741 0.047528817 MMP14 Q5RES1 

52.7990586 1.621173511 0.492363655 3.292634409 0.000992534 0.035801799 MOC2B A4FUY7 

29.14304196 -2.743282955 0.770944978 -3.558338189 0.000373209 0.020003455 MS4A3 Q920C4 

393.582049 -3.988390381 1.003845769 -3.973110714 7.09E-05 0.006834491 MSTN1 Q32KU9 

161.1732773 -1.249224691 0.353889085 -3.529989323 0.000415576 0.021219542 MYL9 P29269 

104.1610346 3.078563621 0.506154671 6.082258635 1.19E-09 1.00E-06 MYRIP Q8NFW9 

40.7534011 -1.612090982 0.472391217 -3.412618446 0.00064342 0.02751161 N4BP3 O15049 

27.98635293 1.477530906 0.421121999 3.508557874 0.000450543 0.021981309 NDUS7 P0CB83 

29.05564121 -1.357923041 0.395318673 -3.435008603 0.000592535 0.026068116 NDUV2 P04394 

43.21095332 -0.98437671 0.269672051 -3.650273383 0.000261961 0.015823713 NEDD1 P33215 

31.99977035 -4.018644071 1.052309128 -3.8188817 0.000134058 0.009800783 NELL2 Q5R3Z7 

442.561466 -0.955583031 0.273443358 -3.494628789 0.000474722 0.022723934 NOS2 O19114 

760.7808539 -1.431919941 0.323723754 -4.423277324 9.72E-06 0.001644227 NT2NA Q7Z3S9 
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9.050476683 -2.320332713 0.696368642 -3.332046524 0.000862098 0.03287206 OSR1 Q08DS3 

46.9561796 -1.435116637 0.387388607 -3.704591752 0.000211731 0.013656679 OX2G Q5RAL8 

22.02091523 -2.767740944 0.72821715 -3.800708268 0.000144283 0.010074666 PA2G5 P97391 

1438.468236 -3.641240728 1.032453659 -3.526783692 0.00042064 0.021219542 PA2GA P14555 

50.85701262 1.258328859 0.382035733 3.293746499 0.000988616 0.035801799 PACRG A5PK71 

41.49806582 -3.463391765 0.959606558 -3.609178926 0.000307168 0.017317432 PAI1 P13909 

26.56140635 -2.87342556 0.83752907 -3.430836806 0.000601722 0.026267945 PAMR1 Q5RDI1 

174.5072831 -1.8741588 0.455104073 -4.118088391 3.82E-05 0.004513839 PARPT Q7Z3E1 

175.0962037 -0.87262829 0.231081708 -3.776275927 0.000159191 0.010915315 PCGF2 P35227 

498.8703338 -0.500365219 0.15835692 -3.159730677 0.00157915 0.04946055 PCNA P61258 

93.71379456 -7.091066697 1.651796854 -4.292941157 1.76E-05 0.002494998 PCOC2 Q8R4W6 

361.0648122 -1.910165138 0.357711725 -5.339956748 9.30E-08 3.72E-05 PD1L1 Q9NZQ7 

52.37750479 -1.42032294 0.389350323 -3.647930554 0.000264361 0.01584293 PDE5A O54735 

4.974568106 -4.023177002 1.104915267 -3.641163374 0.000271409 0.015889943 PDK4 O54937 

68.03310207 1.853461833 0.397911731 4.657972337 3.19E-06 0.000694426 PECR Q99MZ7 

5651.730736 -1.634540512 0.498155239 -3.281187035 0.001033712 0.036423981 PGDH Q3T0C2 

207.4992211 -1.089069219 0.303619123 -3.586958576 0.000334557 0.018058984 PGH1 P05979 

557.7149405 0.801594482 0.235101331 3.409570157 0.000650653 0.027665492 PHLB3 Q6NSJ2 

363.4838546 -1.332506935 0.301240612 -4.423397385 9.72E-06 0.001644227 PIGR O70570 

863.5055738 1.125531198 0.240598182 4.678053621 2.90E-06 0.000648302 PLIN3 Q5RAV8 

22.30352179 -2.693033649 0.662144847 -4.067136761 4.76E-05 0.005174862 PLM O00168 

100.5842635 -1.74926014 0.447128855 -3.912205894 9.15E-05 0.007566069 PLMN P00747 

1092.876818 1.001053493 0.276946586 3.614608534 0.000300802 0.017085092 PON1 P27169 

435.7493392 -1.058431207 0.272242982 -3.887818158 0.000101149 0.008103661 PON2 Q15165 

8.005384655 -3.654611366 0.807592865 -4.525314082 6.03E-06 0.001092829 POPD1 B8Q0B2 

258.3898476 0.486642161 0.127311651 3.82244796 0.000132133 0.009800783 PP1R8 Q12972 

6.017053981 -2.458979167 0.735648367 -3.342601271 0.000829971 0.032348001 PP4RL Q9P1A2 

287.004424 3.836686234 0.581405531 6.598984758 4.14E-11 6.30E-08 PPIP1 O43586 

38.12598202 3.892177404 0.449132651 8.665986306 4.48E-18 3.41E-14 PROD O43272 

47.93017644 -1.60772061 0.479598946 -3.352218814 0.000801666 0.031944933 PRS23 Q1LZE9 

1083.71542 0.775798527 0.235123102 3.299541893 0.000968428 0.035436074 PRUN1 Q6AYG3 

8.101517755 -1.839711796 0.574372905 -3.202991959 0.001360078 0.044427262 PSMD5 Q0P5A6 

97.63627922 1.302878619 0.359611652 3.623015584 0.000291188 0.016663413 PTAFR P25105 

24.89269187 -3.717013871 1.124578149 -3.305251729 0.000948911 0.034889681 PVR P32506 

10.37214258 1.794840996 0.458126566 3.917784141 8.94E-05 0.007521562 PXMP2 Q2KIY1 

4597.957248 -1.077293492 0.295676139 -3.643491477 0.000268965 0.015868909 QSOX2 Q3TMX7 

300.7541906 1.472026363 0.35794094 4.112483926 3.91E-05 0.004513839 RAB10 Q5R5U1 

57.5308862 -1.028666429 0.322639916 -3.188280116 0.001431218 0.046156786 RALYL Q8BTF8 

81.65412278 -1.886462764 0.514272437 -3.668216746 0.000244248 0.014991711 RASF2 P50749 

13.02142896 -1.828824604 0.527773765 -3.465167702 0.000529901 0.024150156 RBMS3 Q6XE24 
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34.36321866 -2.573998448 0.456365995 -5.64020649 1.70E-08 9.94E-06 RCAN2 Q5RE25 

93.52775287 -2.00591007 0.602104817 -3.331496469 0.000863804 0.03287206 RCN3 Q96D15 

384.6268184 2.135479964 0.534271634 3.996992969 6.42E-05 0.006424506 RDHE2 Q8N3Y7 

75.72559011 -1.435497108 0.426055145 -3.369275377 0.000753661 0.030349805 RECK O95980 

15.80585317 -6.099090934 1.725885653 -3.533890511 0.000409491 0.021201588 REG4 Q9BYZ8 

176.6499448 -2.756014808 0.833507603 -3.306526296 0.000944605 0.034889681 RGS2 O08849 

859.9552106 -1.349567666 0.3675818 -3.671475751 0.000241154 0.014922137 RIPK2 O43353 

497.2556107 0.708470953 0.207974383 3.406529889 0.000657943 0.027666341 RM13 Q3SYS1 

40.02090968 -1.437313545 0.314115697 -4.575745678 4.75E-06 0.000935277 RM47 Q08DT6 

82.1474207 -1.459471487 0.382828336 -3.812339244 0.000137658 0.009800783 RN150 Q9ULK6 

12.97216347 -1.888933937 0.586256811 -3.22202472 0.001272882 0.042607747 RNS1A Q8VD93 

510.235929 0.64163242 0.182282549 3.519988191 0.000431566 0.021609532 RT30 P82924 

20.1538306 -2.841578879 0.70073844 -4.055120596 5.01E-05 0.005371484 RTL4 Q6ZR62 

431.7846497 -1.138560787 0.266876382 -4.266247831 1.99E-05 0.002750864 S14L3 Q9UDX4 

1224.303678 0.710105528 0.2078742 3.416034934 0.000635401 0.027322241 S19A2 O60779 

142.8385857 0.941987424 0.271641972 3.467753592 0.000524828 0.024063061 S53A1 Q9TU72 

1235.415372 2.649281891 0.477627868 5.546748978 2.91E-08 1.30E-05 S5A1 A5PJS2 

75.99820868 1.733362965 0.43813061 3.956269946 7.61E-05 0.00698095 SALL2 Q9Y467 

46.48421855 -1.741362072 0.337048605 -5.166501347 2.39E-07 7.95E-05 SDHA Q0QF17 

82.73195036 -1.693086703 0.513469706 -3.297344873 0.000976036 0.035543579 SEM3D O95025 

21.33632859 -3.090308766 0.899397181 -3.43597782 0.000590419 0.026068116 SEPR A5D7B7 

2284.560166 0.508536891 0.159780621 3.182719449 0.001458989 0.046750279 SFT2A Q5SSN7 

87.49055869 -1.015074813 0.249014413 -4.076369716 4.57E-05 0.005045791 SFXN5 Q8CFD0 

3675.79523 0.588890027 0.166141704 3.544504557 0.000393352 0.020790277 SGPL1 O95470 

16.43485512 -2.861541686 0.749760561 -3.816607375 0.000135299 0.009800783 SNAI2 O08954 

14.22507953 -2.16708117 0.649553182 -3.336264418 0.000849124 0.032639797 SNURF A5A6K1 

54.46609665 0.957973601 0.244613965 3.916267011 8.99E-05 0.007521562 SNX4 A1A4L0 

50.86306226 -1.042323469 0.299052884 -3.4854152 0.000491374 0.023228864 SOX7 Q9BT81 

88.27940478 -2.038112085 0.493857611 -4.126922496 3.68E-05 0.004495491 SPB8 Q5BIR5 

4.485252248 -3.466921724 1.093126478 -3.171565042 0.001516199 0.047882952 SPON2 Q9WV75 

18.63688535 -2.885534094 0.828454033 -3.48303464 0.000495764 0.023291737 SRCRL Q8BV57 

179.2783523 -3.221147077 0.633389043 -5.085574358 3.67E-07 0.000110297 STAR P49675 

14.21578616 -2.985273047 0.760392097 -3.925965381 8.64E-05 0.007471112 STC1 P52823 

9.377578242 -2.577502675 0.767600446 -3.357870215 0.000785455 0.031463667 STEA3 Q658P3 

16.68293591 -2.275247322 0.718911285 -3.164851311 0.001551622 0.04879916 SUCA O19069 

2.651953732 -4.340769888 1.072751406 -4.046389374 5.20E-05 0.005422961 SV2A Q29397 

167.2389102 0.456873998 0.143025567 3.194351946 0.001401451 0.045389137 SYHM A5D7V9 

171.0221654 -1.470950407 0.371361265 -3.960968866 7.46E-05 0.00698095 T150B A7MBB3 

739.2455149 -1.842141535 0.501329189 -3.674514817 0.000238302 0.014866517 TAGL Q9TS87 

762.0047456 0.718240015 0.166399216 4.316366589 1.59E-05 0.002494998 TCTP P61288 



 

 
 

152 

105.9002169 -2.484554791 0.602441143 -4.124145272 3.72E-05 0.004495491 TGM5 O43548 

1096.328669 0.512934889 0.151168262 3.393138763 0.000690966 0.0287374 TIDC1 Q9NPL8 

1272.465407 -0.787255931 0.235215623 -3.346954257 0.000817047 0.032054351 TLE5 P63003 

13.17148431 -1.922559002 0.55652427 -3.454582498 0.000551146 0.024675111 TM154 Q6P9G4 

141.8511736 0.742549309 0.216684746 3.426864712 0.000610593 0.026404686 TM177 Q53S58 

14.2133784 2.588464364 0.614006507 4.21569533 2.49E-05 0.003212226 TM215 A7MB05 

2056.596644 0.868271955 0.120186904 7.224347478 5.04E-13 1.92E-09 TM7S3 Q5FVF4 

1228.748226 -2.751296326 0.541558938 -5.080326691 3.77E-07 0.000110297 TPH1 P17532 

53.94619614 -1.889876704 0.519799023 -3.635783485 0.000277137 0.015979469 TR11B A5D7R1 

259.6623156 -0.862012094 0.249440326 -3.455784822 0.000548693 0.024675111 TRAM2 Q15035 

10.10009162 -2.113415274 0.587415614 -3.597819367 0.000320896 0.017770117 TRFL O77811 

6.287065084 -2.112651301 0.596724781 -3.540411544 0.000399504 0.020969803 TRIB3 Q0VCE3 

626.5708631 -0.440717677 0.116932962 -3.768977268 0.000163918 0.011096744 TRRAP Q80YV3 

462.8782319 -0.88510207 0.253776418 -3.487723863 0.000487151 0.02317316 TSN14 Q8QZY6 

2914.070739 0.560922067 0.174943934 3.206296175 0.001344555 0.044300475 TSN9 O75954 

39.3900117 -3.115086741 0.786395351 -3.961222223 7.46E-05 0.00698095 TSP1 Q28178 

40.7032269 -2.722977141 0.792712057 -3.435014162 0.000592523 0.026068116 TSP3 P49746 

120.1473612 0.761536113 0.199014174 3.82654209 0.000129956 0.009800783 TTI1 O43156 

22.10516724 -2.828113602 0.737226815 -3.836151295 0.000124977 0.009608114 TULP3 O88413 

1351.366315 -0.482481356 0.108290789 -4.455423791 8.37E-06 0.001481979 UBAP1 Q9NZ09 

4.45417097 -5.533995361 1.108735603 -4.991266938 6.00E-07 0.000163051 VISL1 P62762 

45.73514666 -8.889069233 1.389354628 -6.397984399 1.57E-10 1.71E-07 VPK25 P63125 

26.38706006 1.13743528 0.323524498 3.515762444 0.000438493 0.021812884 VTNC P22458 

192.4434156 2.696763271 0.481244119 5.603732417 2.10E-08 1.06E-05 VWF Q62935 

26.73149034 -2.290839494 0.658358559 -3.479622862 0.00050212 0.023445619 WSB1 Q9Y6I7 

25.10594254 -2.301538261 0.58535343 -3.931877979 8.43E-05 0.007373471 WSCD1 Q658N2 

91.76563926 -1.658642753 0.285269215 -5.81430685 6.09E-09 4.21E-06 ZBED5 A4Z944 

10.66275255 -1.680986729 0.503051577 -3.341579283 0.000833032 0.032348001 ZN691 Q3TDE8 
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Table S4.4. Top DEGs pathways between BPI vs SC & LI. 

Category Term Count % PValue Genes 
List 
Total 

Pop 
Hits 

Pop 
Total 

Fold 
Enrichment Bonferroni Benjamini FDR 

GOTERM_CC_DIRECT 
GO:0043235~rece
ptor complex 6 2.44 0.06 

A5D7R1, P16144, Q99PE7, O70570, P48356, 
Q08345 236 93 10395 2.84 1.00 1.00 0.99 

GOTERM_MF_DIRECT 

GO:0001664~G 
protein-coupled 
receptor binding 4 1.63 0.03 A5PK71, P16144, O88413, P57756 231 30 9943 5.74 1.00 1.00 1.00 

GOTERM_CC_DIRECT 
GO:0044297~cell 
body 6 2.44 0.01 A5PK71, P62738, Q14195 236 55 10395 4.81 0.91 0.26 0.26 

KEGG_PATHWAY 

rno04820:Cytoskel
eton in muscle 
cells 4 1.63 0.01 O35115, P62738 116 18 4969 9.52 0.96 1.00 1.00 

GOTERM_BP_DIRECT 

GO:0019470~4-
hydroxyproline 
catabolic process 2 0.81 0.05 O43272, Q86XE5 228 2 9968 43.72 1.00 1.00 0.99 

GOTERM_BP_DIRECT 
GO:0006954~infla
mmatory response 9 3.66 0.08 

O43353, O43586, Q62935, Q05910, Q9TTQ4, 
P14555, O97664, P02763, P25105 228 196 9968 2.01 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0045627~posi
tive regulation of T-
helper 1 cell 
differentiation 2 0.81 0.09 O43353, P33681 228 4 9968 21.86 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0070374~posi
tive regulation of 
ERK1 and ERK2 
cascade 8 3.25 0.01 O43353, P78524, P62738, P14555, P97391 228 106 9968 3.30 1.00 0.74 0.74 

UP_KW_MOLECULAR_FU
NCTION 

KW-
0675~Receptor 19 7.72 0.04 

O43353, Q920C4, O70431, Q9TU72, O70570, 
Q08345, O97664, P53710, Q9NVV5, Q9H2W1, 
Q8BV57, A5D7R1, P16144, Q6RW13, P33681, 
Q9NZQ7, P48356, O43194, P25105 155 476 6374 1.64 0.92 0.63 0.63 

GOTERM_BP_DIRECT 

GO:0032760~posi
tive regulation of 
tumor necrosis 
factor production 6 2.44 0.01 

O43353, Q9WV75, Q28178, P04792, P02763, 
P25105 228 58 9968 4.52 1.00 0.74 0.74 

GOTERM_BP_DIRECT 

GO:0042742~defe
nse response to 
bacterium 6 2.44 0.01 

O43353, Q9WV75, Q9TT92, O19114, Q5R9T9, 
P14555 228 62 9968 4.23 1.00 0.89 0.88 

GOTERM_CC_DIRECT 
GO:0009986~cell 
surface 15 6.10 0.01 

O77811, Q28178, A5D7B7, P51654, P53710, 
P14431, P16144, P00747, P33681, Q5RAL8, 
Q05910, P08132, P55281, P97391, Q8QZY6 236 294 10395 2.25 0.88 0.26 0.26 

UP_SEQ_FEATURE 
DOMAIN:Ig-like C2-
type 4 1.63 0.10 O95025, P33681, Q5RAL8, Q9NZQ7 232 50 10393 3.58 1.00 1.00 1.00 

GOTERM_MF_DIRECT 
GO:0002020~prot
ease binding 6 2.44 0.02 

P02461, P00747, Q3MI99, Q62935, Q28178, 
A5D7B7 231 69 9943 3.74 1.00 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0007160~cell-
matrix adhesion 6 2.44 0.01 

P02461, P16144, Q05910, P22458, P53710, 
P49746 228 51 9968 5.14 1.00 0.52 0.52 

GOTERM_BP_DIRECT 

GO:0007229~inte
grin-mediated 
signaling pathway 5 2.03 0.05 P02461, P16144, Q05910, P55281, P53710 228 61 9968 3.58 1.00 1.00 0.99 

GOTERM_MF_DIRECT 
GO:0005178~inte
grin binding 10 4.07 0.00 

P02461, P16144, Q62935, Q05910, Q28178, 
A5D7B7, P55281, P22458, P53710, Q5EA62 231 102 9943 4.22 0.25 0.10 0.10 

GOTERM_BP_DIRECT 
GO:0043588~skin 
development 3 1.22 0.10 P02461, P97431, Q04656 228 23 9968 5.70 1.00 1.00 0.99 

UP_SEQ_FEATURE DOMAIN:VWFC 4 1.63 0.01 P02461, Q62935, Q28178, Q5R3Z7 232 17 10393 10.54 0.99 1.00 1.00 

INTERPRO 
IPR001007:VWF_d
om 4 1.63 0.01 P02461, Q62935, Q28178, Q5R3Z7 246 17 10695 10.23 1.00 1.00 1.00 

SMART SM00214:VWC 4 1.63 0.01 P02461, Q62935, Q28178, Q5R3Z7 129 17 5400 9.85 0.61 0.23 0.23 

INTERPRO 
IPR008160:Collag
en 4 1.63 0.05 P02461, Q96CG8, Q3MI99, P57756 246 37 10695 4.70 1.00 1.00 1.00 
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GOTERM_MF_DIRECT 

GO:0005201~extr
acellular matrix 
structural 
constituent 5 2.03 0.01 P02461, Q96CG8, Q8R4W6, P55083, P49746 231 40 9943 5.38 1.00 1.00 1.00 

GOTERM_CC_DIRECT 

GO:0062023~colla
gen-containing 
extracellular matrix 18 7.32 0.00 

P02461, Q9TT92, Q62935, Q28178, Q62000, 
P51654, P57756, P51942, P45845, Q8BV57, 
Q96CG8, P00747, Q8R4W6, P55083, P22458, 
P02763, P49746, Q5EA62 236 149 10395 5.32 0.00 0.00 0.00 

UP_KW_BIOLOGICAL_PR
OCESS 

KW-
0391~Immunity 15 6.10 0.01 

P09913, O43353, Q9WV75, Q96D96, O77811, 
O43586, P33617, P57756, Q9UDX4, Q8BV57, 
P14431, O15049, Q5R9T9, Q9NZQ7, O15554 129 342 6212 2.11 0.60 0.46 0.46 

GOTERM_BP_DIRECT 
GO:0009615~resp
onse to virus 7 2.85 0.01 P09913, P62738, Q9TU72, P04792 228 73 9968 4.19 1.00 0.52 0.52 

GOTERM_BP_DIRECT 

GO:0050796~regu
lation of insulin 
secretion 3 1.22 0.07 P09917, O19114, P00348 228 20 9968 6.56 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0061044~neg
ative regulation of 
vascular wound 
healing 2 0.81 0.05 P09917, P13909 228 2 9968 43.72 1.00 1.00 0.99 

GOTERM_CC_DIRECT 

GO:0009897~exte
rnal side of plasma 
membrane 9 3.66 0.05 

P14431, P00747, P33681, P33617, Q62935, 
Q28178, Q9NZQ7, P48356, P53710 236 177 10395 2.24 1.00 1.00 0.99 

GOTERM_CC_DIRECT 

GO:0032398~MHC 
class Ib protein 
complex 2 0.81 0.09 P14431, P33617 236 4 10395 22.02 1.00 1.00 0.99 

GOTERM_BP_DIRECT 
GO:0006955~imm
une response 10 4.07 0.00 

P14431, P33681, P33617, Q8BV66, Q9TTQ4, 
Q28178, Q5R9T9, Q9NZQ7, P22458, P25105 228 140 9968 3.12 1.00 0.45 0.44 

UP_SEQ_FEATURE 
DOMAIN:Phospholi
pase A2 2 0.81 0.07 P14555, P97391 232 3 10393 29.86 1.00 1.00 1.00 

INTERPRO 
IPR033113:PLipas
e_A2_His_AS 2 0.81 0.07 P14555, P97391 246 3 10695 28.98 1.00 1.00 1.00 

INTERPRO 
IPR016090:PLipas
e_A2_dom 2 0.81 0.07 P14555, P97391 246 3 10695 28.98 1.00 1.00 1.00 

INTERPRO 
IPR001211:PLipas
e_A2 2 0.81 0.07 P14555, P97391 246 3 10695 28.98 1.00 1.00 1.00 

INTERPRO 
IPR033112:PLipas
e_A2_Asp_AS 2 0.81 0.07 P14555, P97391 246 3 10695 28.98 1.00 1.00 1.00 

SMART SM00085:PA2c 2 0.81 0.07 P14555, P97391 129 3 5400 27.91 1.00 1.00 1.00 

INTERPRO 
IPR036444:PLipas
e_A2_dom_sf 2 0.81 0.09 P14555, P97391 246 4 10695 21.74 1.00 1.00 1.00 

UP_KW_MOLECULAR_FU
NCTION 

KW-
0646~Protease 
inhibitor 5 2.03 0.09 P15943, Q5BIR5, P51654, O95980, P13909 155 71 6374 2.90 1.00 0.91 0.91 

GOTERM_BP_DIRECT 

GO:0033627~cell 
adhesion mediated 
by integrin 3 1.22 0.10 P16144, P22458, P53710 228 23 9968 5.70 1.00 1.00 0.99 

GOTERM_CC_DIRECT 
GO:0005604~bas
ement membrane 6 2.44 0.00 P16144, P62738, A2SW69 236 45 10395 5.87 0.63 0.14 0.14 

UP_KW_MOLECULAR_FU
NCTION KW-0401~Integrin 3 1.22 0.10 P16144, Q05910, P53710 155 22 6374 5.61 1.00 0.91 0.91 

UP_SEQ_FEATURE DOMAIN:EGF-like 11 4.47 0.00 

P16144, Q3MI99, P05979, Q05910, Q5RDI1, 
Q28178, Q5R3Z7, Q7Z3S9, P51942, P49746, 
Q5EA62 232 92 10393 5.36 0.03 0.01 0.01 

INTERPRO 
IPR000742:EGF-
like_dom 11 4.47 0.00 

P16144, Q3MI99, P05979, Q05910, Q5RDI1, 
Q28178, Q5R3Z7, Q7Z3S9, P51942, P49746, 
Q5EA62 246 99 10695 4.83 0.08 0.08 0.08 

UP_KW_DOMAIN 
KW-0245~EGF-like 
domain 11 4.47 0.00 

P16144, Q3MI99, P05979, Q05910, Q5RDI1, 
Q28178, Q5R3Z7, Q7Z3S9, P51942, P49746, 
Q5EA62 180 105 7076 4.12 0.01 0.00 0.00 

GOTERM_CC_DIRECT 
GO:0043005~neur
on projection 8 3.25 0.05 

P17532, A5PK71, Q96CG8, P05979, Q04656, 
Q29397, O15554, O97664 236 145 10395 2.43 1.00 1.00 0.99 
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GOTERM_BP_DIRECT 

GO:0046470~pho
sphatidylcholine 
metabolic process 3 1.22 0.03 P27169, P14555, P97391 228 13 9968 10.09 1.00 1.00 0.99 

OMIM_DISEASE 

Coronary artery 
disease, 
susceptibility 
to~Coronary artery 
disease, 
susceptibility to 2 0.81 0.05 P27169, Q15165 33 2 1235 37.42 0.92 1.00 1.00 

UP_SEQ_FEATURE DISULFID:In form B 2 0.81 0.07 P27169, Q15165 232 3 10393 29.86 1.00 1.00 1.00 

GOTERM_BP_DIRECT 

GO:1901335~lact
one catabolic 
process 2 0.81 0.07 P27169, Q15165 228 3 9968 29.15 1.00 1.00 0.99 

INTERPRO 

IPR051288:Serum
_paraoxonase/aryl
esterase 2 0.81 0.07 P27169, Q15165 246 3 10695 28.98 1.00 1.00 1.00 

INTERPRO 
IPR002640:Arylest
erase 2 0.81 0.07 P27169, Q15165 246 3 10695 28.98 1.00 1.00 1.00 

INTERPRO 
IPR008364:Paraox
onase2 2 0.81 0.07 P27169, Q15165 246 3 10695 28.98 1.00 1.00 1.00 

GOTERM_MF_DIRECT 

GO:0102007~acyl-
L-homoserine-
lactone 
lactonohydrolase 
activity 2 0.81 0.07 P27169, Q15165 231 3 9943 28.70 1.00 1.00 1.00 

GOTERM_MF_DIRECT 
GO:0016491~oxid
oreductase activity 9 3.66 0.03 

P28332, Q3T0C2, P09917, Q925G2, D3ZF77, 
P04394, Q8R4A1, P47895, Q99MZ7 231 161 9943 2.41 1.00 1.00 1.00 

KEGG_PATHWAY 
hsa00830:Retinol 
metabolism 3 1.22 0.08 P28332, Q8N3Y7, P47895 116 21 4969 6.12 1.00 1.00 1.00 

GOTERM_MF_DIRECT 
GO:0005509~calci
um ion binding 22 8.94 0.00 

P29269, P27169, Q28178, A2SW69, Q5R3Z7, 
Q7Z3S9, P14555, P51942, Q13609, Q96D15, 
P62762, P61288, Q3MI99, Q05910, Q5RDI1, 
P24732, P08132, P55281, P97391, Q4R8T1, 
P49746, Q5EA62 231 333 9943 2.84 0.01 0.01 0.01 

GOTERM_CC_DIRECT 
GO:0001725~stre
ss fiber 6 2.44 0.03 P29269, P62738, Q80YS6 236 77 10395 3.43 1.00 0.75 0.74 

UP_KW_MOLECULAR_FU
NCTION 

KW-0514~Muscle 
protein 7 2.85 0.00 P29269, P62738, Q9TS87, P24732 155 49 6374 5.87 0.07 0.07 0.07 

UP_SEQ_FEATURE DOMAIN:EF-hand 3 5 2.03 0.04 P29269, P62762, P24732, Q4R8T1, Q96D15 232 56 10393 4.00 1.00 1.00 1.00 

COG_ONTOLOGY 

Signal transduction 
mechanisms / 
Cytoskeleton / Cell 
division and 
chromosome 
partitioning / 
General function 
prediction only 4 1.63 0.00 P29269, P62762, P24732, Q96D15 22 20 1167 10.61 0.07 0.08 0.08 

GOTERM_BP_DIRECT 

GO:0042130~neg
ative regulation of 
T cell proliferation 5 2.03 0.00 P33681, O54735, Q9NZQ7, P14555, P97391 228 22 9968 9.94 0.84 0.17 0.17 

INTERPRO 

IPR051713:T-
cell_Activation_Reg
ulation 2 0.81 0.05 P33681, Q9NZQ7 246 2 10695 43.48 1.00 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0048251~elas
tic fiber assembly 5 2.03 0.00 P45845, P02461, Q04656, P55083, Q5EA62 228 9 9968 24.29 0.04 0.01 0.01 

GOTERM_BP_DIRECT 

GO:0030199~colla
gen fibril 
organization 4 1.63 0.04 P45845, P02461, Q04656, Q8R4A1 228 33 9968 5.30 1.00 1.00 0.99 

GOTERM_BP_DIRECT 
GO:0030324~lung 
development 5 2.03 0.03 P45845, P02461, Q3MI99, Q5RES1, P51654 228 51 9968 4.29 1.00 1.00 0.99 

GOTERM_CC_DIRECT 
GO:0005581~colla
gen trimer 5 2.03 0.02 P45845, P02461, Q96CG8, Q3MI99, P57756 236 47 10395 4.69 1.00 0.64 0.63 
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GOTERM_MF_DIRECT 
GO:0005518~colla
gen binding 5 2.03 0.01 P45845, Q3MI99, Q62935, Q8R4W6, Q08345 231 37 9943 5.82 0.99 1.00 1.00 

UP_KW_LIGAND KW-0186~Copper 4 1.63 0.07 P45845, Q658P3, Q04656, P15943 111 37 4168 4.06 0.92 0.76 0.76 

GOTERM_BP_DIRECT 

GO:0001649~oste
oblast 
differentiation 5 2.03 0.06 P45845, Q8BHE5, O35115, Q96CG8, O08954 228 63 9968 3.47 1.00 1.00 0.99 

KEGG_PATHWAY 
ocu04510:Focal 
adhesion 3 1.22 0.01 P54850, P24732, P22458 116 6 4969 21.42 0.96 1.00 1.00 

INTERPRO 

IPR050373:Fibrino
gen_C-
term_domain 2 0.81 0.09 P55083, P57756 246 4 10695 21.74 1.00 1.00 1.00 

GOTERM_BP_DIRECT 

GO:0043269~regu
lation of 
monoatomic ion 
transport 2 0.81 0.05 P59647, O00168 228 2 9968 43.72 1.00 1.00 0.99 

INTERPRO 

IPR000272:Ion-
transport_regulator
_FXYD 2 0.81 0.05 P59647, O00168 246 2 10695 43.48 1.00 1.00 1.00 

INTERPRO 
IPR047297:FXYD_
motif 2 0.81 0.05 P59647, O00168 246 2 10695 43.48 1.00 1.00 1.00 

GOTERM_MF_DIRECT 

GO:0099106~ion 
channel regulator 
activity 2 0.81 0.05 P59647, O00168 231 2 9943 43.04 1.00 1.00 1.00 

GOTERM_BP_DIRECT 

GO:1903278~posi
tive regulation of 
sodium ion export 
across plasma 
membrane 2 0.81 0.09 P59647, O00168 228 4 9968 21.86 1.00 1.00 0.99 

GOTERM_BP_DIRECT 
GO:0006936~mus
cle contraction 6 2.44 0.00 P62738, P24732, O00168 228 32 9968 8.20 0.62 0.10 0.10 

GOTERM_BP_DIRECT 

GO:0008217~regu
lation of blood 
pressure 6 2.44 0.00 P62738, Q6RW13, P05979 228 43 9968 6.10 0.98 0.29 0.29 

GOTERM_BP_DIRECT 

GO:0090090~neg
ative regulation of 
canonical Wnt 
signaling pathway 5 2.03 0.08 P63003, Q96CG8, O08954, P51654, Q6XE24 228 72 9968 3.04 1.00 1.00 0.99 

GOTERM_CC_DIRECT 
GO:0032010~pha
golysosome 2 0.81 0.07 Q05910, P97391 236 3 10395 29.36 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0061302~smo
oth muscle cell-
matrix adhesion 2 0.81 0.05 Q08345, P22458 228 2 9968 43.72 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0072180~mes
onephric duct 
morphogenesis 2 0.81 0.05 Q08DS3, P51654 228 2 9968 43.72 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0072111~cell 
proliferation 
involved in kidney 
development 2 0.81 0.07 Q08DS3, P51654 228 3 9968 29.15 1.00 1.00 0.99 

UP_SEQ_FEATURE 
MOTIF:Cell 
attachment site 5 2.03 0.01 Q28178, P22458, P55083, P53710, Q5EA62 232 43 10393 5.21 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
2 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
5 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
4 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
1 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
3 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
7 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 
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UP_SEQ_FEATURE 
REPEAT:TSP type-3 
8 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE REPEAT:TSP type-3 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
REPEAT:TSP type-3 
6 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
DOMAIN:TSP C-
terminal 2 0.81 0.09 Q28178, P49746 232 4 10393 22.40 1.00 1.00 1.00 

INTERPRO 

IPR003367:Throm
bospondin_3-
like_rpt 2 0.81 0.09 Q28178, P49746 246 4 10695 21.74 1.00 1.00 1.00 

INTERPRO 
IPR008859:Throm
bospondin_C 2 0.81 0.09 Q28178, P49746 246 4 10695 21.74 1.00 1.00 1.00 

INTERPRO 
IPR028974:TSP_ty
pe-3_rpt 2 0.81 0.09 Q28178, P49746 246 4 10695 21.74 1.00 1.00 1.00 

INTERPRO 
IPR017897:Throm
bospondin_3_rpt 2 0.81 0.09 Q28178, P49746 246 4 10695 21.74 1.00 1.00 1.00 

KEGG_PATHWAY 

bta04512:ECM-
receptor 
interaction 3 1.22 0.01 Q28178, Q29397, P53710 116 7 4969 18.36 0.99 1.00 1.00 

UP_SEQ_FEATURE 
DOMAIN:Laminin 
G-like 3 1.22 0.01 Q28178, Q5R3Z7, P49746 232 7 10393 19.20 1.00 1.00 1.00 

INTERPRO 
IPR048287:TSPN-
like_N 3 1.22 0.01 Q28178, Q5R3Z7, P49746 246 8 10695 16.30 1.00 1.00 1.00 

SMART SM00210:TSPN 3 1.22 0.01 Q28178, Q5R3Z7, P49746 129 8 5400 15.70 0.85 0.38 0.38 

GOTERM_BP_DIRECT 

GO:0002062~cho
ndrocyte 
differentiation 4 1.63 0.04 Q32KU9, P02461, Q08DS3, P51942 228 32 9968 5.46 1.00 1.00 0.99 

GOTERM_BP_DIRECT 
GO:0042593~gluc
ose homeostasis 5 2.03 0.08 Q32KU9, P09917, P48356, O97664, O54937 228 73 9968 2.99 1.00 1.00 0.99 

GOTERM_BP_DIRECT 

GO:0035988~cho
ndrocyte 
proliferation 3 1.22 0.02 Q32KU9, P52823, Q5RES1 228 11 9968 11.92 1.00 1.00 0.99 

GOTERM_CC_DIRECT 
GO:0005576~extr
acellular region 40 16.26 0.00 

Q32KU9, Q9BYZ8, Q6UWY0, Q9TTQ4, Q28178, 
O70570, Q5R3Z7, Q62000, Q7Z3S9, P14555, 
P51942, Q8BV57, Q96CG8, P00747, Q15165, 
O88413, Q9UKY3, Q8R4W6, P02763, P97391, 
P21664, Q5EA62, P27169, P02461, Q9TT92, 
P09917, O77811, Q62935, A2SW69, Q1LZE9, 
O95980, P57756, Q13609, P45845, Q8BHE5, 
Q148F8, Q5RDI1, P48356, P55083, P49746 236 700 10395 2.52 0.00 0.00 0.00 

UP_KW_CELLULAR_COM
PONENT 

KW-
0964~Secreted 47 19.11 0.00 

Q32KU9, Q9WV75, Q9BYZ8, Q6UWY0, Q9TTQ4, 
Q28178, A5D7B7, O70570, Q8R4A1, Q5R3Z7, 
Q62000, Q7Z3S9, P14555, Q08345, P51942, 
Q8BV57, Q96CG8, A5D7R1, P00747, Q3MI99, 
O88413, Q9NZQ7, Q9UKY3, Q8R4W6, P22458, 
P02763, P97391, P13909, P21664, Q5EA62, 
P27169, P02461, O95025, Q9TT92, O77811, 
Q62935, A2SW69, P52823, Q1LZE9, P57756, 
Q13609, P45845, Q8BHE5, Q148F8, Q5RDI1, 
P48356, P55083 226 759 9590 2.63 0.00 0.00 0.00 

GOTERM_BP_DIRECT 
GO:0002040~spro
uting angiogenesis 3 1.22 0.09 Q3MI99, Q28178, O95980 228 22 9968 5.96 1.00 1.00 0.99 

INTERPRO 
IPR018097:EGF_C
a-bd_CS 5 2.03 0.02 Q3MI99, Q5R3Z7, Q7Z3S9, P49746, Q5EA62 246 43 10695 5.06 1.00 1.00 1.00 

INTERPRO 

IPR000152:EGF-
type_Asp/Asn_hydr
oxyl_site 4 1.63 0.07 Q3MI99, Q5R3Z7, Q7Z3S9, Q5EA62 246 41 10695 4.24 1.00 1.00 1.00 

INTERPRO 
IPR001881:EGF-
like_Ca-bd_dom 8 3.25 0.00 

Q3MI99, Q5RDI1, Q28178, Q5R3Z7, Q7Z3S9, 
P51942, P49746, Q5EA62 246 56 10695 6.21 0.23 0.13 0.13 

SMART SM00179:EGF_CA 8 3.25 0.00 
Q3MI99, Q5RDI1, Q28178, Q5R3Z7, Q7Z3S9, 
P51942, P49746, Q5EA62 129 56 5400 5.98 0.04 0.04 0.04 
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SMART SM00181:EGF 8 3.25 0.00 
Q3MI99, Q5RDI1, Q28178, Q5R3Z7, Q7Z3S9, 
P51942, P49746, Q5EA62 129 81 5400 4.13 0.32 0.19 0.19 

GOTERM_MF_DIRECT 
GO:0070403~NAD
+ binding 3 1.22 0.05 Q3T0C2, P00348, P47895 231 16 9943 8.07 1.00 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0007567~part
urition 2 0.81 0.05 Q3T0C2, P25105 228 2 9968 43.72 1.00 1.00 0.99 

UP_KW_BIOLOGICAL_PR
OCESS 

KW-0276~Fatty 
acid metabolism 7 2.85 0.06 

Q3T0C2, Q8VHQ9, P05979, P00348, Q8BWN8, 
P97391, Q99MZ7 129 137 6212 2.46 1.00 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0006508~prot
eolysis 12 4.88 0.07 

Q4R7U8, Q9Y6Q1, Q9TT92, P63125, P00747, 
O77811, Q05910, Q5RDI1, A5D7B7, Q1LZE9, 
P57756 228 294 9968 1.78 1.00 1.00 0.99 

UP_SEQ_FEATURE DOMAIN:EF-hand 6 2 0.81 0.09 Q4R8T1, Q96D15 232 4 10393 22.40 1.00 1.00 1.00 

UP_SEQ_FEATURE 
DOMAIN:EGF-like 
2; calcium-binding 3 1.22 0.10 Q5R3Z7, P49746, Q5EA62 232 24 10393 5.60 1.00 1.00 1.00 

INTERPRO 
IPR049883:NOTCH
1_EGF-like 4 1.63 0.03 Q5R3Z7, Q7Z3S9, P49746, Q5EA62 246 31 10695 5.61 1.00 1.00 1.00 

UP_SEQ_FEATURE 
DOMAIN:EGF-like 
5; calcium-binding 3 1.22 0.05 Q5R3Z7, Q7Z3S9, Q5EA62 232 16 10393 8.40 1.00 1.00 1.00 

SMART 
SM00215:VWC_ou
t 2 0.81 0.07 Q62935, Q5R3Z7 129 3 5400 27.91 1.00 1.00 1.00 

INTERPRO 
IPR036291:NAD(P)
-bd_dom_sf 7 2.85 0.08 

Q658P3, P28332, Q3T0C2, O19069, P00348, 
Q8N3Y7, Q99MZ7 246 130 10695 2.34 1.00 1.00 1.00 

UP_KW_MOLECULAR_FU
NCTION 

KW-
0560~Oxidoreduct
ase 23 9.35 0.00 

Q658P3, P28332, Q3T0C2, P09917, Q925G2, 
O19114, P05979, O55071, Q8R4A1, Q99MZ7, 
P45845, P17532, Q3TMX7, A5PJS2, Q0QF17, 
P00348, D3ZF77, A0A087X1C5, P04394, 
Q8N3Y7, P47895, O43272, P0CB83 155 496 6374 1.91 0.22 0.13 0.13 

UP_KW_LIGAND KW-0274~FAD 6 2.44 0.09 
Q658P3, Q3TMX7, O19114, Q0QF17, Q8R4A1, 
O43272 111 91 4168 2.48 0.96 0.76 0.76 

KEGG_PATHWAY 
ocu04371:Apelin 
signaling pathway 2 0.81 0.07 Q6PNB6, O19114 116 3 4969 28.56 1.00 1.00 1.00 

KEGG_PATHWAY 
ocu04926:Relaxin 
signaling pathway 2 0.81 0.09 Q6PNB6, O19114 116 4 4969 21.42 1.00 1.00 1.00 

GOTERM_MF_DIRECT 

GO:0051087~prot
ein-folding 
chaperone binding 5 2.03 0.10 Q6PNB6, P00747, Q148F8, Q04656, Q62935 231 76 9943 2.83 1.00 1.00 1.00 

GOTERM_BP_DIRECT 

GO:0060021~roof 
of mouth 
development 5 2.03 0.01 Q7Z3E1, P97431, O95470, O08954, Q08DS3 228 36 9968 6.07 1.00 0.69 0.68 

GOTERM_BP_DIRECT 

GO:0060828~regu
lation of canonical 
Wnt signaling 
pathway 5 2.03 0.00 

Q80U19, A0A8V8TMC4, Q9BT81, P51654, 
O95980 228 23 9968 9.50 0.89 0.18 0.18 

GOTERM_BP_DIRECT 

GO:2000050~regu
lation of non-
canonical Wnt 
signaling pathway 2 0.81 0.05 Q80U19, P51654 228 2 9968 43.72 1.00 1.00 0.99 

UP_SEQ_FEATURE 
DISULFID:Interchai
n 7 2.85 0.01 

Q8BHE5, P02461, O14519, Q02846, Q28178, 
P52823, P49746 232 90 10393 3.48 1.00 1.00 1.00 

UP_KW_PTM 

KW-
0165~Cleavage on 
pair of basic 
residues 7 2.85 0.04 

Q8BHE5, Q9TT92, P63125, P00747, A5D7B7, 
Q5RES1 192 104 8050 2.82 0.62 0.25 0.25 

GOTERM_MF_DIRECT 

GO:0050840~extr
acellular matrix 
binding 3 1.22 0.07 Q8BV57, Q9TT92, P22458 231 19 9943 6.80 1.00 1.00 1.00 

GOTERM_CC_DIRECT 
GO:0005886~plas
ma membrane 72 29.27 0.00 

Q8J025, O43353, Q96NE9, Q658P3, P54850, 
Q96D96, A5D7B7, O70570, A7MBB3, P14555, 
A0A8V8TMC4, P63125, P16144, P00747, 
P33681, Q5RAL8, O88413, O94868, O15554, 
Q8N3Y7, P97391, Q8QZY6, Q925G2, Q9TU72, 
Q5R5U1, O97664, O60779, Q99712, Q02846, 236 2268 10395 1.40 0.36 0.07 0.07 
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P50749, Q05910, P48356, P08132, P55281, 
P78524, O70431, Q5FVF4, O08849, Q08345, 
P59647, Q8N5C1, O00168, Q9H2W1, Q04656, 
Q15165, Q5R5N8, Q9NZQ7, Q9NZ09, P25105, 
Q6PNB6, O95025, Q920C4, O75954, O43586, 
O77811, P97577, Q99PE7, Q91X49, O43548, 
A2SW69, P51654, O95980, P57756, Q9NVV5, 
Q6RW13, Q5RES1, A1A4L0, O43194, Q14165, 
Q9ULV3, B8Q0B2 

UP_SEQ_FEATURE 
TOPO_DOM:Extrac
ellular 47 19.11 0.00 

Q8J025, Q658N2, P33617, Q96D96, O70431, 
A5D7B7, A7MBB3, O70570, P15943, Q08345, 
P59647, Q8N5C1, O00168, Q9H2W1, P63125, 
P16144, P33681, Q5RAL8, Q04656, 
A0A087X1C5, Q9NZQ7, P25105, Q8QZY6, 
Q920C4, Q925G2, O75954, Q99PE7, Q9TU72, 
Q9ULK6, Q29397, O97664, Q6P9G4, O60779, 
P53710, Q9NVV5, P14431, Q99712, Q02846, 
Q7YR42, Q6RW13, Q05910, P48356, Q5RES1, 
P55281, O43194, Q15035, B8Q0B2 232 1029 10393 2.05 0.00 0.00 0.00 

UP_SEQ_FEATURE 

CARBOHYD:N-
linked (GlcNAc...) 
asparagine 77 31.30 0.00 

Q8J025, Q658P3, P54850, Q28178, A5D7B7, 
O70570, A7MBB3, P51942, Q96D15, Q8BV57, 
P63125, Q9BYG0, A5D7R1, Q96CG8, P16144, 
P00747, Q3MI99, P33681, Q5RAL8, Q9UKY3, 
Q8R4W6, P22458, P02763, P13909, Q8QZY6, 
Q5EA62, P27169, Q864U6, Q9TT92, P05979, 
Q62935, Q9ULK6, Q29397, O97664, Q1LZE9, 
O60779, Q8BHE5, Q02846, Q3TMX7, Q7YR42, 
Q05910, P48356, P55083, P55281, A7MB63, 
Q15035, Q658N2, Q9BYZ8, P33617, Q5FVF4, 
Q6UWY0, Q8R4A1, Q5R3Z7, Q08345, Q7Z3S9, 
Q04656, Q15165, A0A087X1C5, Q9NZQ7, 
P25105, O95025, Q8K449, O75954, O77811, 
Q99PE7, P52823, P51654, O95980, P53710, 
P57756, P14431, Q5RDI1, O43194, P49746, 
Q14165, B8Q0B2 232 1734 10393 1.99 0.00 0.00 0.00 

UP_SEQ_FEATURE 
TOPO_DOM:Cytopla
smic 57 23.17 0.00 

Q8J025, Q658P3, Q96D96, O95470, A5D7B7, 
O70570, A7MBB3, P63125, Q9BYG0, P16144, 
P33681, Q5RAL8, Q8QZY6, Q864U6, Q925G2, 
Q9TU72, Q9ULK6, Q29397, O97664, Q6P9G4, 
O60779, Q9UDX4, Q99712, Q02846, Q7YR42, 
Q05910, P48356, P55281, A7MB63, Q15035, 
Q658N2, P33617, O70431, Q5SSN7, P15943, 
Q2KIY1, Q08345, P59647, Q8N5C1, O00168, 
Q0IIE8, Q9H2W1, Q04656, A0A087X1C5, 
Q9NZQ7, P25105, Q920C4, O75954, Q99PE7, 
P53710, Q9NVV5, Q6RW13, Q5RES1, O43194, 
Q9JJ61, Q14165, B8Q0B2 232 1668 10393 1.53 0.49 0.17 0.17 

UP_KW_DOMAIN 

KW-
0812~Transmemb
rane 81 32.93 0.07 

Q8J025, Q86VU5, Q658P3, P54850, Q96D96, 
O95470, A5D7B7, O70570, A7MBB3, P63125, 
Q9BYG0, P16144, Q3MI99, P33681, Q5RAL8, 
O15554, Q8N3Y7, Q53S58, Q86XE5, Q8QZY6, 
Q864U6, Q925G2, P05979, Q9TU72, Q9ULK6, 
Q29397, O97664, Q1LZE9, Q6P9G4, O60779, 
Q9UDX4, Q99712, Q02846, Q3TMX7, Q7YR42, 
A5PJS2, Q9NPL8, Q05910, P48356, P55281, 
A7MB63, Q15035, Q658N2, P33617, O70431, 
Q5FVF4, Q6UWY0, Q5SSN7, P15943, Q2KIY1, 
Q08345, P59647, Q8N5C1, O00168, Q0IIE8, 
Q9H2W1, Q04656, Q15165, A0A087X1C5, 
Q9NZQ7, P25105, O95025, Q920C4, Q8K449, 
O75954, A7MB05, Q99PE7, Q91X49, P53710, 
Q6X9E4, Q9NVV5, P14431, Q6RW13, Q8CFD0, 
Q5RES1, Q8BM86, O43194, Q9JJ61, Q14165, 
B8Q0B2 180 2769 7076 1.15 0.82 0.47 0.47 

UP_KW_DOMAIN 

KW-
1133~Transmemb
rane helix 80 32.52 0.08 

Q8J025, Q86VU5, Q658P3, P54850, Q96D96, 
O95470, A5D7B7, O70570, A7MBB3, P63125, 
Q9BYG0, P16144, Q3MI99, P33681, Q5RAL8, 
O15554, Q8N3Y7, Q53S58, Q86XE5, Q8QZY6, 180 2747 7076 1.14 0.86 0.47 0.47 
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Q864U6, Q925G2, P05979, Q9TU72, Q9ULK6, 
Q29397, O97664, Q1LZE9, Q6P9G4, O60779, 
Q9UDX4, Q99712, Q02846, Q3TMX7, Q7YR42, 
A5PJS2, Q9NPL8, Q05910, P48356, P55281, 
A7MB63, Q15035, Q658N2, P33617, O70431, 
Q5FVF4, Q6UWY0, Q5SSN7, P15943, Q2KIY1, 
Q08345, P59647, Q8N5C1, O00168, Q0IIE8, 
Q9H2W1, Q04656, Q15165, A0A087X1C5, 
Q9NZQ7, P25105, O95025, Q920C4, Q8K449, 
O75954, A7MB05, Q99PE7, Q91X49, P53710, 
Q6X9E4, Q9NVV5, Q6RW13, Q8CFD0, Q5RES1, 
Q8BM86, O43194, Q9JJ61, Q14165, B8Q0B2 

UP_SEQ_FEATURE TRANSMEM:Helical 74 30.08 0.01 

Q8J025, Q86VU5, Q658P3, P54850, Q96D96, 
O95470, O70570, A7MBB3, P63125, Q9BYG0, 
P16144, Q3MI99, P33681, Q5RAL8, O15554, 
Q8N3Y7, Q53S58, Q86XE5, Q8QZY6, Q864U6, 
Q925G2, P05979, Q9TU72, Q9ULK6, Q29397, 
O97664, Q1LZE9, Q6P9G4, O60779, Q9UDX4, 
Q99712, Q02846, Q3TMX7, A5PJS2, Q9NPL8, 
Q05910, P48356, P55281, A7MB63, Q15035, 
P33617, Q5FVF4, Q6UWY0, P15943, Q2KIY1, 
Q08345, P59647, O00168, Q0IIE8, Q9H2W1, 
Q04656, Q15165, Q9NZQ7, P25105, O95025, 
Q920C4, Q8K449, O75954, A7MB05, Q99PE7, 
Q91X49, P53710, Q6X9E4, Q9NVV5, P14431, 
Q6RW13, Q8CFD0, Q5RES1, Q8BM86, O43194, 
Q9JJ61, Q14165, B8Q0B2 232 2549 10393 1.30 1.00 1.00 1.00 

GOTERM_MF_DIRECT 
GO:0017147~Wnt-
protein binding 3 1.22 0.04 Q8J025, Q96CG8, O95980 231 14 9943 9.22 1.00 1.00 1.00 

UP_KW_DOMAIN KW-0732~Signal 81 32.93 0.00 

Q8J025, Q9WV75, Q3SXM0, Q28178, Q9TTQ4, 
O70570, Q62000, P14555, P51942, Q96D15, 
Q8BV57, P63125, A5D7R1, Q96CG8, P16144, 
P00747, Q3MI99, P33681, Q5RAL8, Q9UKY3, 
Q8R4W6, P22458, P02763, P97391, P13909, 
A5D7V9, Q5EA62, P27169, P28332, Q9TT92, 
Q4KLY0, P05979, Q62935, Q9ULK6, Q1LZE9, 
Q6P9G4, Q13609, P45845, Q8BHE5, Q02846, 
Q3TMX7, Q9NPL8, Q05910, P48356, P55083, 
P55281, P0CB83, A7MB63, Q9BYZ8, P33617, 
Q5FVF4, Q6UWY0, O19069, Q8R4A1, P15943, 
Q5R3Z7, Q08345, P59647, Q7Z3S9, O00168, 
Q9Y6I7, Q15165, Q9NZQ7, P02461, O95025, 
O75954, O77811, P52823, P51654, O95980, 
P53710, P57756, Q9NVV5, P14431, Q6RW13, 
Q5RDI1, Q5RES1, Q8BM86, P49746, Q14165 180 1755 7076 1.81 0.00 0.00 0.00 

UP_KW_PTM 
KW-
0325~Glycoprotein 82 33.33 0.00 

Q8J025, Q9WV75, Q658P3, P54850, Q28178, 
Q9TTQ4, A5D7B7, O70570, A7MBB3, Q62000, 
P51942, Q96D15, Q8BV57, P63125, Q9BYG0, 
A5D7R1, Q96CG8, P16144, P00747, Q3MI99, 
P33681, Q5RAL8, Q9UKY3, Q8R4W6, P22458, 
P02763, P13909, Q8QZY6, Q5EA62, P27169, 
Q864U6, Q9TT92, P05979, Q62935, Q9ULK6, 
Q29397, O97664, Q1LZE9, O60779, Q8BHE5, 
Q02846, Q3TMX7, Q7YR42, Q05910, P48356, 
P55083, P55281, A7MB63, Q15035, Q658N2, 
Q9BYZ8, P33617, Q5FVF4, Q6UWY0, Q8R4A1, 
P15943, Q5R3Z7, Q08345, Q7Z3S9, Q04656, 
Q15165, A0A087X1C5, Q9NZQ7, P25105, 
P02461, O95025, Q8K449, O75954, O77811, 
Q99PE7, P52823, P51654, O95980, P53710, 
P57756, P14431, Q5RDI1, O43194, P49746, 
Q14165, B8Q0B2 192 1895 8050 1.81 0.00 0.00 0.00 

GOTERM_MF_DIRECT 

GO:0004666~pros
taglandin-
endoperoxide 
synthase activity 2 0.81 0.05 Q96CG8, P05979 231 2 9943 43.04 1.00 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0006813~pota
ssium ion transport 4 1.63 0.03 Q99712, O15554, P59647, O00168 228 30 9968 5.83 1.00 1.00 0.99 
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INTERPRO IPR030417:MS4A 2 0.81 0.09 Q9H2W1, Q920C4 246 4 10695 21.74 1.00 1.00 1.00 

GOTERM_MF_DIRECT 
GO:0008201~hep
arin binding 10 4.07 0.00 

Q9TT92, O77811, Q9BYZ8, Q28178, P15943, 
Q5R3Z7, Q8R4W6, P22458, P97391, P49746 231 94 9943 4.58 0.14 0.08 0.08 

GOTERM_BP_DIRECT 

GO:0030198~extr
acellular matrix 
organization 11 4.47 0.00 

Q9TT92, P02461, A5D7R1, Q04656, Q62935, 
Q8R4A1, P15943, Q5RES1, P22458, O95980, 
P51942 228 66 9968 7.29 0.00 0.00 0.00 

GOTERM_BP_DIRECT 

GO:0001916~posi
tive regulation of T 
cell mediated 
cytotoxicity 3 1.22 0.07 Q9UDX4, P14431, P33617 228 19 9968 6.90 1.00 1.00 0.99 

GOTERM_MF_DIRECT 
GO:0042605~pept
ide antigen binding 3 1.22 0.10 Q9UDX4, P14431, P33617 231 23 9943 5.61 1.00 1.00 1.00 

GOTERM_CC_DIRECT 

GO:0030670~pha
gocytic vesicle 
membrane 5 2.03 0.03 Q9UDX4, P14431, Q96D96, Q04656, Q5R5U1 236 52 10395 4.24 1.00 0.75 0.74 

UP_KW_MOLECULAR_FU
NCTION 

KW-
1278~Translocase 7 2.85 0.01 

Q9UDX4, Q925G2, Q8K449, Q99PE7, Q04656, 
P04394, P0CB83 155 68 6374 4.23 0.32 0.13 0.13 

UP_KW_BIOLOGICAL_PR
OCESS 

KW-0130~Cell 
adhesion 13 5.28 0.00 

Q9WV75, O43586, Q62935, Q28178, A5D7B7, 
P53710, P16144, P55083, P55281, P22458, 
B8Q0B2, P49746, Q5EA62 129 219 6212 2.86 0.14 0.16 0.16 

GOTERM_MF_DIRECT 

GO:0001530~lipop
olysaccharide 
binding 3 1.22 0.08 Q9WV75, O77811, P25105 231 20 9943 6.46 1.00 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0007155~cell 
adhesion 12 4.88 0.02 

Q9WV75, P16144, O43586, Q62935, Q28178, 
A5D7B7, Q08345, P55083, P53710, P49746, 
Q5EA62, B8Q0B2 228 232 9968 2.26 1.00 1.00 0.99 

GOTERM_CC_DIRECT 
GO:0005615~extr
acellular space 41 16.67 0.00 

Q9WV75, P33617, Q9TTQ4, A5D7B7, O70570, 
Q8R4A1, Q5R3Z7, Q62000, P14555, Q08345, 
Q8BV57, Q96CG8, A5D7R1, P00747, P61288, 
Q3MI99, Q14195, P22458, P02763, P13909, 
Q5EA62, P27169, P02461, O95025, Q9TT92, 
P36639, P09917, O77811, Q62935, P52823, 
Q1LZE9, Q5BIR5, P57756, P14431, P45845, 
Q8BHE5, Q3TMX7, P48356, Q5RES1, P55083, 
P04792 236 667 10395 2.71 0.00 0.00 0.00 

GOTERM_CC_DIRECT 
GO:0031012~extr
acellular matrix 10 4.07 0.00 

Q9WV75, P45845, Q8BV57, Q9TT92, A5D7R1, 
Q3MI99, Q28178, Q62000, Q5RES1, P51942 236 93 10395 4.74 0.07 0.01 0.01 

UP_KW_PTM 

KW-
1015~Disulfide 
bond 65 26.42 0.00 

Q9WV75, Q28178, Q9TTQ4, A5D7B7, O70570, 
Q62000, P14555, P51942, Q8BV57, P63125, 
A5D7R1, P16144, P00747, Q3MI99, P33681, 
Q5RAL8, Q8R4W6, P22458, P02763, P97391, 
Q8QZY6, Q5EA62, P27169, Q9TT92, P05979, 
Q62935, O97664, Q1LZE9, Q13609, P45845, 
Q8BHE5, O14519, Q02846, Q3TMX7, Q05910, 
P48356, Q9BYZ8, P33617, O70431, Q8R4A1, 
P15943, Q5R3Z7, Q08345, Q7Z3S9, Q8N5C1, 
Q15165, Q9NZQ7, P25105, P21664, P02461, 
O95025, O75954, O77811, P52823, P51654, 
O95980, P53710, P57756, P14431, Q5RDI1, 
Q5RES1, O43194, Q9JJ61, P49746 192 1407 8050 1.94 0.00 0.00 0.00 

UP_KW_LIGAND KW-0106~Calcium 32 13.01 0.00 

Q9WV75, Q6UWY0, Q28178, Q5R3Z7, Q7Z3S9, 
P14555, Q08345, Q96D15, P16144, P61288, 
Q3MI99, Q15165, P24732, P97391, Q5EA62, 
P29269, P27169, P02461, Q9TT92, P09917, 
O43548, A2SW69, P53710, P57756, Q13609, 
P62762, P08132, Q5RES1, P55083, P55281, 
Q4R8T1, P49746 111 458 4168 2.62 0.00 0.00 0.00 

UP_KW_CELLULAR_COM
PONENT 

KW-
0272~Extracellular 
matrix 11 4.47 0.00 

Q9WV75, Q9TT92, P02461, Q96CG8, Q62935, 
Q28178, A2SW69, Q62000, P55083, P51942, 
Q5EA62 226 109 9590 4.28 0.01 0.00 0.00 
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Table S4.5. Genes overlapping islands of differentiation in BPI-SC, BPI-LI, but not in SC-LI. 

ID Gene Name 

P97776 ADAM metallopeptidase domain 18(Adam18) 

Q28660 ADAM metallopeptidase domain 2(ADAM2) 

Q61072 ADAM metallopeptidase domain 9(Adam9) 

Q9UMR7 C-type lectin domain family 4 member A(CLEC4A) 

P53569 CCAAT/enhancer binding protein zeta(Cebpz) 

A8MTT3 CEBPZ opposite strand(CEBPZOS) 

Q7Z3D6 D-glutamate cyclase(DGLUCY) 

Q8BH86 D-glutamate cyclase(Dglucy) 

D4A612 ELOVL fatty acid elongase 2(Elovl2) 

Q920L7 ELOVL fatty acid elongase 5(Elovl5) 

Q5R6J0 Ecm29 proteasome adaptor and scaffold(ECPAS) 

Q5VYK3 Ecm29 proteasome adaptor and scaffold(ECPAS) 

Q6PDI5 Ecm29 proteasome adaptor and scaffold(Ecpas) 

Q8BJL1 F-box protein 30(Fbxo30) 

P62932 F-box protein 40(Fbxo40) 

P16591 FER tyrosine kinase(FER) 

P07332 FES proto-oncogene, tyrosine kinase(FES) 

P10412 H1.4 linker histone, cluster member(H1-4) 

P10854 H2B clustered histone 14(H2bc14) 

Q96PU5 NEDD4 like E3 ubiquitin protein ligase(NEDD4L) 

Q15042 RAB3 GTPase activating protein catalytic subunit 1(RAB3GAP1) 

Q9UBZ9 REV1 DNA directed polymerase(REV1) 

O14802 RNA polymerase III subunit A(POLR3A) 

Q6NW29 RWD domain containing 4(RWDD4) 

D3ZID8 UBX domain protein 2A(Ubxn2a) 

Q9H6R7 WD repeat and coiled coil containing(WDCP) 

Q6NV72 WD repeat and coiled coil containing(Wdcp) 

Q6PJI9 WD repeat domain 59(WDR59) 

Q8C0M0 WD repeat domain 59(Wdr59) 

Q96I59 asparaginyl-tRNA synthetase 2, mitochondrial(NARS2) 

Q5R9I5 aspartyl-tRNA synthetase 1(DARS1) 

Q3SYZ4 aspartyl-tRNA synthetase 1(DARS1) 

P14868 aspartyl-tRNA synthetase 1(DARS1) 

Q922B2 aspartyl-tRNA synthetase 1(Dars1) 

P22003 bone morphogenetic protein 5(BMP5) 

P34819 bone morphogenetic protein 7(BMP7) 

P34819 bone morphogenetic protein 7(BMP7) 

Q76LD0 chordin-like 1(Chrdl1) 
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P59266 fat storage-inducing transmembrane protein 2(Fitm2) 

A8MUU1 fatty acid binding protein 5 pseudogene 3(FABP5P3) 

Q01469 fatty acid binding protein 5(FABP5) 

Q9H2C0 gigaxonin(GAN) 

Q5R893 histone H2B type 1-C/E/F/G/I(LOC100441051) 

Q9NQS7 inner centromere protein(INCENP) 

Q0VC92 mago homolog B, exon junction complex subunit(MAGOHB) 

Q2KIZ8 minichromosome maintenance complex component 6(MCM6) 

Q2KID9 mitochondrial ribosomal protein S5(MRPS5) 

Q15080 neutrophil cytosolic factor 4(NCF4) 

Q96S42 nodal growth differentiation factor(NODAL) 

Q7M6Y3 phosphatidylinositol binding clathrin assembly protein(Picalm) 

O94806 protein kinase D3(PRKD3) 

Q8VE37 regulator of chromosome condensation 1(Rcc1) 

Q5RAQ8 ribosomal protein S24(RPS24) 

O08954 snail family transcriptional repressor 2(Snai2) 

Q9XT74 solute carrier family 11 member 1(SLC11A1) 

Q9XT74 solute carrier family 11 member 1(SLC11A1) 

Q2T9X8 spindle and centriole associated protein 1(SPICE1) 

Q5RKG1 spindle and centriole associated protein 1(Spice1) 

A6QLC7 trafficking protein particle complex subunit 11(TRAPPC11) 

Q7Z392 trafficking protein particle complex subunit 11(TRAPPC11) 

B1AZA5 transmembrane protein 245(Tmem245) 

D3ZXD8 transmembrane protein 245(Tmem245) 

Q5H8C4 vacuolar protein sorting 13A(Vps13a) 

Q5RBY9 zinc finger protein 2(ZNF2) 

Q96CX3 zinc finger protein 501(ZNF501) 
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Table S4.6. Genes overlapping islands of differentiation in BPI-SC, BPI-LI, but not in SC-LI top pathways. 

Category Term Count % PValue Genes 
List 
Total 

Pop 
Hits 

Pop 
Total 

Fold 
Enrichment Bonferroni Benjamini FDR 

GOTERM_BP_DIRECT GO:0007030~Golgi organization 4 6.06 0.02 
D3ZID8, Q7Z392, 
Q96CX3, A6QLC7 61 127 14354 7.41 1.00 0.28 0.27 

INTERPRO IPR002549:AI-2E-like 2 3.03 0.01 D3ZXD8, B1AZA5 66 2 15277 231.47 0.85 0.06 0.05 

GOTERM_MF_DIRECT 
GO:0031492~nucleosomal DNA 
binding 2 3.03 0.08 P10412, Q8VE37 60 21 14318 22.73 1.00 0.69 0.66 

GOTERM_MF_DIRECT 
GO:0030527~structural 
constituent of chromatin 3 4.55 0.01 

P10854, P10412, 
Q5R893 60 42 14318 17.05 0.82 0.21 0.21 

GOTERM_CC_DIRECT GO:0000786~nucleosome 3 4.55 0.04 
P10854, P10412, 
Q5R893 64 78 14900 8.95 1.00 0.70 0.70 

UP_KW_PTM KW-0013~ADP-ribosylation 3 4.55 0.09 
P10854, P10412, 
Q5R893 56 105 11732 5.99 0.63 0.35 0.35 

SMART SM00427:H2B 2 3.03 0.02 P10854, Q5R893 30 5 7685 102.47 0.44 0.12 0.11 

INTERPRO IPR000558:Histone_H2B 2 3.03 0.02 P10854, Q5R893 66 5 15277 92.59 0.99 0.11 0.10 

INTERPRO IPR055333:HISTONE_H2B_site 2 3.03 0.02 P10854, Q5R893 66 5 15277 92.59 0.99 0.11 0.10 

UP_SEQ_FEATURE 
REGION:Binding site for the 3'-end 
of tRNA 3 4.55 0.00 

P14868, Q3SYZ4, 
Q5R9I5 64 3 14888 232.63 0.01 0.00 0.00 

INTERPRO IPR004523:Asp-tRNA_synthase_2 4 6.06 0.00 
P14868, Q922B2, 
Q3SYZ4, Q5R9I5 66 4 15277 231.47 0.00 0.00 0.00 

GOTERM_MF_DIRECT 
GO:0004815~aspartate-tRNA 
ligase activity 4 6.06 0.00 

P14868, Q922B2, 
Q3SYZ4, Q5R9I5 60 5 14318 190.91 0.00 0.00 0.00 

GOTERM_BP_DIRECT 
GO:0006422~aspartyl-tRNA 
aminoacylation 4 6.06 0.00 

P14868, Q922B2, 
Q3SYZ4, Q5R9I5 61 5 14354 188.25 0.00 0.00 0.00 

UP_SEQ_FEATURE REGION:Aspartate 4 6.06 0.00 
P14868, Q922B2, 
Q3SYZ4, Q5R9I5 64 5 14888 186.10 0.00 0.00 0.00 

GOTERM_CC_DIRECT 
GO:0017101~aminoacyl-tRNA 
synthetase multienzyme complex 4 6.06 0.00 

P14868, Q922B2, 
Q3SYZ4, Q5R9I5 64 24 14900 38.80 0.02 0.02 0.02 

KEGG_PATHWAY 
hsa00970:Aminoacyl-tRNA 
biosynthesis 2 3.03 0.09 P14868, Q96I59 34 20 7412 21.80 1.00 1.00 1.00 

UP_SEQ_FEATURE DOMAIN:OB 3 4.55 0.00 
P14868, Q96I59, 
Q5R9I5 64 5 14888 139.58 0.04 0.01 0.01 

GOTERM_MF_DIRECT GO:0003676~nucleic acid binding 4 6.06 0.10 
P14868, Q96I59, 
Q922B2, Q3SYZ4 60 266 14318 3.59 1.00 0.76 0.73 

INTERPRO 
IPR002312:Asp/Asn-tRNA-
synth_IIb 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 66 7 15277 165.34 0.00 0.00 0.00 

INTERPRO IPR004364:Aa-tRNA-synt_II 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 66 11 15277 105.21 0.00 0.00 0.00 

INTERPRO IPR004365:NA-bd_OB_tRNA 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 66 13 15277 89.03 0.00 0.00 0.00 

UP_SEQ_FEATURE 
DOMAIN:Aminoacyl-transfer RNA 
synthetases class-II family profile 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 64 25 14888 46.53 0.00 0.00 0.00 

INTERPRO IPR006195:aa-tRNA-synth_II 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 66 30 15277 38.58 0.00 0.00 0.00 
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INTERPRO 
IPR045864:aa-tRNA-
synth_II/BPL/LPL 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 66 38 15277 30.46 0.00 0.00 0.00 

UP_KW_MOLECULAR_FUN
CTION 

KW-0030~Aminoacyl-tRNA 
synthetase 5 7.58 0.00 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 39 68 9248 17.44 0.00 0.00 0.00 

UP_KW_BIOLOGICAL_PROC
ESS KW-0648~Protein biosynthesis 5 7.58 0.02 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 40 224 9049 5.05 0.44 0.19 0.19 

UP_KW_MOLECULAR_FUN
CTION KW-0436~Ligase 5 7.58 0.02 

P14868, Q96I59, 
Q922B2, Q3SYZ4, 
Q5R9I5 39 244 9248 4.86 0.38 0.08 0.07 

PIR_SUPERFAMILY PIRSF000632:TyrPK_fps 2 3.03 0.01 P16591, P07332 8 4 2074 129.63 0.09 0.05 0.05 

UP_SEQ_FEATURE 

REGION:Important for interaction 
with membranes containing 
phosphoinositides 2 3.03 0.02 P16591, P07332 64 4 14888 116.31 0.99 0.12 0.11 

INTERPRO IPR035849:Fes/Fps/Fer_SH2 2 3.03 0.02 P16591, P07332 66 4 15277 115.73 0.98 0.10 0.09 

INTERPRO 
IPR016250:Tyr-
prot_kinase_Fes/Fps 2 3.03 0.02 P16591, P07332 66 4 15277 115.73 0.98 0.10 0.09 

INTERPRO 
IPR050198:Non-
receptor_tyrosine_kinases 2 3.03 0.07 P16591, P07332 66 18 15277 25.72 1.00 0.31 0.29 

SMART SM00055:FCH 2 3.03 0.08 P16591, P07332 30 22 7685 23.29 0.92 0.41 0.39 

INTERPRO IPR001060:FCH_dom 2 3.03 0.09 P16591, P07332 66 23 15277 20.13 1.00 0.38 0.35 

GOTERM_BP_DIRECT 
GO:0021502~neural fold 
elevation formation 3 4.55 0.00 P34819, P22003 61 6 14354 117.66 0.12 0.04 0.04 

GOTERM_BP_DIRECT 
GO:1905069~allantois 
development 3 4.55 0.00 P34819, P22003 61 7 14354 100.85 0.17 0.04 0.04 

GOTERM_BP_DIRECT 
GO:0003344~pericardium 
morphogenesis 3 4.55 0.00 P34819, P22003 61 9 14354 78.44 0.27 0.04 0.04 

UP_KW_BIOLOGICAL_PROC
ESS KW-0891~Chondrogenesis 3 4.55 0.00 P34819, P22003 40 9 9049 75.41 0.02 0.01 0.01 

GOTERM_MF_DIRECT 
GO:0070700~BMP receptor 
binding 3 4.55 0.00 P34819, P22003 60 10 14318 71.59 0.09 0.05 0.05 

GOTERM_BP_DIRECT 
GO:0061384~heart trabecula 
morphogenesis 3 4.55 0.00 P34819, P22003 61 10 14354 70.59 0.33 0.04 0.04 

GOTERM_BP_DIRECT 
GO:0060710~chorio-allantoic 
fusion 3 4.55 0.00 P34819, P22003 61 10 14354 70.59 0.33 0.04 0.04 

GOTERM_BP_DIRECT 
GO:0060037~pharyngeal system 
development 3 4.55 0.00 P34819, P22003 61 10 14354 70.59 0.33 0.04 0.04 

INTERPRO IPR001111:TGF-b_propeptide 3 4.55 0.00 P34819, P22003 66 10 15277 69.44 0.16 0.01 0.01 

GOTERM_BP_DIRECT 
GO:0003272~endocardial 
cushion formation 3 4.55 0.00 P34819, P22003 61 11 14354 64.18 0.38 0.04 0.04 

GOTERM_BP_DIRECT 
GO:1900006~positive regulation 
of dendrite development 3 4.55 0.00 P34819, P22003 61 12 14354 58.83 0.44 0.05 0.05 

GOTERM_BP_DIRECT 
GO:0030902~hindbrain 
development 3 4.55 0.00 P34819, P22003 61 15 14354 47.06 0.60 0.06 0.06 

GOTERM_BP_DIRECT 
GO:0060411~cardiac septum 
morphogenesis 3 4.55 0.00 P34819, P22003 61 15 14354 47.06 0.60 0.06 0.06 

GOTERM_BP_DIRECT 
GO:0048738~cardiac muscle 
tissue development 3 4.55 0.00 P34819, P22003 61 25 14354 28.24 0.92 0.13 0.13 

GOTERM_BP_DIRECT 
GO:0051216~cartilage 
development 3 4.55 0.02 P34819, P22003 61 49 14354 14.41 1.00 0.28 0.27 



 

 
 

166 

GOTERM_BP_DIRECT 
GO:0009880~embryonic pattern 
specification 3 4.55 0.00 P34819, Q96S42 61 15 14354 47.06 0.60 0.06 0.06 

UP_SEQ_FEATURE DOMAIN:TGF-beta family profile 4 6.06 0.00 
P34819, Q96S42, 
P22003 64 15 14888 62.03 0.01 0.00 0.00 

SMART SM00204:TGFB 4 6.06 0.00 
P34819, Q96S42, 
P22003 30 19 7685 53.93 0.00 0.00 0.00 

INTERPRO IPR015615:TGF-beta-rel 4 6.06 0.00 
P34819, Q96S42, 
P22003 66 19 15277 48.73 0.01 0.00 0.00 

INTERPRO IPR017948:TGFb_CS 4 6.06 0.00 
P34819, Q96S42, 
P22003 66 19 15277 48.73 0.01 0.00 0.00 

INTERPRO IPR001839:TGF-b_C 4 6.06 0.00 
P34819, Q96S42, 
P22003 66 19 15277 48.73 0.01 0.00 0.00 

GOTERM_BP_DIRECT 

GO:0060391~positive regulation 
of SMAD protein signal 
transduction 4 6.06 0.00 

P34819, Q96S42, 
P22003 61 33 14354 28.52 0.17 0.04 0.04 

INTERPRO IPR029034:Cystine-knot_cytokine 4 6.06 0.00 
P34819, Q96S42, 
P22003 66 38 15277 24.37 0.12 0.01 0.01 

UP_KW_MOLECULAR_FUN
CTION KW-0202~Cytokine 4 6.06 0.00 

P34819, Q96S42, 
P22003 39 57 9248 16.64 0.04 0.02 0.02 

GOTERM_MF_DIRECT GO:0005125~cytokine activity 4 6.06 0.00 
P34819, Q96S42, 
P22003 60 58 14318 16.46 0.21 0.08 0.07 

UP_KW_MOLECULAR_FUN
CTION KW-0339~Growth factor 4 6.06 0.00 

P34819, Q96S42, 
P22003 39 75 9248 12.65 0.09 0.03 0.03 

GOTERM_MF_DIRECT 
GO:0008083~growth factor 
activity 4 6.06 0.01 

P34819, Q96S42, 
P22003 60 94 14318 10.15 0.60 0.15 0.15 

UP_KW_PTM 
KW-0165~Cleavage on pair of 
basic residues 4 6.06 0.04 

P34819, Q96S42, 
P22003 56 161 11732 5.20 0.36 0.34 0.34 

GOTERM_BP_DIRECT 
GO:0034389~lipid droplet 
organization 2 3.03 0.09 P59266, Q15042 61 22 14354 21.39 1.00 0.53 0.52 

INTERPRO IPR000463:Fatty_acid-bd 2 3.03 0.04 Q01469, A8MUU1 66 9 15277 51.44 1.00 0.17 0.16 

INTERPRO IPR031259:ILBP 2 3.03 0.04 Q01469, A8MUU1 66 9 15277 51.44 1.00 0.17 0.16 

INTERPRO 
IPR000566:Lipocln_cytosolic_FA-
bd_dom 2 3.03 0.09 Q01469, A8MUU1 66 23 15277 20.13 1.00 0.38 0.35 

UP_KW_PTM KW-0007~Acetylation 27 
40.9

1 0.06 

Q0VC92, Q920L7, 
Q6NW29, P10854, 
Q5VYK3, P10412, 
Q96I59, Q922B2, 
Q5R893, B1AZA5, 
A6QLC7, Q7Z392, 
O14802, Q01469, 
Q96PU5, Q2KIZ8, 
D3ZXD8, Q9H6R7, 
Q8BH86, P14868, 
Q28660, Q7M6Y3, 
Q3SYZ4, Q5RAQ8, 
Q5R9I5, Q6NV72 56 4224 11732 1.34 0.47 0.34 0.34 

UP_KW_LIGAND KW-0446~Lipid-binding 5 7.58 0.02 

Q15080, Q01469, 
P16591, P07332, 
A8MUU1 25 283 6178 4.37 0.18 0.20 0.20 

UP_KW_CELLULAR_COMP
ONENT KW-0967~Endosome 8 

12.1
2 0.04 

Q15080, Q5H8C4, 
Q6PDI5, Q5VYK3, 
Q9XT74, Q5R6J0, 
Q96PU5 61 729 13800 2.48 0.66 0.56 0.56 

GOTERM_BP_DIRECT GO:0045730~respiratory burst 3 4.55 0.00 Q15080, Q9XT74 61 10 14354 70.59 0.33 0.04 0.04 
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GOTERM_BP_DIRECT GO:0006909~phagocytosis 3 4.55 0.04 Q15080, Q9XT74 61 77 14354 9.17 1.00 0.37 0.36 

UP_KW_CELLULAR_COMP
ONENT KW-0158~Chromosome 6 9.09 0.06 

Q2KIZ8, P10854, 
P10412, Q5R893, 
Q9NQS7, Q8VE37 61 487 13800 2.79 0.82 0.56 0.56 

UP_KW_MOLECULAR_FUN
CTION KW-0238~DNA-binding 9 

13.6
4 0.10 

Q2KIZ8, P10854, 
Q96CX3, Q9UBZ9, 
P10412, O08954, 
Q5R893, Q5RBY9, 
Q8VE37 39 1163 9248 1.84 0.94 0.37 0.33 

INTERPRO IPR012340:NA-bd_OB-fold 6 9.09 0.00 

Q2KIZ8, P14868, 
Q96I59, Q922B2, 
Q3SYZ4, Q5R9I5 66 102 15277 13.62 0.02 0.00 0.00 

INTERPRO IPR031387:SPICE1 2 3.03 0.01 Q2T9X8, Q5RKG1 66 2 15277 231.47 0.85 0.06 0.05 

GOTERM_BP_DIRECT 
GO:0046599~regulation of 
centriole replication 2 3.03 0.02 Q2T9X8, Q5RKG1 61 6 14354 78.44 1.00 0.29 0.29 

GOTERM_BP_DIRECT 
GO:0051310~metaphase 
chromosome alignment 3 4.55 0.00 

Q2T9X8, Q5RKG1, 
Q9NQS7 61 9 14354 78.44 0.27 0.04 0.04 

GOTERM_BP_DIRECT 
GO:0090307~mitotic spindle 
assembly 3 4.55 0.02 

Q2T9X8, Q5RKG1, 
Q9NQS7 61 45 14354 15.69 1.00 0.28 0.27 

UP_SEQ_FEATURE REGION:Disordered 47 
71.2

1 0.07 

Q5H8C4, Q6NW29, 
P10854, Q5VYK3, 
Q9UMR7, Q5R6J0, 
Q2KID9, P10412, 
Q96I59, P53569, 
Q5R893, B1AZA5, 
Q5RKG1, Q9NQS7, 
Q15080, Q76LD0, 
Q6PDI5, Q96PU5, 
P62932, Q8BJL1, 
Q6PJI9, P07332, 
Q15042, O94806, 
Q2KIZ8, D3ZXD8, 
Q9XT74, P34819, 
Q2T9X8, Q9H6R7, 
Q8BH86, Q28660, 
Q7M6Y3, O08954, 
Q8VE37, Q5RAQ8, 
P16591, Q61072, 
Q9UBZ9, P22003, 
Q7Z3D6, Q8C0M0, 
Q5RBY9, Q6NV72 64 9406 14888 1.16 1.00 0.37 0.33 

GOTERM_BP_DIRECT GO:0010467~gene expression 4 6.06 0.03 
Q5H8C4, Q8BJL1, 
Q28660 61 153 14354 6.15 1.00 0.30 0.29 

GOTERM_CC_DIRECT 
GO:0005765~lysosomal 
membrane 5 7.58 0.09 

Q5H8C4, Q9XT74, 
Q6PJI9, Q8C0M0 64 396 14900 2.94 1.00 0.90 0.90 

GOTERM_BP_DIRECT GO:0006412~translation 4 6.06 0.10 
Q5RAQ8, Q2KID9, 
P14868, Q96I59 61 261 14354 3.61 1.00 0.57 0.55 

INTERPRO IPR018358:Disintegrin_CS 4 6.06 0.00 
Q61072, P97776, 
Q28660 66 8 15277 115.73 0.00 0.00 0.00 

INTERPRO 
IPR034027:Reprolysin_adamalysi
n 4 6.06 0.00 

Q61072, P97776, 
Q28660 66 10 15277 92.59 0.00 0.00 0.00 

SMART SM00050:DISIN 4 6.06 0.00 
Q61072, P97776, 
Q28660 30 13 7685 78.82 0.00 0.00 0.00 

INTERPRO IPR002870:Peptidase_M12B_N 4 6.06 0.00 
Q61072, P97776, 
Q28660 66 12 15277 77.16 0.00 0.00 0.00 
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SMART SM00608:ACR 4 6.06 0.00 
Q61072, P97776, 
Q28660 30 14 7685 73.19 0.00 0.00 0.00 

INTERPRO IPR036436:Disintegrin_dom_sf 4 6.06 0.00 
Q61072, P97776, 
Q28660 66 13 15277 71.22 0.00 0.00 0.00 

INTERPRO IPR001762:Disintegrin_dom 4 6.06 0.00 
Q61072, P97776, 
Q28660 66 13 15277 71.22 0.00 0.00 0.00 

INTERPRO IPR006586:ADAM_Cys-rich 4 6.06 0.00 
Q61072, P97776, 
Q28660 66 14 15277 66.13 0.01 0.00 0.00 

UP_SEQ_FEATURE DOMAIN:Disintegrin 4 6.06 0.00 
Q61072, P97776, 
Q28660 64 17 14888 54.74 0.01 0.00 0.00 

UP_SEQ_FEATURE DOMAIN:Peptidase M12B 4 6.06 0.00 
Q61072, P97776, 
Q28660 64 17 14888 54.74 0.01 0.00 0.00 

INTERPRO IPR001590:Peptidase_M12B 4 6.06 0.00 
Q61072, P97776, 
Q28660 66 17 15277 54.46 0.01 0.00 0.00 

INTERPRO 
IPR024079:MetalloPept_cat_dom
_sf 4 6.06 0.00 

Q61072, P97776, 
Q28660 66 40 15277 23.15 0.13 0.01 0.01 

GOTERM_MF_DIRECT 
GO:0004222~metalloendopeptid
ase activity 4 6.06 0.00 

Q61072, P97776, 
Q28660 60 69 14318 13.83 0.32 0.10 0.09 

UP_SEQ_FEATURE DOMAIN:EGF-like 4 6.06 0.03 
Q61072, P97776, 
Q28660 64 150 14888 6.20 1.00 0.17 0.15 

INTERPRO IPR000742:EGF-like_dom 4 6.06 0.03 
Q61072, P97776, 
Q28660 66 157 15277 5.90 1.00 0.14 0.13 

UP_KW_DOMAIN KW-0245~EGF-like domain 4 6.06 0.03 
Q61072, P97776, 
Q28660 45 164 10178 5.52 0.38 0.47 0.47 

SMART SM00591:RWD 3 4.55 0.00 
Q6NW29, Q6PJI9, 
Q8C0M0 30 11 7685 69.86 0.02 0.01 0.01 

UP_SEQ_FEATURE DOMAIN:RWD 3 4.55 0.00 
Q6NW29, Q6PJI9, 
Q8C0M0 64 11 14888 63.44 0.22 0.02 0.01 

INTERPRO IPR006575:RWD_dom 3 4.55 0.00 
Q6NW29, Q6PJI9, 
Q8C0M0 66 12 15277 57.87 0.22 0.01 0.01 

INTERPRO 
IPR016135:UBQ-
conjugating_enzyme/RWD 3 4.55 0.02 

Q6NW29, Q6PJI9, 
Q8C0M0 66 56 15277 12.40 0.99 0.12 0.11 

UP_SEQ_FEATURE 
DOMAIN:Proteasome component 
Ecm29 N-terminal 3 4.55 0.00 

Q6PDI5, Q5VYK3, 
Q5R6J0 64 3 14888 232.63 0.01 0.00 0.00 

INTERPRO IPR024372:Ecm29 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 66 3 15277 231.47 0.01 0.00 0.00 

UP_SEQ_FEATURE REPEAT:HEAT 27 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 6 14888 116.31 0.07 0.01 0.01 

UP_SEQ_FEATURE REPEAT:HEAT 25 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 9 14888 77.54 0.15 0.01 0.01 

UP_SEQ_FEATURE REPEAT:HEAT 26 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 9 14888 77.54 0.15 0.01 0.01 

UP_SEQ_FEATURE REPEAT:HEAT 22 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 10 14888 69.79 0.18 0.01 0.01 

UP_SEQ_FEATURE REPEAT:HEAT 21 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 10 14888 69.79 0.18 0.01 0.01 

UP_SEQ_FEATURE REPEAT:HEAT 24 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 10 14888 69.79 0.18 0.01 0.01 

UP_SEQ_FEATURE REPEAT:HEAT 23 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 10 14888 69.79 0.18 0.01 0.01 

GOTERM_BP_DIRECT 
GO:0043248~proteasome 
assembly 3 4.55 0.00 

Q6PDI5, Q5VYK3, 
Q5R6J0 61 15 14354 47.06 0.60 0.06 0.06 

UP_SEQ_FEATURE REPEAT:HEAT 20 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 15 14888 46.53 0.37 0.03 0.02 

UP_SEQ_FEATURE REPEAT:HEAT 19 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 17 14888 41.05 0.45 0.03 0.03 

UP_SEQ_FEATURE REPEAT:HEAT 17 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 17 14888 41.05 0.45 0.03 0.03 
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UP_SEQ_FEATURE REPEAT:HEAT 18 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 17 14888 41.05 0.45 0.03 0.03 

UP_SEQ_FEATURE REPEAT:HEAT 16 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 19 14888 36.73 0.53 0.04 0.03 

UP_SEQ_FEATURE REPEAT:HEAT 15 3 4.55 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 24 14888 29.08 0.70 0.05 0.05 

UP_SEQ_FEATURE REPEAT:HEAT 14 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 26 14888 26.84 0.75 0.06 0.05 

GOTERM_MF_DIRECT GO:0070628~proteasome binding 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 60 27 14318 26.51 0.52 0.15 0.14 

UP_SEQ_FEATURE REPEAT:HEAT 13 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 27 14888 25.85 0.78 0.06 0.06 

UP_SEQ_FEATURE REPEAT:HEAT 12 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 28 14888 24.92 0.80 0.06 0.06 

UP_SEQ_FEATURE REPEAT:HEAT 11 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 30 14888 23.26 0.84 0.07 0.06 

UP_SEQ_FEATURE REPEAT:HEAT 10 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 33 14888 21.15 0.89 0.07 0.06 

UP_SEQ_FEATURE REPEAT:HEAT 9 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 35 14888 19.94 0.92 0.08 0.07 

UP_SEQ_FEATURE REPEAT:HEAT 8 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 40 14888 17.45 0.96 0.10 0.09 

UP_SEQ_FEATURE REPEAT:HEAT 7 3 4.55 0.01 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 43 14888 16.23 0.98 0.11 0.10 

UP_SEQ_FEATURE REPEAT:HEAT 6 3 4.55 0.02 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 53 14888 13.17 1.00 0.15 0.13 

UP_SEQ_FEATURE REPEAT:HEAT 5 3 4.55 0.03 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 58 14888 12.03 1.00 0.17 0.15 

GOTERM_CC_DIRECT 
GO:0030134~COPII-coated ER to 
Golgi transport vesicle 3 4.55 0.03 

Q6PDI5, Q5VYK3, 
Q5R6J0 64 59 14900 11.84 0.97 0.70 0.70 

UP_SEQ_FEATURE REPEAT:HEAT 4 3 4.55 0.03 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 67 14888 10.42 1.00 0.21 0.19 

UP_SEQ_FEATURE REPEAT:HEAT 3 3 4.55 0.04 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 72 14888 9.69 1.00 0.24 0.21 

GOTERM_CC_DIRECT GO:0030139~endocytic vesicle 3 4.55 0.04 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 77 14900 9.07 1.00 0.70 0.70 

GOTERM_CC_DIRECT 
GO:0000502~proteasome 
complex 3 4.55 0.04 

Q6PDI5, Q5VYK3, 
Q5R6J0 64 78 14900 8.95 1.00 0.70 0.70 

UP_SEQ_FEATURE 

CROSSLNK:Glycyl lysine 
isopeptide (Lys-Gly) (interchain 
with G-Cter in SUMO1) 3 4.55 0.04 

Q6PDI5, Q5VYK3, 
Q5R6J0 64 79 14888 8.83 1.00 0.27 0.24 

UP_SEQ_FEATURE REPEAT:HEAT 1 3 4.55 0.05 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 82 14888 8.51 1.00 0.28 0.25 

UP_SEQ_FEATURE REPEAT:HEAT 2 3 4.55 0.05 
Q6PDI5, Q5VYK3, 
Q5R6J0 64 82 14888 8.51 1.00 0.28 0.25 

UP_KW_CELLULAR_COMP
ONENT KW-0647~Proteasome 3 4.55 0.05 

Q6PDI5, Q5VYK3, 
Q5R6J0 61 80 13800 8.48 0.74 0.56 0.56 

GOTERM_CC_DIRECT 

GO:0005793~endoplasmic 
reticulum-Golgi intermediate 
compartment 3 4.55 0.07 

Q6PDI5, Q5VYK3, 
Q5R6J0 64 105 14900 6.65 1.00 0.87 0.87 

GOTERM_BP_DIRECT GO:0036503~ERAD pathway 3 4.55 0.08 
Q6PDI5, Q5VYK3, 
Q5R6J0 61 110 14354 6.42 1.00 0.52 0.50 

GOTERM_CC_DIRECT GO:0005771~multivesicular body 4 6.06 0.00 
Q6PDI5, Q5VYK3, 
Q5R6J0, Q96PU5 64 50 14900 18.63 0.15 0.08 0.08 

INTERPRO IPR049567:WDR59-like 2 3.03 0.01 Q6PJI9, Q8C0M0 66 2 15277 231.47 0.85 0.06 0.05 

INTERPRO 
IPR049566:WDR59_RTC1-
like_RING_Znf 2 3.03 0.01 Q6PJI9, Q8C0M0 66 2 15277 231.47 0.85 0.06 0.05 
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INTERPRO 
IPR039456:WDR59_mRING-H2-
C3H3C2 2 3.03 0.01 Q6PJI9, Q8C0M0 66 2 15277 231.47 0.85 0.06 0.05 

GOTERM_CC_DIRECT 
GO:0035859~Seh1-associated 
complex 2 3.03 0.02 Q6PJI9, Q8C0M0 64 5 14900 93.13 0.94 0.70 0.70 

GOTERM_CC_DIRECT GO:0061700~GATOR2 complex 2 3.03 0.06 Q6PJI9, Q8C0M0 64 15 14900 31.04 1.00 0.87 0.87 

GOTERM_CC_DIRECT 
GO:0005774~vacuolar 
membrane 2 3.03 0.09 Q6PJI9, Q8C0M0 64 22 14900 21.16 1.00 0.90 0.90 

UP_KW_BIOLOGICAL_PROC
ESS KW-0892~Osteogenesis 4 6.06 0.00 

Q76LD0, P34819, 
P22003 40 34 9049 26.61 0.02 0.01 0.01 

GOTERM_BP_DIRECT 
GO:0030509~BMP signaling 
pathway 4 6.06 0.00 

Q76LD0, P34819, 
P22003 61 61 14354 15.43 0.67 0.06 0.06 

GOTERM_BP_DIRECT GO:0001503~ossification 4 6.06 0.00 
Q76LD0, P34819, 
P22003 61 78 14354 12.07 0.89 0.12 0.12 

UP_KW_BIOLOGICAL_PROC
ESS KW-0221~Differentiation 6 9.09 0.05 

Q76LD0, P34819, 
Q96PU5, P97776, 
P22003 40 463 9049 2.93 0.84 0.45 0.44 

UP_KW_MOLECULAR_FUN
CTION KW-9996~Developmental protein 8 

12.1
2 0.01 

Q76LD0, P34819, 
Q96S42, P97776, 
P22003, Q7M6Y3, 
O08954 39 555 9248 3.42 0.17 0.04 0.03 

UP_KW_MOLECULAR_FUN
CTION KW-0217~Developmental protein 8 

12.1
2 0.01 

Q76LD0, P34819, 
Q96S42, P97776, 
P22003, Q7M6Y3, 
O08954 39 555 9248 3.42 0.17 0.04 0.03 

GOTERM_CC_DIRECT GO:0045202~synapse 6 9.09 0.03 

Q76LD0, Q01469, 
P14868, Q922B2, 
Q3SYZ4, Q5R9I5 64 420 14900 3.33 0.99 0.70 0.70 

UP_SEQ_FEATURE 
DOMAIN:Trafficking protein 
particle complex subunit 11 2 3.03 0.01 Q7Z392, A6QLC7 64 2 14888 232.62 0.89 0.07 0.06 

UP_SEQ_FEATURE 

DOMAIN:Trafficking protein 
particle complex subunit 11 C-
terminal 2 3.03 0.01 Q7Z392, A6QLC7 64 2 14888 232.62 0.89 0.07 0.06 

INTERPRO IPR021773:TPC11 2 3.03 0.01 Q7Z392, A6QLC7 66 2 15277 231.47 0.85 0.06 0.05 

INTERPRO IPR025876:TRAPPC11_C 2 3.03 0.01 Q7Z392, A6QLC7 66 2 15277 231.47 0.85 0.06 0.05 

GOTERM_BP_DIRECT 
GO:0045054~constitutive 
secretory pathway 2 3.03 0.02 Q7Z392, A6QLC7 61 5 14354 94.12 1.00 0.28 0.27 

GOTERM_CC_DIRECT GO:0030008~TRAPP complex 2 3.03 0.07 Q7Z392, A6QLC7 64 17 14900 27.39 1.00 0.87 0.87 

GOTERM_BP_DIRECT 
GO:0061635~regulation of 
protein complex stability 2 3.03 0.09 Q7Z392, A6QLC7 61 22 14354 21.39 1.00 0.53 0.52 

PIR_SUPERFAMILY PIRSF037204:UCP037204 2 3.03 0.01 Q8BH86, Q7Z3D6 8 2 2074 259.25 0.05 0.05 0.05 

GOTERM_MF_DIRECT 
GO:0047820~D-glutamate 
cyclase activity 2 3.03 0.01 Q8BH86, Q7Z3D6 60 2 14318 238.63 0.67 0.16 0.15 

UP_SEQ_FEATURE 
DOMAIN:D-glutamate cyclase-like 
C-terminal 2 3.03 0.01 Q8BH86, Q7Z3D6 64 2 14888 232.62 0.89 0.07 0.06 

INTERPRO IPR017135:D-Glu_cyclase_mito 2 3.03 0.01 Q8BH86, Q7Z3D6 66 2 15277 231.47 0.85 0.06 0.05 

INTERPRO IPR025504:GLUCM_C 2 3.03 0.01 Q8BH86, Q7Z3D6 66 2 15277 231.47 0.85 0.06 0.05 

INTERPRO IPR009906:D-Glu_cyclase 2 3.03 0.01 Q8BH86, Q7Z3D6 66 2 15277 231.47 0.85 0.06 0.05 

INTERPRO IPR038021:Putative_hydro-lyase 2 3.03 0.01 Q8BH86, Q7Z3D6 66 2 15277 231.47 0.85 0.06 0.05 
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GOTERM_BP_DIRECT 
GO:0006536~glutamate 
metabolic process 2 3.03 0.09 Q8BH86, Q7Z3D6 61 22 14354 21.39 1.00 0.53 0.52 

GOTERM_BP_DIRECT 
GO:0030261~chromosome 
condensation 2 3.03 0.05 Q8BJL1, P10412 61 12 14354 39.22 1.00 0.42 0.41 

INTERPRO IPR031890:Fbxo30/Fbxo40 2 3.03 0.01 Q8BJL1, P62932 66 3 15277 154.31 0.94 0.08 0.07 

INTERPRO IPR043013:Znf_TRAF_N 2 3.03 0.01 Q8BJL1, P62932 66 3 15277 154.31 0.94 0.08 0.07 

INTERPRO IPR001293:Znf_TRAF 2 3.03 0.04 Q8BJL1, P62932 66 10 15277 46.29 1.00 0.19 0.17 

UP_SEQ_FEATURE ZN_FING:TRAF-type 2 3.03 0.06 Q8BJL1, P62932 64 14 14888 33.23 1.00 0.33 0.29 

GOTERM_BP_DIRECT 
GO:0007059~chromosome 
segregation 3 4.55 0.04 

Q8BJL1, Q9NQS7, 
Q8VE37 61 76 14354 9.29 1.00 0.37 0.36 

KEGG_PATHWAY rno00062:Fatty acid elongation 2 3.03 0.02 Q920L7, D4A612 34 4 7412 109.00 0.73 1.00 1.00 

GOTERM_MF_DIRECT 
GO:0009922~fatty acid elongase 
activity 2 3.03 0.02 Q920L7, D4A612 60 6 14318 79.54 0.96 0.33 0.31 

GOTERM_BP_DIRECT 

GO:0034626~fatty acid 
elongation, polyunsaturated fatty 
acid 2 3.03 0.02 Q920L7, D4A612 61 6 14354 78.44 1.00 0.29 0.29 

GOTERM_BP_DIRECT 

GO:0034625~fatty acid 
elongation, monounsaturated fatty 
acid 2 3.03 0.02 Q920L7, D4A612 61 6 14354 78.44 1.00 0.29 0.29 

INTERPRO IPR002076:ELO_fam 2 3.03 0.03 Q920L7, D4A612 66 6 15277 77.16 1.00 0.13 0.12 

GOTERM_BP_DIRECT 
GO:0019367~fatty acid 
elongation, saturated fatty acid 2 3.03 0.03 Q920L7, D4A612 61 7 14354 67.23 1.00 0.31 0.30 

KEGG_PATHWAY 
rno01040:Biosynthesis of 
unsaturated fatty acids 2 3.03 0.03 Q920L7, D4A612 34 7 7412 62.29 0.90 1.00 1.00 

KEGG_PATHWAY rno01212:Fatty acid metabolism 2 3.03 0.04 Q920L7, D4A612 34 10 7412 43.60 0.96 1.00 1.00 

GOTERM_BP_DIRECT 
GO:0042761~very long-chain fatty 
acid biosynthetic process 2 3.03 0.06 Q920L7, D4A612 61 14 14354 33.62 1.00 0.46 0.44 

GOTERM_BP_DIRECT 
GO:0006636~unsaturated fatty 
acid biosynthetic process 2 3.03 0.06 Q920L7, D4A612 61 16 14354 29.41 1.00 0.46 0.45 

GOTERM_BP_DIRECT 
GO:0030148~sphingolipid 
biosynthetic process 3 4.55 0.01 

Q920L7, D4A612, 
O94806 61 28 14354 25.21 0.96 0.16 0.15 

GOTERM_BP_DIRECT 

GO:2000009~negative regulation 
of protein localization to cell 
surface 2 3.03 0.06 Q96PU5, Q7M6Y3 61 14 14354 33.62 1.00 0.46 0.44 

GOTERM_BP_DIRECT 
GO:1903861~positive regulation 
of dendrite extension 2 3.03 0.06 Q96PU5, Q7M6Y3 61 15 14354 31.37 1.00 0.46 0.45 

GOTERM_BP_DIRECT 
GO:0007281~germ cell 
development 2 3.03 0.10 Q96S42, P16591 61 25 14354 18.82 1.00 0.58 0.56 

UP_SEQ_FEATURE REGION:Interaction with HCK 2 3.03 0.01 Q9H6R7, Q6NV72 64 2 14888 232.62 0.89 0.07 0.06 

INTERPRO IPR028041:WDCP 2 3.03 0.01 Q9H6R7, Q6NV72 66 2 15277 231.47 0.85 0.06 0.05 

GOTERM_BP_DIRECT GO:0007155~cell adhesion 6 9.09 0.01 

Q9UMR7, P16591, 
Q61072, P07332, 
Q28660 61 338 14354 4.18 1.00 0.27 0.26 

GOTERM_BP_DIRECT 
GO:0032496~response to 
lipopolysaccharide 3 4.55 0.09 Q9XT74, P16591 61 118 14354 5.98 1.00 0.53 0.52 

GOTERM_BP_DIRECT 

GO:0060586~multicellular 
organismal-level iron ion 
homeostasis 3 4.55 0.01 Q9XT74, Q7M6Y3 61 37 14354 19.08 1.00 0.25 0.24 
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GOTERM_BP_DIRECT 
GO:0006879~intracellular iron ion 
homeostasis 3 4.55 0.06 Q9XT74, Q7M6Y3 61 95 14354 7.43 1.00 0.46 0.45 

GOTERM_BP_DIRECT 
GO:0001818~negative regulation 
of cytokine production 3 4.55 0.01 Q9XT74, Q9UMR7 61 31 14354 22.77 0.98 0.18 0.18 
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Table S4.7. HBD segments > 500 kb. 

id start_snp end_snp start_pos end_pos # snps length 
HBD 
class population scaffold 

8 2096539 2132904 75947985 77535207 36366 1587223 9 SC 11 

19 491799 505669 25449597 26580397 13871 1130801 9 BPI 1 

9 570614 607775 15379906 16438767 37162 1058862 9 SC 19 

2 1739028 1765655 58544990 59539951 26628 994962 9 BPI 15 

1 1849208 1870579 142409111 143397282 21372 988172 9 BPI 1 

19 1873413 1904221 50287995 51237204 30809 949210 9 BPI 5 

19 284066 295577 11595855 12496932 11512 901078 9 BPI 1 

11 1070936 1084527 87692957 88555392 13592 862436 9 SC 1 

19 1506126 1515971 121655310 122511448 9846 856139 9 BPI 1 

4 453491 484202 18671172 19524812 30712 853641 9 LI 10 

13 1512756 1521456 122228261 122998619 8701 770359 9 SC 1 

5 817880 824276 62811122 63579424 6397 768303 9 LI 1 

2 60663 72009 4539365 5305338 11347 765974 9 BPI 10 

9 475371 485025 24179644 24943658 9655 764015 9 SC 1 

15 470724 479954 23795619 24552574 9231 756956 9 BPI 1 

2 1439605 1466698 44628307 45385093 27094 756787 9 BPI 20 

17 1023039 1032501 84276490 85031597 9463 755108 9 BPI 1 

10 1503241 1511595 121375279 122128091 8355 752813 9 LI 1 

19 600807 621329 30666489 31413421 20523 746933 9 BPI 12 

1 487422 496517 25131853 25849290 9096 717438 9 BPI 1 

6 230292 252637 7028294 7742799 22346 714506 9 LI 41 

20 3026030 3045791 89910916 90624193 19762 713278 9 BPI 9 

19 471454 479954 23842457 24552574 8501 710118 9 BPI 1 

17 471475 479954 23843842 24552574 8480 708733 9 BPI 1 

16 471497 479954 23844400 24552574 8458 708175 9 BPI 1 

20 471497 479954 23844400 24552574 8458 708175 9 BPI 1 

6 471497 479954 23844400 24552574 8458 708175 9 LI 1 

4 1240210 1248827 100507901 101212317 8618 704417 9 LI 1 

6 1071465 1082865 87725257 88429294 11401 704038 9 LI 1 

5 989695 1006521 38903058 39601991 16827 698934 9 LI 19 

19 1372782 1382804 111771524 112461235 10023 689712 9 BPI 1 

19 1659475 1671938 131859190 132548535 12464 689346 9 BPI 1 

1 2107517 2126740 73382347 74066517 19224 684171 9 BPI 3 

1 1147239 1158747 44550774 45224929 11509 674156 9 BPI 16 

9 2529256 2551439 91483846 92155487 22184 671642 9 SC 2 

20 95724 104771 3717574 4388973 9048 671400 9 BPI 17 

1 1471573 1479969 118590396 119261394 8397 670999 9 BPI 1 
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4 909587 915353 73486691 74154603 5767 667913 9 LI 1 

17 1851410 1866558 142514320 143181979 15149 667660 9 BPI 1 

19 421633 430905 20719768 21386267 9273 666500 9 BPI 1 

9 231777 252637 7080080 7742799 20861 662720 9 SC 41 

19 203068 214068 6823004 7482475 11001 659472 9 BPI 1 

9 2576886 2597846 92940510 93599946 20961 659437 9 SC 2 

19 1749147 1771793 46470942 47127381 22647 656440 9 BPI 5 

20 287054 295585 11845949 12497347 8532 651399 9 BPI 1 

1 2010775 2028553 70050961 70700770 17779 649810 9 BPI 3 

1 789248 793564 59256765 59898373 4317 641609 9 BPI 1 

20 119253 125446 8796791 9435619 6194 638829 9 BPI 27 

1 784628 793239 27360093 27998595 8612 638503 9 BPI 26 

11 1132853 1155959 44159824 44794344 23107 634521 9 SC 16 

1 1439080 1455753 41112768 41744550 16674 631783 9 BPI 7 

14 2847958 2864963 103167343 103794779 17006 627437 9 BPI 3 

3 76937 84154 5640924 6265202 7218 624279 9 BPI 10 

1 1770222 1779705 137893381 138514853 9484 621473 9 BPI 1 

13 1384418 1393371 112571947 113190865 8954 618919 9 SC 1 

4 1659112 1670379 131845391 132462951 11268 617561 9 LI 1 

4 819921 824998 63052493 63668307 5078 615815 9 LI 1 

19 1782072 1799413 60094005 60708832 17342 614828 9 BPI 15 

1 2862360 2880495 95072756 95686727 18136 613972 9 BPI 6 

19 1553781 1566548 125049182 125663099 12768 613918 9 BPI 1 

1 1360198 1368476 110788894 111401489 8279 612596 9 BPI 1 

13 703199 729856 16615072 17225500 26658 610429 9 SC 22 

19 2054625 2072296 61489781 62098229 17672 608449 9 BPI 8 

10 487917 495256 25155653 25763103 7340 607451 9 LI 1 

19 2072357 2092382 62099585 62706245 20026 606661 9 BPI 8 

20 630494 634745 37642869 38246470 4252 603602 9 BPI 1 

19 2030974 2038756 151137370 151733900 7783 596531 9 BPI 1 

1 908070 918904 31646215 32240135 10835 593921 9 BPI 29 

10 213865 227827 6546786 7138752 13963 591967 9 LI 13 

6 1073724 1088445 44408732 44997950 14722 589219 9 LI 2 

1 1383721 1392328 112529790 113118419 8608 588630 9 BPI 1 

1 1505219 1511964 121568712 122155819 6746 587108 9 BPI 1 

11 819356 824282 62993363 63580283 4927 586921 9 SC 1 

6 72727 83331 5013426 5599910 10605 586485 9 LI 3 

19 1383818 1392323 112534328 113118124 8506 583797 9 BPI 1 

7 1855300 1867817 142663348 143247137 12518 583790 9 LI 1 

5 1275469 1287606 42827134 43409860 12138 582727 9 LI 10 
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18 2570193 2588361 75747829 76327705 18169 579877 9 BPI 9 

2 2034715 2042753 151421306 151998299 8039 576994 9 BPI 1 

2 1851432 1864872 142514921 143090826 13441 575906 9 BPI 1 

1 2834047 2854904 108102164 108677057 20858 574894 9 BPI 4 

5 645140 657579 29178935 29753311 12440 574377 9 LI 18 

16 1982171 2000732 59556423 60129319 18562 572897 9 BPI 13 

14 2037674 2055532 73447053 74019829 17859 572777 9 BPI 2 

13 2038339 2047245 151695055 152267481 8907 572427 9 SC 1 

9 1946700 1958637 146991490 147563341 11938 571852 9 SC 1 

14 1745901 1765486 46377687 46946271 19586 568585 9 BPI 5 

10 1792584 1802781 139313798 139882250 10198 568453 9 LI 1 

1 1438564 1457863 44603344 45169312 19300 565969 9 BPI 20 

14 630833 634762 37684330 38249478 3930 565149 9 BPI 1 

5 1514282 1520380 122349489 122913819 6099 564331 9 LI 1 

8 2069619 2089103 75194292 75756824 19485 562533 9 SC 11 

1 1541537 1556179 47739130 48301056 14643 561927 9 BPI 6 

1 231633 248447 7073965 7635397 16815 561433 9 BPI 41 

18 2110483 2128015 63201308 63761638 17533 560331 9 BPI 8 

19 1360414 1375245 47033584 47593746 14832 560163 9 BPI 10 

19 738576 742159 52536890 53097036 3584 560147 9 BPI 1 

19 1098828 1102775 41824714 42384349 3948 559636 9 BPI 26 

13 425399 432846 20943885 21502213 7448 558329 9 SC 1 

6 3323325 3323707 105029053 105587279 383 558227 9 LI 7 

1 1516795 1523812 122606060 123163659 7018 557600 9 BPI 1 

14 1792654 1802618 139316348 139871122 9965 554775 9 BPI 1 

20 1852136 1864929 142540874 143094064 12794 553191 9 BPI 1 

2 1875823 1889029 143611309 144164470 13207 553162 9 BPI 1 

8 1075930 1084527 88003482 88555392 8598 551911 9 SC 1 

10 799011 803692 60621492 61172723 4682 551232 9 LI 1 

7 2604811 2619908 93831168 94381420 15098 550253 9 LI 2 

15 1360198 1367575 110788894 111338471 7378 549578 9 BPI 1 

10 1298959 1304020 105623291 106172010 5062 548720 9 LI 1 

2 491404 497831 25407893 25955347 6428 547455 9 BPI 1 

13 486742 493802 25081367 25627236 7061 545870 9 SC 1 

19 590283 607544 16378387 16923601 17262 545215 9 BPI 6 

8 3637132 3658714 126679037 127223648 21583 544612 9 SC 4 

9 1361384 1368537 110864982 111409048 7154 544067 9 SC 1 

3 2494896 2510359 82067665 82611042 15464 543378 9 BPI 6 

19 593976 598875 33567972 34110430 4900 542459 9 BPI 1 

14 1186003 1192487 96150704 96692885 6485 542182 9 BPI 1 
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17 1271129 1282928 42638893 43180676 11800 541784 9 BPI 10 

1 74482 92606 2391565 2932545 18125 540981 9 BPI 46 

10 3006577 3006797 104083929 104624816 221 540888 9 LI 6 

1 1105516 1119514 46995295 47535869 13999 540575 9 BPI 23 

2 1146197 1157356 44524850 45063278 11160 538429 9 BPI 16 

4 1176941 1188605 35923276 36461250 11665 537975 9 LI 15 

2 944962 959388 28851045 29387407 14427 536363 9 BPI 14 

6 1285592 1291107 104440679 104976637 5516 535959 9 LI 1 

14 1510838 1516734 122068992 122604434 5897 535443 9 BPI 1 

9 1492886 1497174 120491331 121026709 4289 535379 9 SC 1 

18 3026030 3041271 89910916 90446231 15242 535316 9 BPI 9 

19 1686712 1703116 59442227 59977252 16405 535026 9 BPI 10 

19 1690235 1700409 56687464 57221251 10175 533788 9 BPI 15 

14 2030974 2038056 151137370 151671043 7083 533674 9 BPI 1 

9 1586699 1595137 126784146 127317156 8439 533011 9 SC 1 

2 1048583 1067606 35209353 35741641 19024 532289 9 BPI 10 

1 1818838 1827868 140855695 141386896 9031 531202 9 BPI 1 

6 799173 803692 60642307 61172723 4520 530417 9 LI 1 

19 1474736 1495708 40458000 40988356 20973 530357 9 BPI 9 

10 1686843 1703109 59447391 59977151 16267 529761 9 LI 10 

18 1805338 1813603 140075072 140604420 8266 529349 9 BPI 1 

1 2132064 2146887 63935609 64463763 14824 528155 9 BPI 8 

10 1328266 1333443 108069798 108597629 5178 527832 9 LI 1 

13 2218270 2230376 77968348 78495986 12107 527639 9 SC 3 

2 2495340 2510272 82080721 82608086 14933 527366 9 BPI 6 

2 729920 744078 31607550 32134475 14159 526926 9 BPI 11 

6 289905 296406 12040007 12566102 6502 526096 9 LI 1 

2 1442044 1457117 35497047 36022815 15074 525769 9 BPI 24 

5 1071465 1080075 87725257 88250700 8611 525444 9 LI 1 

9 99001 106972 4008054 4533389 7972 525336 9 SC 17 

19 479970 486669 24553686 25078762 6700 525077 9 BPI 1 

14 1360635 1367575 110813463 111338471 6941 525009 9 BPI 1 

18 820718 824998 63143755 63668307 4281 524553 9 BPI 1 

1 934885 940763 76074082 76598237 5879 524156 9 BPI 1 

11 849531 854545 66855638 67379624 5015 523987 9 SC 1 

1 1708939 1723767 57523787 58046804 14829 523018 9 BPI 15 

18 1880708 1898031 50513129 51034821 17324 521693 9 BPI 5 

14 1656026 1666006 46417213 46938783 9981 521571 9 BPI 8 

17 2433426 2446663 79665237 80185653 13238 520417 9 BPI 6 

9 1642287 1648947 130714117 131234507 6661 520391 9 SC 1 
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11 1125160 1132348 91536327 92055573 7189 519247 9 SC 1 

6 533132 534337 17678396 18197524 1206 519129 9 LI 30 

9 204226 212106 6893077 7410602 7881 517526 9 SC 1 

19 162480 176449 10622576 11138736 13970 516161 9 BPI 11 

1 2457307 2471822 71832726 72347774 14516 515049 9 BPI 9 

3 1576456 1588998 40384031 40898601 12543 514571 9 BPI 5 

13 66132 77568 2922841 3437273 11437 514433 9 SC 1 

9 2491527 2508440 90296486 90808560 16914 512075 9 SC 2 

16 1978777 1990088 71891248 72401856 11312 510609 9 BPI 11 

13 1787289 1796646 139031768 139541844 9358 510077 9 SC 1 

6 1252689 1258368 36205429 36715419 5680 509991 9 LI 28 

10 309173 317401 13623401 14132696 8229 509296 9 LI 1 

20 1375487 1382804 111951972 112461235 7318 509264 9 BPI 1 

20 491799 497896 25449597 25958844 6098 509248 9 BPI 1 

2 827202 842689 19856134 20365284 15488 509151 9 BPI 22 

1 1734796 1748377 49497764 50006248 13582 508485 9 BPI 8 

19 128366 137978 10265691 10774119 9613 508429 9 BPI 16 

20 1808030 1816233 140244844 140752976 8204 508133 9 BPI 1 

4 1067158 1080122 44135869 44643771 12965 507903 9 LI 2 

12 1076617 1084527 88048136 88555392 7911 507257 9 SC 1 

19 2391494 2400071 72188195 72694788 8578 506594 9 BPI 13 

2 252578 267746 5960667 6467038 15169 506372 9 BPI 36 

10 818585 822806 62900611 63406802 4222 506192 9 LI 1 

2 2056396 2070870 61544164 62050018 14475 505855 9 BPI 8 

19 503974 523039 16911150 17416309 19066 505160 9 BPI 17 

1 2224775 2236227 63234278 63739134 11453 504857 9 BPI 9 

2 2682747 2699454 89043190 89547236 16708 504047 9 BPI 6 

14 426308 437449 23246213 23750023 11142 503811 9 BPI 23 

6 1186837 1192770 96211619 96715312 5934 503694 9 LI 1 

19 61750 68775 4631024 5134630 7026 503607 9 BPI 10 

7 1254199 1260641 101658006 102160844 6443 502839 9 LI 1 

14 2239052 2250316 80780532 81283311 11265 502780 9 BPI 2 

17 2030974 2037612 151137370 151639288 6639 501919 9 BPI 1 

13 1372782 1380123 111771524 112272665 7342 501142 9 SC 1 

5 1323985 1329461 107676376 108176471 5477 500096 9 LI 1 
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Table S4.8. Summary metrics for windows overlapping the CNDP2 gene and DGE output. 

scaffol
d 

Window 
start 

Window 
end 

Fst 
BPI_SC 

Fst 
BPI_LI 

Fst 
SC_LI 

dxy 
BPI_SC 

dxy 
BPI_LI 

dxy 
SC_LI pi_BPI pi_SC pi_LI 

Tajima's D 
BPI 

Tajima's D 
SC 

Tajima's D 
LI 

6 23220001 23270000 0.2766 0.4619 0.1445 0.0119 0.0114 0.0105 0.0033 0.0107 0.005 -0.102308 0.454067 -0.528947 

6 23230001 23280000 0.2775 0.4315 0.1453 0.0127 0.0123 0.0122 0.0034 0.0117 0.0065 -0.130701 0.439819 0.05491 

6 23240001 23290000 0.2831 0.4271 0.1437 0.0117 0.0112 0.0116 0.0028 0.0109 0.0065 -0.054796 0.400517 0.228972 

6 23250001 23300000 0.2991 0.4331 0.1407 0.0104 0.0102 0.0107 0.0022 0.0098 0.0064 -0.006311 0.447854 0.496787 

6 23260001 23310000 0.3048 0.3931 0.1466 0.0092 0.0081 0.0096 0.0018 0.0086 0.0058 0.037284 0.524358 0.399288 

6 23270001 23320000 0.3168 0.364 0.1616 0.0077 0.0057 0.0083 0.0012 0.0075 0.0045 0.139627 0.513771 0.529929 

6 23280001 23330000 0.315 0.3643 0.1452 0.0054 0.0029 0.0055 0.0005 0.0057 0.0025 0.492193 0.454994 0.207027 

6 23290001 23340000 0.2824 0.3056 0.1352 0.0045 0.0021 0.0045 0.0005 0.0051 0.0019 0.190844 0.414947 -0.079746 

baseMean log2FoldChange lfcSE stat pvalue padj          
1645.958 0.2649 0.1732 1.5296 0.1261 0.5405          

 
 


