
 

ABSTRACT 

BECKER, SHANNON EILEEN DUKE. Karyotypic Changes in the Canidae Inform 
Characteristics of Speciation, and Suggests a Common Mechanism for Restructuring 
Chromosomes. (Under the direction of Dr. Matthew Breen.) 

 

Understanding karyotypic change will help explain why certain regions of the genome are 

regularly involved in disease and speciation.  Already, it has been shown that chromosomal 

breakpoints in genomes are not random, and instead, occur consistently at fragile breakpoint 

regions, and cancer and evolutionary breakpoints overlap.  There may be a common 

mechanism for karyotypic change that results in new species, and also genetic disease. Canid 

karyotypes are very diverse, and the modern chromosome structures contain recognizable 

karyotypic differences between closely related species.  Canid karyotypic changes were 

characterized, to further understand the role of genome instability in evolution and cancer. 

 

Color coded chromosome panels comprising specific dog sequence DNA probes were 

utilized in fluorescence in situ hybridization (FISH) reactions to identify and orient 

homologous regions of canid chromosomes, called evolutionarily conserved chromosome 

segments (ECCSs) across 12 modern canid species, representing each major canid grouping.  

Using additional probe panels in FISH reactions, and a canine oligonucleotide microarray in 

array painting experiments, six common evolutionary breakpoints (EBRs) present in Canidae 

were identified and narrowed.  These EBRs also overlap with known regions of instability in 

canine and human cancers.  As such, the fragile breakage model, positing that breakpoints in 

genomes exist at fragile breakpoints, and the breakpoint reuse theory, describing the overlap 

of EBRs and cancer breakpoints, is consistent with karyotypic change in the Canidae. 



 

 

Supernumerary chromosomes, called B chromosomes, were examined in 3 canid species.  

These chromosomes exist in variable copy number in each species, and have previously been 

considered inert and largely repetitive in nature. Using specific DNA probes representing 

gene-containing regions of the dog genome in FISH reactions, a total of 25 regions were 

identified on the B chromosomes of red fox, Chinese raccoon dog, and Japanese raccoon 

dog.  Array painting of red fox B chromosomes identified an additional 19 regions of the dog 

genome, including proto-oncogenes, tumor suppressors, transcription factor, growth factor, 

cyclin dependent kinase, and components of several cell junctions.  This constitutes the 

largest characterization of mammalian B chromosome sequence to date. Identified genes 

have been shown to be altered in cancer and disease, but it is unclear whether canid B 

chromosome-specific sequence contributes to the transcriptome and proteosome.   

 

Centromerization, the process that occurs when centromeres are “born” (neocentromere), 

relocated (centromere repositioning), “die” (inactivated) and are resurrected, occurs in step 

with other structural changes in the karyotype.  Specific chromosomal regions designated 

"neocentromere hotspots" overlap with previously inactivated centromeres, suggesting that 

region retains an unknown centromeric marker.  The centromerization status of grey fox, red 

fox, and dog chromosomes was examined using canid centromeric probes and species-

specific repetitive DNA probes.  Dog centromeres are likely mature, because centromeric 

repeats are present, indicating dog chromosome structures are long-established.  However, 

grey fox and red fox chromosomes harbor evidence of their dynamic restructuring since the 

last common canid ancestor.  We identified 3 likely neocentromeres, and 22 likely 



 

inactivated centromeres. The regions involved in centromerization often lie within EBRs, or 

at ECCS borders, which is consistent with patterns of ECCS reorganization. 

 

Taken together, these data confirm that evolutionarily conserved chromosomal segments are 

shared across the Canidae, and shared breaks in synteny (evolutionary breakpoint regions) 

correspond with regions of instability in cancers.  B chromosome sequence was identified 

and corresponds with duplications of gene containing autosomal sequence. Future work will 

determine the significance of the B chromosome-specific sequence.  Shared breakpoints and 

centromeric status are largely consistent with the accepted phylogenetic tree, with a few 

suggested alterations to the divergence of modern canid species.  
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CHAPTER 1: A REVIEW OF THE LITERATURE REGARDING CHROMOSOME 
RESTRUCTURING IN THE CONTEXT OF EVOLUTION AND THE SPECIATION OF 
CANIDAE 

 
Overview 
 

Understanding change to chromosome structures (a species' karyotype) will help explain why 

certain regions of the genome are involved in disease and speciation.  Already, it has been 

shown that chromosomal breakpoints in mammalian genomes are not random, and instead, 

occur consistently at fragile breakpoint regions (Pevzner and Tesler, 2003; Peng et al., 2006).  

This theory, called the Fragile Breakage Model (FBM), proposed that these regions are prone 

to rearrangement.  It was then shown that both cancer and evolutionary breakpoints overlap, 

transforming the FBM into a more holistic theory called the Breakpoint Reuse Theory (BRT) 

(Murphy et al., 2005; Webber and Ponting, 2005).  There may be a common mechanism for 

karyotypic change that results in new species, and also genetic disease.  In speciation, 

karyotypic changes that occur and remain tolerable over evolutionary time, lead to divergent 

modern species.  However, de novo alterations during the lifetime of an individual are likely 

intolerable, leading to disease and death.  It is currently unclear why the occurrence of 

similar karyotypic changes may be either tolerated, or not tolerated in differing individuals.  

Many of these processes have been studied in humans in both speciation and disease 

contexts.   

 

Clades such as Equidae and Canidae represent groups of species with highly diverse 

karyotypes.  Karyotypes of modern canid species range in chromosome number from 2n=34 

plus a variable number of supernumerary chromosomes in red fox, to 2n=78 in domestic dog 
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and most wolf-like canids.  This wide range in structures represents dynamic restructuring in 

a short evolutionary period. This rapid karyotypic change includes breakage-fusion events, 

and centromerization. The age of divergence between modern canids is short, and the modern 

chromosome structures contain recognizable karyotypic differences between closely related 

species.   

 

Centromerization, the process that occurs when centromeres are “born” (neocentromere), 

relocated (centromere repositioning), “die” (inactivated), and are resurrected from previously 

inactivated centromeres, occurs in step with other structural changes in the karyotype.  

Although centromerization simply describes the status and location of centromeres (Rocchi 

et al., 2011), inversions of large sections of sequences coincide with centromere 

repositioning (Duke Becker et al., 2011).  Karyotypic change, including centromerization, 

reorganization of evolutionarily conserved chromosomal segments (ECCSs), locations of 

breakpoints, and variability of chromosome numbers can be understood in the context of 

speciation as well as disease. Since canine cancers are among the most studied non-human 

mammalian cancers, canids are ideal to study the connection of chromosome restructuring in 

disease and evolution. 

 

Speciation and chromosomal rearrangements 

 

The chromosome theory of speciation, also sometimes called the hybrid dysfunction model of 

speciation, separates chromosomal rearrangements into three categories.  The first includes 

those that are deleterious, such as human supernumerary chromosomes (Fuster et al., 2004).  
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The second includes those that can produce polymorphisms in the population, observed in 

arctic fox (Alopex lagopus, ALA), where a chromosome fusion (ALA23/24) is prevalent in 

the species, making the diploid number range 2n=48, 49, or 50.  The third includes those that 

cause underdominance, when heterozygotes for the rearrangement have lowered fitness 

compared to those with the original structure.  Underdominance is seen in most hybrids 

between equid species because they are almost always sterile (Brown and O'neill, 2010). 

 

Heterokaryomorphic species with more than one “normal” karyotype, including animals such 

as the arctic fox, have individuals that may carry a fusion chromosome, and lead to a diploid 

number range of 48, 49, or 50.  An individual with one fused chromosome will have 2n=49 

(see Figure 1B) instead of 2n=50, and those that are homozygous for the fusion have 2n=48.  

Homozygous females (2n=48) have an increase in fecundity compared to 2n=49 or 2n=50 

females, while the pup survival is highest for 2n=49 pups (Christensen and Pederson, 1982). 

As such, fox farmers prefer to mate 2n=48 arctic fox females to 2n=50 arctic fox males to get 

heterozygous pups for fur, that would not be mated themselves.  The mating stocks remain 

separate, as homozygous populations.  This example represents both the second and third 

categories of the hybrid dysfunction model of speciation, because the heterokaryomorphs 

correspond with population polymorphisms.  The fact that 2n=49 individuals have reduced 

fecundity compared to 2n=48 individuals, and reduced survival compared to 2n=50 

individuals exemplifies underdominance, and may represent a snapshot of speciation. 

 

Hybrids between separate species usually have reduced fertility and are often sterile (i.e. 

ligers, mules).  Allodiploid hybrids are individuals whose chromosomes are derived from two 
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species, such as the horse/donkey hybrid, mule/hinny. When the cells of these allodiploid 

hybrids are examined, they contain a mixture of the parental chromosomes.  Hybrids between 

red fox Vulpes vulpes (VVU) and arctic fox Alopex lagopus (ALA) have been well studied 

(Mäkinen and Gustavsson, 1982).  While the acrtic fox karyotype has 48-50 chromosomes, 

the red fox karyotype comprises 34 chromosomes, plus a variable number of supernumerary 

chromosomes, called B chromosomes.  Fur farmers routinely mate male red foxes to female 

arctic foxes because while the hybrid offspring is sterile, they retain the coloration of the 

arctic fox mothers and the larger size of the red fox father.  Additionally, the increased 

fecundity of arctic fox compared to red	fox makes this an appealing practice for fur farming 

businesses (Mäkinen and Gustavsson, 1982).  Mäkinen and Gustavsson (1982) found that 

hybrid offspring were 2n=41-42 depending on whether the arctic fox mother passed the 

ALA23/24 fusion onto her progeny, and the hybrid offspring also inherited a variable number 

of B chromosomes from their red	fox father.  

 

Figure 1-1 is adapted from Mäkinen and Gustavsson 1982, and represents one such example 

of cross-species mating between a male red	fox (2n=34 + 3B) and a female arctic fox who is 

heterozygous for the ALA23/24 fusion (2n=49).  The resulting allodiploid hybrid animal is a 

female with one B chromosome and an ALA23/24 fusion chromosome.  Each parental 

chromosome is obvious in the hybrid karyotype.  All red fox/arctic fox hybrids, including the 

individual shown in Figure 1-1, are sterile as predicted in the hybrid dysfunction model of 

speciation, and more specifically in the underdominance category of chromosome structural 

(Brown and O'Neill 2010). 
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Centromerization and its role in karyotypic change 

 

Centromerization is the process of centromere formation, relocation, inactivation, and 

reactivation.  Neocentromeres are "born" in newly formed centromeric regions, and as those 

centromeres accumulate repetitive sequence they "mature".  Occasionally centromeric 

regions are inactivated and become non-centromeric, signaling the "death" of that 

centromere.  If previously inactivated centromeres become centromeric again, they are 

"resurrected".  Figure 1-2 illustrates the centromerization cycle, including establishment of a 

neocentromere, its maturation, inactivation, and resurrection.  In eukaryotes, it is believed 

that centromeric determination is not sequence-dependent, and is instead governed by 

epigenetic marking. 

 

Experimentally, neocentromeres can be made in vitro (Burrack and Berman, 2012). Induction 

of Robertsonian translocations by disruption of the telomeres of cultured human cells 

produces dicentric chromosomes (Stimpson et al., 2010).  Ordinarily, one of the centromeres 

in a dicentric chromosome will inactivate, to preserve the integrity of the chromatin during 

cell cycles.  However, these induced dicentric chromosomes are able to retain two active 

centromeres over 20 cell divisions.  When the second centromere is inactivated, that location 

retains its repetitive sequence (Stimpson et al., 2010).  

 

Naturally occurring human neocentromeres (HNs) develop on acentric fragments created 

following double strand break events. This type of neocentromere is usually seen in 

derivative chromosomes called marker chromosomes.  Over 100 HNs have been documented 
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(Scott and Sullivan, 2014) and there are HN hot spots on HSA3q26-ter, HSA8p, HSA13q21-

32, HSA15q24-26 (Ventura et al., 2003).  Possibly more exist, but many chromatin 

remodeling events that create neocentromeres in humans are often identified in clinical 

patients.  The majority of marker chromosomes involve inverted duplications of chromosome 

segments (Murmann et al., 2009), and this structure develops a neocentromere.  The first 

discovered, and most characterized, marker chromosome containing a neocentromere is the 

mardel chromosome (Marshall et al., 2008).  This marker chromosome originates from 

HSA10 sequence and contains a centromere at HSA10q25. This centromere lacks 

centromeric repeats called “satellite repeats” in humans (Choo, 2001). 

 

Another type of naturally occurring neocentromere is called an evolutionarily new 

centromere (ENC).  ENCs are neocentromeres that are the result of karyotypic change across 

a clade over evolutionary time.  As species diverge, breakage-fusion events, including 

Robertsonian translocations, create new chromosome structures.  These structures contain 

evolutionarily conserved chromosomal segments (ECCSs) that are sometimes inverted or 

rearranged around evolutionary breakpoint regions (EBRs).  A consequence of this 

restructuring is that in many cases, ancestral chromosomal structures are reshaped, 

necessitating centromere changes.  Fission of an ancestral chromosome creates two structures 

in the new species and the ancestral centromere could be retained as the centromere in one of 

these structures, while the second new chromosome structure gains a new centromere.  This 

new centromere is an ENC and while the ancestral centromere retained in the first 

chromosome may retain the ancestral chromosome’s centromeric repeats, the ENC would not 
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have centromeric repeats.  Over thousands to millions of years (Kalitsis and Choo, 2012), 

this ENC could accumulate centromeric repeats, making the ENC a mature centromere.   

 

The formation of human (HSA) chromosomes 14 and 15 from the ancestral primate structure 

illustrates formation of neocentromeres in speciation.  Following the transition the Ancestral 

Placental Mammalian Karyotype chromosome 5 (APMK5) to the Ancestral Primate 

Karyotype (APK), modern primate structures developed (Figure 1-3).  The ancestral primate 

chromosome structure was organized such that the sequence comprising HSA14 and HSA15 

were on one submetacentric chromosome (Ventura et al., 2003).  The APK5 chromosome 

structure is still present in Old World Monkeys (macaque, baboon, etc.), while an ancestor to 

humans and the great apes experienced a breakage event, separating the submetacentric 

APK5 chromosome into two autosomes.  This fission led to two neocentromeres and an 

inactivation of the ancestral centromere (Ventura et al., 2003).   

 

The inactivated APK5 ancestral centromere is located at HSA15q25, coincident with a 

known human neocentromere (HN) hotspot located at HSA15q24-26 (Choo, 2001).  In 

addition, a well-studied duplicon, DUP25, is found in the region (Gratacòs et al., 2001; 

Ventura et al., 2003).  The overlap of ancestral centromere, HN hotspot, and extensive 

repetitive region is consistent with the hypothesis that there is an inherently fragile region at 

this region of HSA15/APK5 that is repeatedly a center of chromosome restructuring in 

speciation and disease.  The ancestral mammalian karyotype (AMK) chromosome 5 also 

transitioned to the ancestral carnivore karyotype (ACK) chromosome 7.  The structure of 

ACK7 is conserved as the modern cat chromosome B3, and is rearranged in canids, 
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corresponding to dog (CFA) chromosomes 3, 8, and 30 (Perelman et al., 2012).  The 

rearrangements into the dog forms would necessitate at least two neocentromeres.  The 

APMK5 transitions to modern species clearly show the dynamic nature of karyotypes, both 

in present day, and in evolutionary context.  In fact, Carbone et al (2006) stated, “present-day 

neocentromeres occurring in human clinical cases are better understood if viewed in an 

evolutionary frame”. 

 

 
Technology of cytogenetics to study evolution and disease 

 

Many types of banding techniques have been developed to explore chromatin structure.  

Probably the most widely used technique is G-banding, which uses trypsin to permanently 

digest the chromatin, followed by a Giemsa stain (a mixture containing four stains: 

methylene blue, methylene violet, methylene azure, and eosin) to stain heavily A-T regions 

of the chromosome, leaving G-C rich regions pale (Comings and Avelino, 1974).  This 

staining produces very reliable banding patterns that can be visualized with simple light 

microscopes, but does destroy the chromatin, reducing the ability to further study the 

chromosomes.  Occasionally, researchers G-band chromosomes and image the slides before 

further analysis (Graphodatsky et al., 2005), however, subsequent imaging is affected 

compared to chromosomes not treated with trypsin.   

 

Another type of banding, C-banding, is done to detect regions of heterochromatin: 

chromosomes are denatured using hot acidic or salt solution, which digests the euchromatin, 
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and the remaining heterochromatin is then Giemsa stained (Comings and Avelino, 1974).  C 

banding destroys the chromatin more than G-banding and is not compatible with serial 

procedures.  As pericentromeric regions contain blocks of heterochromatin, they usually 

uptake stain well, and appear dark.  More modern methods of detecting heterochromatin 

involve identifying H3K9Me3 histone modifications (ninth lysine on histone 3 tails are 

methylated), which coincide with regions of heterochromatic, silenced regions of the 

chromosomes (Kalitsis and Choo, 2012).  

 

As fluorescence became an important aspect of microscopic and genetic analysis, it was 

necessary to adopt a banding technique that could be done while applying fluorescent probes 

(such as chromosome paint probes).  Fluorescent stains such as quinacrine, chromomycin 

A3, Hoechst 33258, and 4',6-diamidino-2-phenylindole (DAPI) stains differentially stain G-

C and A-T rich regions to create characteristic banding patterns that reflect G banding 

patterns to a great degree (Bickmore, 2001).  More importantly, these stains do not degrade 

the chromatin, which is crucial for many downstream analyses.  In most fluorescent work, 

DAPI has been adopted as the banding stain of choice because it fluoresces at a shorter 

wavelength than most fluorophores used to label specific loci or chromosome paints, which 

maximizes the range of available fluorophores in each analysis. 

 

Chromosomes from clinical cases have been compared to the “normal” banding pattern of 

the karyotype to identify gross abnormalities, such as identification of trisomies like trisomy 

of human chromosome 23, which causes Down syndrome.  Comparisons between 

homologous chromosome regions can be done across species as well, to infer the evolution 
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of the species from a common ancestor.  In fact, a number of highly accurate comparative 

banding publications have been supported when examined with more advanced genetic tools 

(Wayne et al., 1987a; Wayne et al., 1987b).  Despite this, subchromosomal rearrangements 

were subsequently identified that were not described by comparison of banding patterns 

(Duke Becker et al., 2011).   

 

Using flow sorting or microdissection to obtain chromosomes of interest, the hybridization of 

fluorescently-labeled or hapten-labeled chromosome paints allowed researchers to directly 

show that whole regions of chromosomes were largely comparable and homologous across 

species, genus, family, and even larger clades (Thomas et al., 1999; Yang et al., 1999).  

Using banding experiments alongside comparative chromosome painting experiments 

between canid species and with carnivores like domestic cat inferred the structure of canid 

and carnivore ancestral karyotypes (Perelman et al., 2012).   

 

The use of genome sequencing in the molecular cytogenetics field meant that even genomes 

not fully sequenced could benefit by the sequencing of their relatives.  Genetic analysis for 

all canids thereby became possible when the dog genome was sequenced and the dog 

bacterial artificial chromosome (BAC) library created.  The dog is the only canid sequenced 

to date, although the Beijing Genome Institute has plans to sequence red fox.  By utilizing the 

dog genome assembly created by shotgun sequencing of a boxer genome (Lindblad-Toh et 

al., 2005), it is possible to identify regions of canid karyotypes that contain homologous 

sequence.  Homologous sequences are found in large chromosomal regions across many 

species, called evolutionarily conserved chromosome segments (ECCSs).  Figure 1-4 shows 
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the CFA1 ECCSs in dog and red fox, and the BAC probe panels orient the segments relative 

to dog. 

 
 
 
Canid phylogenetics 
 

Canids are believed to have diverged from the common carnivore about 60MYA 

(Graphodatsky et al., 2008; Nash et al., 2008), and from a common canid ancestor about 10-

15 million years ago (MYA) (Wayne et al., 1997).  It is believed that the ancestral carnivore 

karyotype (ACK) was composed of 38 chromosomes (Nash et al., 2008), and this karyotype 

underwent 67 changes to become the Canidae ancestral karyotype (CAK) (Graphodatsky et 

al., 2008).  This set of chromosome structures then changed during speciation of the modern 

canids.  Karyotypes of modern canid species range in chromosome number from 2n=34 + Bs 

(red fox) to 2n=78 (domestic dog and most wolf-like canids).  Figure 1-5 demonstrates the 

range in chromosome structures of dog, red fox, Chinese raccoon dog, and grey fox.  While 

dog and grey fox autosomes are acrocentric, red fox chromosomes are submetacentric.  

Chinese raccoon dog chromosomes are a mixture of submetacentric (NPRp1-5, X, Y) and 

acrocentric (NPRp6-26).  This wide range in structures represents a rapid and dynamic 

restructuring in a relatively short evolutionary period.  The age of divergence between 

modern canids is short, and the modern chromosome structures contain recognizable 

karyotypic differences between closely related species.  This makes canids an ideal setting to 

explore why specific regions of karyotypes are consistently found to be centers of 

chromosome formation, centromerization, and breakpoints in both speciation and disease.  
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Phylogenetic analysis generally has four steps: 1) selection of characters to analyze; 2) 

performing multiple sequence alignments of DNA, RNA, or proteins; 3) tree building; and 4) 

tree evaluation.  Maximum parsimony (MP) seeks to build a tree with the fewest number of 

character changes to account for the observed phenotype or genotype.  Maximum parsimony 

has the advantage of being a powerful method to describe hierarchical relationships, and 

assumes the observed states are related because of common ancestors (Pevsner, 2003).  In 

this work, karyotype characteristics are considered present or not present.  The more 

parsimonious explanations seek to describe this present/not present status for multiple 

presumed characters as they develop from the presumed ancestral state.  I do not address the 

multiple alignments of DNA, RNA, or proteins because except for dog, canid genomes are 

not fully sequenced.  Instead of building de novo trees, I suggest changes to make the most 

accepted trees (Bardeleben et al., 2005; Lindblad-Toh et al., 2005) more parsimonious using 

the additional data collected in this work. 

 

Early canid phylogenies were constructed using morphological features, such as skull shapes 

or the presence of a trenchant heel, combined with geographic habitats (Wayne et al., 1997).  

Canid karyotypes have been compared across the Canidae Family, to identify common 

patterns.  This method allowed researchers to combine rudimentary comparative genetic 

information with previous phylogeny trees, to create some of the first phylogenetic trees of 

the Canidae (Wayne et al., 1987a; Wayne et al., 1987b).  Sequences of three mtDNA genes 

(cytb, COI, and COII) formed the basis of many modern canid phylogenetic trees (Zrzavy 

and Ricankova, 2004).  These phylogenetic trees generated by examination of morphological 

features and the three mtDNA gene sequences in 23 modern canids noted that the placement 
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of raccoon dogs (species were not differentiated), the maned wolf/bush dog group, and bat-

eared fox were controversial.  When each dataset was considered in isolation and in 

combination, placements for these canids varied (Zrzavy and Ricankova, 2004).  Grey fox 

was always placed as the basal-most canid.  In several alternative trees, bat-eared fox and/or 

raccoon dogs were also basal.  Vulpes species and fennec fox were grouped as a clade called 

"true foxes", which is distinct from "dog-like" canids including dog, maned wolf, bush dog, 

crab-eating fox, and hoarey fox (Zrzavy and Ricankova, 2004). 

 

Subsequent trees were constructed based on sequence comparisons of six nuclear genes 

across 23 species, and also incorporated cytb, COI, and COII mtDNA sequences (Bardeleben 

et al., 2005).  This work classified grey fox as a basal canid as well, and differentiated 

between South American foxes (including crab-eating fox), and South American canids 

(including maned wolf and bush dog).  Fox-like canids included arctic fox, kit fox, red	fox, 

and fennec fox.  The currently most-accepted phylogenetic tree was generated based on the 

same six loci, and an additional set of intron and exon sequences (Lindblad-Toh et al., 2005).  

Major canid groupings were reported as fox-like canids (including kit fox, red	fox, fennec 

fox, Chinese raccoon dog, Japanese raccoon dog, and OME), South American canids 

(including crab-eating fox, hoarey fox, maned wolf, and bush dog), wolf-like canids 

(including dog), and island fox canids as a basal group (including grey fox) (Figure 1-6) 

(Lindblad-Toh et al., 2005).  Data published previously (Duke Becker et al., 2011), and 

reported in this work challenge several placements of this 2005 phylogenetic tree, including 

locations of crab-eating fox, Chinese raccoon dog and Japanese raccoon dog, and the maned 
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wolf /bush dog group.   I believe that the addition of cytogenetic data into generation of 

phylogenetic trees clarifies canid evolutionary history. 

 

Supernumerary chromosomes and the characteristics of B chromosomes 
 

The normal complement of chromosomes in an individual can be thought of as the A 

chromosomes, comprising the autosomal pairs and sex chromosomes.  In some cases, extra 

chromosomes appear in a karyotype.  While in human clinical cases, extra chromosomes are 

called supernumerary chromosomes or derivative chromosomes, some animal and plant 

species’ karyotypes have integrated supernumerary chromosomes in varying numbers into 

their normal karyotypes.  These supernumerary chromosomes, called B chromosomes, do not 

follow Mendelian laws of inheritance.  Instead, B chromosomes are mitotically unstable—

they seem to segregate into daughter cells in a random manner, resulting in cells with varying 

numbers of B chromosomes within the same tissue type in the same individual.  Despite the 

varying number of B chromosomes between cells within a single individual and between 

individuals in a species/population, fitness of individuals with more or fewer B chromosomes 

is not always affected.  This suggests that in species where fitness is not affected, B 

chromosomes are not functional parts of the genome.   

 

During the M phase of the cell cycle, homologous chromosome pairs form bivalents, and 

kinetochores attach to their centromeres, which recruit microtubules that pull each homolog 

to opposite poles.  However, B chromosomes often behave in a univalent manner (T. Ryan 

Gregory et al., 2005).  Studies in mouse oocyte meiotic errors have shown that univalent 
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chromosomes do not trigger the spindle assembly checkpoint, and instead of being pulled to 

each pole simultaneously, univalent appear to behave fairly normally, as if they were part of 

a homologous pair (Jones and Lane, 2013).  Both Chinese raccoon dog and red	fox B 

chromosomes have been shown to alternatively behave as univalent, bivalent, or multivalent 

in meiotic cells, suggesting their homology is sufficient to pair in meiotic prophase (Shi et 

al., 1988; Switonski et al., 2003).  However, it is unclear whether Chinese raccoon dog Bi, 

Bii, and Biii chromosomes are able to pair.  It is possible that those examined were simply 

multiple copies of a single B chromosome type. 

 

It is estimated that approximately 15% of eukaryotic species contain B chromosomes 

(Camacho et al., 2000), and it is estimated that there are 55 mammalian species containing B 

chromosomes (T. Ryan Gregory et al., 2005).  B chromosomes can range in size, from being 

the smallest in the karyotype to being some of the largest, depending on the species (T. Ryan 

Gregory et al., 2005).  The most studied B chromosome-containing species are the 

grasshoppers Eyprepocnemis plorans and Dichroplus elongates (Camacho et al., 2004; 

Munoz-Pajares et al., 2011; Rosetti and Remis, 2013).  In these species, B chromosomes do 

have effects on the fitness of the individuals.  Dichroplus elongates males have a reduction in 

size with the increase in B chromosome number (fitness decrease), while females increase 

their reproductive potential (fitness increase) (Rosetti and Remis, 2013).  This exemplifies 

the paradox of B chromosomes that affect fitness: their maintenance is a balance between 

accumulation mechanisms and their possible effects, good or bad, on the species’ fitness. 
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In the Canidae, there are three species possess B chromosomes: the red fox Vulpes vulpes 

(VVU), the Chinese raccoon dog Nyctereutes procyonoides procyonoides (NPRp), and the 

Japanese raccoon dog Nyctereutes procyonoides viverrinus (NPRv).  In these, no change in 

fitness with varying B chromosome numbers has been reported.  Additionally, there have 

been reports that the maned wolf Chrysocyon brachyurus (CBR) also possesses B 

chromosomes, although at very low frequencies (3-7% of all cells examined) in three 

individuals (Pieńkowska-Schelling et al., 2008; Trifonov et al., 2010).  Unfortunately, maned 

wolf cells in the individual assessed by our lab did not contain B chromosomes, which likely 

reflect the variability of B chromosome number in the species.  Figure 1-7 shows the inverted 

DAPI banding of B chromosomes from red	fox (A), Japanese raccoon dog (B), and Chinese 

raccoon dog (C).  Red	fox B chromosomes are small, approximately the size of the red	fox	Y 

chromosome.  Japanese raccoon dog B chromosomes are considered medium sized, 

comparable to the smallest Japanese raccoon dog acrocentric chromosomes (but still greater 

in size than red	fox B chromosomes).  Chinese raccoon dog B chromosomes are the largest 

canid B chromosomes and may be the largest mammalian B chromosomes.  They are 

comparable in size to NPRp6-9, which means they range in size ~95-140Mb (this work, and 

Duke Becker et al. 2011). 

 

Red	fox B chromosomes have been shown to be C band negative, meaning red fox B 

chromosomes lack heterochromatin, and stain lightly with G-banding, suggesting they are 

enriched with G-C rich sequence (Mäkinen, 1985).  Likewise, maned wolf B chromosomes 

have very light G banding (Pieńkowska-Schelling et al., 2008).  Japanese and Chinese 

raccoon dog B chromosomes have dark C banding along the length of each chromosome 
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(Mäkinen et al., 1986), which suggests much of the Japanese raccoon dog B chromosomes 

are heterochromatic.  Chinese raccoon dog B chromosomes have dark and light G bands (Nie 

et al., 2003) along the length of each sub type (NPRpBi, NPRpBii, NPRpBiii (Duke Becker 

et al., 2011)), although they appear to have differing patterns of bands (Shi et al., 1988).  

Likewise, Japanese raccoon dogs have differential G bands on B chromosomes (Mäkinen et 

al., 1986). 

 

In an effort to understand the content of the B chromosomes of red	fox, Chinese raccoon 

dog, and Japanese raccoon dog, a probe for telomeric sequence was hybridized to these 

species. It was determined that the proximal 2/3 of each arm of red	fox B chromosomes 

contained tandemly duplicated telomeric sequence. While NPRpBi interstitial telomeric 

sequence is only found on the distal 80% of the chromosome, it appears the entirety of 

NPRpBii contains telomeric repeats, and the signal on both chromosomes was variable in 

strength (Wurster-Hill et al., 1988).  Japanese raccoon dog B chromosomes seem to contain 

telomeric signals in various locations along the length of all three B chromosome subtypes 

(Nash et al., 2001).   

 

Direct interrogation of the genetic content of canid B chromosomes began with applying 

whole or partial chromosome paints onto metaphase chromosome spreads from the same 

species.  The red	fox B chromosome paint was applied to red	fox chromosomes and it 

hybridized to the centromeres of the A chromosomes, suggesting red	fox B chromosomes 

contain centromeric repeats (Switonski et al., 2003), however, data generated in our lab 

contradicts these findings.  The red fox B chromosome paint also hybridized to regions of 
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VVU5p and VVU4p that correspond with CFA19b and CFA32 ECCSs.  In 2005, the proto-

oncogene cKIT was shown to lie on the B chromosomes of red	fox, Chinese raccoon dog, 

and Japanese raccoon dog (Graphodatsky et al., 2005), and since then, we have further 

identified duplicate A chromosome sequence and additional genes associated with cancer 

development and progression present on the canid B chromosomes (Duke Becker et al., 

2011). 

 

Cancer, genetic disease, and breakpoint reuse 
 

Previous research has shown that chromosomal breakpoints in genomes are not random, and 

instead, occur consistently at fragile breakpoint regions (the Fragile Breakage Model, 

Pevzner and Tesler, 2003; Peng et al. 2006).  Later, it was shown that cancer breakpoints and 

evolutionary breakpoint regions overlap, transforming the Fragile Breakage Model (FBM) 

into a more holistic theory called the Breakpoint Reuse Theory (BRT) (Murphy et al., 2005; 

Webber and Ponting, 2005).  The BRT suggests a shared mechanism for karyotypic change 

that can result in new species, and also genetic disease.  

 

The fragile breakage model has been widely supported, and one of the most important FBM 

papers connects evolutionary breakpoints and disease/cancer breakpoints (Murphy et al., 

2005).  The project identified homologous regions and evolutionary breakpoint regions 

(EBRs), and showed that across five mammalian orders and eight species, ~20% of all 

breakpoints during evolution in these genomes (by comparison to each other) were reused 

(Murphy et al., 2005).  Figure 1-8 (adapted from figure S2 in Murphy et al. 2005) displays 



 19 

the EBRs present on HSA4 and HSA8 between seven mammalian species.  Within these 

chromosomes, the arrows with numbers correspond with recurrent cancer breakpoint regions.  

In addition, these locations are enriched for centromeres; suggesting centromerization was an 

important factor for mammalian karyotypic evolution and speciation.  Finally, they found 

that breakpoint regions were enriched for genes.  Cancer breakpoints were found three times 

more often at EBRs than in non-breakpoint regions, supporting the idea that the same regions 

undergo karyotypic change in a similar mechanistic process, whether that change is 

coincident with cancer or speciation.  This work establishes the shared breakpoint regions 

across 11 canid species, and by comparison to canid cancer breakpoints, adds to the support 

for the Breakpoint Reuse Theory. 
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Dissertation Outline 
 

In this dissertation I hypothesize that 1) canid karyotypes have diverged rapidly from a 

common ancestor such that evolutionarily conserved chromosome segments (ECCSs) 

became reorganized and reoriented, 2) as predicted in the fragile breakage model (FBM), 

these ECCSs are separated by evolutionary breakpoint regions (EBRs), which are common 

across taxa and overlap with breakpoints associated with disease, 3) supernumerary 

chromosomes called B chromosomes, found in three canid species examined, contain 

significant sequence homologous to A chromosomes, and 4) because of the rapid karyotypic 

change the Canidae underwent, evolutionarily new centromeres are present on canid 

chromosomes.  The following chapters explore the karyotypic change that has occurred in the 

Canidae, by examination of 12 canid species (Table 1-1) and investigate what inferences 

regarding evolutionary change/speciation, and specifically karyotypic dynamics as a whole, 

can be determined from these patterns.   

 

In this work, I have found that breakpoints between ECCSs are shared across the Canidae 

and overlap with the phylogenetic tree.  However, based on ECCS and EBR mapping, it was 

suggested that there be a change to the phylogenetic tree, proposing that the bat-eared fox 

(OME) be grouped closer to the Chinese (NPRp) and Japanese (NPRv) raccoon dogs (Duke 

Becker et al., 2011), and a change shifting the maned wolf /bush dog group split before the 

wolf-like split.  The bat-eared fox shift has been accepted into the Canidae tree in at least one 

subsequent publication (Perelman et al., 2012).  Canid EBRs were found to additionally 

overlap with regions of instability in canine cancer, as well as human cancer.  While 
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identifying the ECCSs in each species, the orientation of each ECCS was noted and in many 

instances, the orientation changed relative to dog.  We documented evidence of 

centromerization, including neocentromere formation and centromere inactivation, 

suggesting centromeres repositioned or were otherwise created as species diverged from 

common ancestors.  Finally, we showed that red fox, Chinese raccoon dog, and Japanese 

raccoon dog B chromosomes contain many genic sequences in multiple copies, in addition to 

the sequence homologous to dog on the species’ A chromosomes.  Numerous additional 

sequence duplications were identified on canid B chromosomes. 

 

In summary, this dissertation confirms that 1) karyotypes of modern canids are composed of 

segments of homologous sequence called evolutionarily conserved chromosomal segments 

(ECCSs), which became reorganized and reoriented from ancestral karyotypes because of 

breakage-fusion events surrounding evolutionary breakpoint regions.  2) These EBRs overlap 

with regions of the dog genome known to be unstable in canine and human cancers, which 

support the fragile breakage model and breakpoint reuse theory.  3) B chromosomes contain 

genic sequence, which is sometimes found in tandem copies, in addition to the A 

chromosome-homologous region.  4) Evolutionarily new centromeres (ENCs) arose, and 

centromeres were inactivated in the Canidae as new chromosome structures emerged.  Many 

regions involved in centromerization correspond with regions of fragility in canine cancer, 

and regions of structural rearrangements in evolution of the Canidae.  It may be that the same 

processes that occur in evolutionary context are the very processes that can also cause 

disease. 
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Table 1-1 describes the samples used in this dissertation. 
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Figure 1-1.  G banded karyotypes of a female hybrid animal and its parents, a male red fox 
and a female arctic fox.  A) red fox (VVU) male 2n=34 + Bs mated to B) arctic fox (ALA) 
female 2n=49 (animal is heterozygous for the ALA23/24 fusion) resulted in a female with 
2n=41 + 1B.  C) The origin of each chromosome is obvious compared to parental karyotypes.  
Adapted from Mäkinen and Gustavsson 1982. 
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Figure 1-2.  The centromerization cycle.  When a chromosome undergoes a fission event, 
acentric fragments may form, which must acquire a centromere for proper segregation into 
daughter cells ("birth" of a neocentromere).  As the neocentromere gains repetitive sequence 
("growth"), the centromere matures.  When two chromosomes fuse, the resulting 
chromosome will have two centromeres, and over time, one centromere will be inactivated 
("death").  In some cases, previously inactivated centromeres can become active again, 
resulting in a "resurrected" centromere. 
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Figure 1-3. Neocentromeres in derivative chromosomes and regions involved in centromere 
repositioning often overlap.  The ancestral placental mammalian karyotype (APMK) is 
estimated to have existed approximately 90-160MYA, and by approximately 25-35MYA, the 
ancestral primate karyotype (APK) evolved.  APMK5 transformed to APK5 by inversion of 
sequence segments, "death" of the APMK5 centromere, and "birth" of the APK5 centromere.  
The modern sacred baboon chromosome 7 appears to have undergone no changes from 
APK5, and preserves the APK5 centromere.  As humans diverged from the common primate 
ancestor, APK5 underwent additional changes, including a chromosome fission event and 
inversion of segments.  The APK5 centromere was inactivated, and HSA14 and HSA15 
centromeres were established.  Modern human HSA14 and HSA15 are mature, and contain 
heterochromatic regions adjacent to their centromeres. The location of the APK5 centromere 
is a known hotspot for human neocentromere formation, and this location contains a region 
of duplication termed DUP25, which has been shown to have clinical manifestations.  APMK 
(*) and APK (#) nomenclature is described in Murphy et al 2001.  HSA and PHA 
nomenclature is described in Ventura et al 2003 (§). 
 
 	



 26 

 
Figure 1-4.  Canine cytogenetic analysis has advanced from chromosome painting to more 
exact single locus probes that can allow for segment orientation and breakpoint analysis.   
A) Inverted DAPI image of a reaction hybridizing a CFA1 chromosome paint to dog 
metaphase chromosome spreads to identify CFA1-homologous structures.  Inset shows that 
CFA1 chromosomes were identified with the paint.  Modified from Breen et al 1999 Figure 
1. 
B) A CFA1 chromosome paint (green) was applied to red fox metaphase chromosome 
spreads to identify the CFA1-homologous red fox chromosomes.  Red fox chromosomes 
VVU1p and VVU5pprox contain CFA1 sequence.  The red signal represents a CFA18 paint 
probe. Modified from Yang et al 1999 Figure 2. 
C-D: A panel of 13 BACs was chosen approximately 10Mb apart along the length of CFA1.  
Each BAC was labeled in a specific color order to enable recognition of ECCS orientation on 
canid chromosomes.  Orientation of the panel is noted with arrows.  Such BAC-based panels 
enable location of specific regions, orientation of such regions, and also breakpoint analysis 
(this work).  
C) The panel hybridizes in a specific color order on CFA1 chromosomes.  D) The CFA1 
panel hybridized to red fox chromosomes VVU5p and VVU1pprox.  The evolutionary 
breakpoint (EBR) was shown to be between the 22.34Mb (yellow) and 32.26Mb (purple) 
probes.  In effect, VVU1p contains sequence contained in the lower portion of CFA1.  
VVU5pprox contains the upper portion of CFA1, oriented such that the dog centromeric 
region is adjacent to the red fox centromere. 
 
 



 27 

Figure 1-5.  Inverted DAPI banded chromosomes of four canids exemplify the range of 
karyotypes in the Canidae.  The karyotypes of canids range from species with low diploid 
number, and primarily submetacentric chromosomes, to species with high diploid number, 
and primarily acrocentric chromosomes.  A) dog karyotype 2n=78, B) red fox karyotype 
2n=34 + 4B, C) Chinese raccoon dog karyotype 2n=54 + 2B, D) grey fox karyotype 2n=66.	
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Figure 1-6. Currently accepted canid phylogenetic tree.  Generally, modern canids are 
grouped in fox-like canids (red box), South American canids (blue box), wolf-like canids 
(green box), and island fox canids (grey box).  Bold species are those explored in this work. 
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Figure 1-7. Canid B chromosomes.  Inverted DAPI banding of B chromosomes from red fox 
(A), Japanese raccoon dog (B), and Chinese raccoon dog (C)—scale bar is 2µm.  Red fox B 
chromosomes are small, approximately the size of the red fox Y chromosome.  Japanese 
raccoon dog B chromosomes are considered medium sized, comparable to the smallest 
Japanese raccoon dog acrocentric chromosomes (but still greater in size than red fox B 
chromosomes).  Chinese raccoon dog B chromosomes are the largest canid B chromosomes 
and may be the largest mammalian B chromosomes.  They are roughly the same size as 
Chinese raccoon dog chromosomes NPRp6-9, which means they range in size ~95-140Mb 
(this work, Duke Becker et al 2011).  
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Figure 1-8. EBRs are present on HSA4 and HSA8 when comparing homologous genome 
regions of seven mammalian species [edited from figure S2 (Murphy et al., 2005)].  
Homologous sequence present across seven mammalian species is aligned in this ideogram, 
such that the EBRs are visible (noted with a blue arrowhead and EBR).  The black 
arrowheads correspond with recurrent cancer breakpoint regions.  In addition, these locations 
are enriched for centromeres (red), meaning centromerization was an important factor for 
mammalian karyotypic evolution and speciation.  Finally, breakpoint regions are enriched for 
genes. Cancer breakpoints were found three times more often at EBRs than in non-breakpoint 
regions (Murphy et al., 2005), supporting the idea that the same regions undergo karyotypic 
change in the same mechanistic process, whether it’s cancer or speciation.  HSA4 contains 2 
evolutionarily conserved chromosomal segments (ECCSs) corresponding to CFA19a, and 
CFA32, an association seen first in the mammalian ancestor (Duke Becker et al., 2011).  
HSA8 contains an association between CFA13a and CFA29, which was first seen in the 
carnivore ancestor, but lost in wolf-like and South American canids.  
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Abstract 
 

The emergence of genome-integrated molecular cytogenetic resources allows for 

comprehensive comparative analysis of gross karyotype architecture across related species.  

The identification of evolutionarily conserved chromosome segment (ECCS) boundaries 

provides deeper insight into the process of chromosome evolution associated with speciation. 

We evaluated the genome-wide distribution and relative orientation of ECCSs in three wild 

canid species with diverse karyotypes (red fox, Chinese raccoon dog, and grey fox). 

Chromosome specific panels of dog genome-integrated bacterial artificial chromosome (BAC) 

clones spaced at ~10Mb intervals were used in fluorescence in situ hybridization (FISH) 

analysis to construct integrated physical genome maps of these three species. Conserved 

evolutionary breakpoint regions (EBRs) shared between their karyotypes were refined across 

these and eight additional wild canid species using targeted BAC panels spaced at ~1Mb 

intervals.  Our findings suggest that the EBRs associated with speciation in the Canidae are 

compatible with recent phylogenetic groupings and provide evidence that these breakpoints 

are also recurrently associated with spontaneous canine cancers. We propose that the 

complex karyotype rearrangements associated with speciation of the Canidae reflect unstable 

chromosome regions described by the fragile breakage model. 

 

 
Introduction  

 

Comparative cytogenetic analysis offers a means to define regions of conserved synteny 

shared between genomes. Knowledge of the distribution of evolutionarily conserved 
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chromosome segments (ECCSs) among a wide variety of species has provided key insights 

into karyotypic reorganization during speciation (Breen et al., 1999c; Yang et al., 1999; 

Graphodatsky et al., 2000; Yang et al., 2000; Nie et al., 2012). The Canidae are believed to 

have undergone rapid speciation since they diverged from their last common ancestor 

approximately ten million years ago (MYA) (Wayne, 1993; Graphodatsky et al., 2008). 

During this time it is thought that canid karyotypes altered via breakage-fusion events 

involving whole-arm ECCSs (Yang et al., 1999), which resulted in the extensive range in 

chromosome number and karyotypic morphology evident today among the 34 extant species 

of this family (Wayne, 1993; Graphodatsky et al., 2008). Generally it is agreed that the 

modern Canidae consists of four major groupings: fox-like canids, wolf-like canids, South 

American (SA) canids and island foxes (Bardeleben et al., 2005; Lindblad-Toh et al., 2005). 

Early phylogenies represented species divergence from a common ancestor based on 

morphological and geographical features. More recently, phylogenetic trees have been 

constructed by DNA sequence analysis of various nuclear and mitochondrial loci (Wayne, 

1993; Wayne and Ostrander, 1999; Zrzavy and Ricankova, 2004; Bardeleben et al., 2005; 

Lindblad-Toh et al., 2005; Grzes et al., 2009; Schröder et al.) and these have led to a number 

of contradictory phylogenetic placements.  

 

Conventional chromosome banding and molecular cytogenetics studies have enabled 

construction of alternative phylogenetic trees for the Canidae, taking into account gross 

karyotypic changes that occurred during speciation (Wayne et al., 1987b; Wayne et al., 

1987a; Wayne et al., 1997; Nash et al., 2001; Graphodatsky et al., 2008). While the sex 

chromosomes of all members of the Canidae are bi-armed, the autosomes show 
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morphological variation.  As with all wolf-like canids, the karyotype of the domestic dog 

(Canis familiaris, CFA) comprises 38 pairs of single-armed autosomes.  In contrast, the more 

distantly related red fox (Vulpes vulpes, VVU) karyotype comprises 16 pairs of larger bi-

armed (metacentric and submetacentric) autosomes (Wayne, 1993) plus a variable number of 

supernumerary elements, referred to as B chromosomes. B chromosomes are also evident in 

Chinese raccoon dog (Nyctereutes procyonoides procyonoides, NPRp), Japanese raccoon dog 

(Nyctereutes procyonoides viverrinus, NPRv) and maned wolf (Chrysocyon brachyurus, 

CBR) (Mäkinen, 1985; Mäkinen et al., 1986; Ward et al., 1987; Yang et al., 1999; Trifonov et 

al., 2002; Pieńkowska-Schelling et al., 2008) and are part of the normal chromosome 

complement of these species, but may vary in number across populations and even within 

individuals (Graphodatsky et al., 2000; Nie et al., 2003; Graphodatsky et al., 2008).  

 

Karyotype evolution has long been studied by cytogenetic comparison of the constitutional 

chromosomes of species within and between phylogenetic groups. It is currently thought that 

certain regions of the genome are inherently fragile, and reorganization of chromatin during 

speciation is not randomly spaced throughout a genome.  Termed the Fragile Breakage 

Model (FBM), it was shown that by comparison of multiple genomes, the breakpoints in 

speciation overlap (Pevzner and Tesler, 2003; Murphy et al., 2005; Peng et al., 2006; 

Alekseyev and Pevzner, 2007; Alekseyev, 2008).  In a similar manner, cytogenetic 

evaluation has been crucial to understanding the complex chromosome changes that occur in 

cancer and congenital abnormalities. The Breakpoint Reuse Theory (BRT) was developed to 

explain the identification of shared chromosome breakpoints, evident in evolution and 

diseased karyotypes, especially mammalian cancers (Murphy et al., 2005).  The extensive 
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variation in karyotype structure among canids, coupled with expanding knowledge of 

genomic aberrations in spontaneous dog cancers, makes the Canidae ideally suited to 

examination of the relationship between evolutionary and tumor-associated breakpoints. 

 

Prior molecular cytogenetic studies of the Canidae used chromosome-painting analysis to 

identify ECCSs within the karyotypes of non-domesticated canids (Yang et al., 1999; Nie et 

al., 2003; Graphodatsky et al., 2008). While providing a gross representation of the 

distribution of ECCSs, chromosome painting is restricted in resolution to 5-10 Megabases 

(Mb) and does not permit relative orientation of ECCSs. The development of a whole genome 

sequence assembly for the domestic dog (Lindblad-Toh et al., 2005), combined with the 

emergence of canine molecular cytogenetic techniques with increasing resolution, now 

enable more comprehensive interrogation of ECCS to gain insight into chromosome 

evolution. In this study we evaluated the genome-wide distribution and relative orientation of 

ECCSs in three wild canid species with diverse karyotypes: red fox, Chinese raccoon dog and 

grey fox (Urocyon cinereoargenteus, UCI), using multicolor fluorescence in situ hybridization 

(FISH) analysis with bacterial artificial chromosome (BAC) clones spaced at ~10Mb intervals 

along each domestic dog chromosome (Thomas et al., 2007).  

 

Shared evolutionary breakpoint regions (EBRs) were investigated in detail across these and 

eight additional wild canid species using BAC clones spaced at ~1Mb intervals (Thomas et 

al., 2008).  We discuss the findings from the present study in context with emerging data for 

recurrent DNA copy number aberrations within a range of spontaneous canine cancers, to 

assess the relationship between evolutionary and tumor-associated chromosome breakpoints. 
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Our findings suggest that the EBRs associated with speciation in the Canidae are compatible 

with recent phylogenetic groupings (Lindblad-Toh et al., 2005) and provide evidence that 

these breakpoints are also recurrently associated with spontaneous canine cancers (Thomas et 

al., 2009; Angstadt et al., 2011; Thomas et al., 2011; Poorman et al., 2015; Roode et al., 

2015) 

 
 
Materials and Methods  
 
Generation of chromosome preparations from canid species 

Metaphase chromosome preparations for 11 wild canid species and the domestic dog were 

prepared by routine procedures, using either  mitogen stimulation of peripheral lymphocyte 

culture (Breen et al., 1999a) or from cryopreserved cells. Cryopreserved cells were expanded 

in αMEM supplemented with 15% v/v fetal bovine serum (Cellgro, Manassas, VA), 2mM L-

analyl-L-glutamine (Glutamax™, Gibco, Carlsbad, CA) and 88µg/mL Primocin™ 

(Invivogen, San Diego, CA). At ~80% confluency, dividing cells were arrested at metaphase 

by exposure to colcemid (50ng/mL) for four hours.  Cells were then harvested using routine 

hypotonic exposure and 3:1 methanol/glacial acetic acid fixation. Fixed cells were dropped 

onto clean glass slides, air-dried, dehydrated and stored at -800C until required. Table 1 

describes the species studied and the source of the cells examined.  Additional sample 

identity information is available in Chapter 1, Table 1. 

 

Chromosome-specific, dog genome integrated BAC panels. 

Two hundred seventy-five clones from the CHORI-82 BAC library (http://bacpac.chori.org, 

Children’s Hospital Oakland Research Institute, Oakland, CA) were selected for use as single 
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locus probes in multicolor FISH analysis. These genome-anchored, cytogenetically-validated 

clones are spaced at approximately 10Mb intervals along the length of the 38 domestic dog 

(CFA) autosomes and the X chromosome (Thomas et al., 2007). DNA was isolated from 

each BAC clone using Qiagen REAL Prep 96 kits (Qiagen, Valencia, CA). For each BAC 

clone 500ng of DNA were differentially labeled by nick translation to incorporate 

nucleotides conjugated with one of four fluorophores [SpectrumRed-dUTP, SpectrumGreen-

dUTP, Spectrum-Orange-dUTP (Vysis, Abbott Park, IL), diethylaminomethylcoumarin-5-

dUTP (Perkin Elmer Life Sciences, San Jose, CA)] or with biotin-11-dUTP (Perkin Elmer 

Life Sciences, San Jose, CA), detected using Cy5-Streptavidin (GE Healthcare, Piscataway, 

NJ), as described previously (Breen et al., 2004). Adjacent single locus probes in each 

chromosome-specific panel were labeled with alternating fluorophores to produce a multi-

colored tiling pattern, revealing probe order and allowing relative orientation of each ECCS 

between species (Figure 1-4).  Additional BAC clones spaced at ~1Mb intervals (Thomas et 

al., 2008) were used to evaluate selected breakpoint regions at higher resolution.  Ten 

additional BACs, with overlapping sequence according to the CanFam2 assembly, were 

chosen to span the breakpoint between the two CFA1 ECCS, to identify which regions of the 

dog genome were present in red fox autosomes containing CFA1a and CFA1b ECCSs.   

 

FISH analysis of chromosome preparations 

Panels of five consecutive, differentially-labeled BAC probes were hybridized to metaphase 

chromosome preparations from five clinically healthy domestic dog donors to verify their 

unique cytogenetic location as reported previously, scoring at least 10 cells per reaction 

(Thomas et al., 2007; Thomas et al., 2008). The 10Mb BAC panels representing each 
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domestic dog autosome were then hybridized to metaphase chromosome preparations of red 

fox, Chinese raccoon dog and grey fox, in the presence of sonicated CFA DNA as 

competitor.  At least 10 cells per reaction were captured and analyzed.  The presence of 

common breakpoints in conserved synteny, defined as those identified in at least two of these 

three species, were then assessed in eight additional wild canids; kit fox (Vulpes macrotis, 

VMA), fennec fox (Fennecus zerda, FZE), Japanese raccoon dog (Nyctereutes procyonoides 

viverrinus, NPRv), bat-eared fox (Otocyon megalotis, OME), crab-eating fox (Cerdocyon 

thous, CTH), hoarey fox (Pseudalopex vetulus, PVE), maned wolf (Chrysocyon brachyurus, 

CBR) and bush dog (Speothus venaticus, SVE). In addition, breakpoints common to the 

closely related Chinese and Japanese raccoon dog species were also examined in all 11 

species. The 10Mb intervals defined by whole chromosome analysis were subsequently 

evaluated at ~1Mb resolution in all 11 species to refine the common breakpoint. 

Chromosome preparations were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) 

as described previously (Breen et al., 1999a).  In total this study used 320 canine BAC clones 

in 400 independent multicolor FISH reactions involving all 11 species.   

 

Image capture and analysis was performed using a semi-automated multicolor FISH 

workstation, comprising a Zeiss Axioplan 2 fluorescence microscope equipped with a 

motorized Ludl stage, narrow pass filter sets and a Hamamatsu CCD camera and Smart 

Capture 3 software (Digital Scientific, Cambridge, UK). The distribution of BAC probe 

hybridization signals was defined within each species, from which ECCSs were defined and 

oriented relative to that in the domestic dog. Where BAC probes from a single dog 

chromosome hybridized to more than one chromosome in the canid species, the 
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corresponding breakpoint regions were compared to data from prior chromosome painting 

experiments (Yang et al., 1999; Nie et al., 2003; Graphodatsky et al., 2008). The domestic 

dog karyotype was described using the nomenclature of Breen et al. (1999). The 

chromosome nomenclatures used for the red fox, Chinese raccoon dog and grey fox were 

based on those of Yang et al. (1999), Nie et al. (2003) and Wayne et al. (1987), respectively.  

Chromosome nomenclature for the gray fox was also compared to that used by Graphodatsky 

et al. (2008). DAPI-banded ideograms were prepared for all three wild canids, based on 

evaluation of 15 metaphase preparations for each species. 

 

Flow sorting chromosomes 

Fibroblast cells were obtained from an ear punch biopsy of the female Vulpes vulpes (VVU, 

silver coat) designated R2 in chapter 1 table 1, and then were grown in tissue culture flasks 

according to standard cell culturing techniques.  These cells were detached from the surface 

of a flask surface using 0.05% trypsin EDTA (Cellgro, USA) and treated with 75mM KCl 

hypotonic solution.  Chromosomes were stained with Hoescht and Chromomycin A3, which 

preferentially stain A-T and G-C regions, respectively.  Chromosomes were then sorted using 

dual-laser Elite ESP flow sorter, according to accepted protocols (Telenius et al., 1992; 

Langford et al., 1996; Ferguson-Smith, 1997) (Cytometry Core Facility, The Wellcome Trust 

Institute, Hinxton, Cambridge, UK).  Thirteen distinct peaks, corresponding to the 16 red fox 

autosomes and VVUX were resolved. Each peak sort contained approximately 1,000 

chromosomes in 33mL dH2O, and these peaks were named peaks A-M (Figure 2-7).  B 

chromosomes were also obtained during this procedure, to be discussed in Chapter 3.  The 

location of each peak in the sort image was compared to the 1999 red fox flow sort image to 
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determine which peaks corresponded to which red fox chromosomes. 

 

Amplifying chromosome DNA from each peak 

Using the Φ29 polymerase-based GenomiPhi™ v2 genome amplification kit, each of the 

thirteen 13 peaks were separately amplified according to the manufacturer’s protocol except 

that the reactions were altered to increase the number of chromosomes available as template.  

We used 5µL of the raw sort, corresponding to ~150 chromosomes, and added 9µL sample 

buffer (proprietary reagent, GE Healthcare).  Following heat denaturation at 95oC for 10 

minutes, the sample was cooled on ice.  To each reaction, 1µL Φ29 polymerase and 9µL 

reaction buffer (proprietary reagent, GE Healthcare) was added while on ice. Following 

addition of the enzyme and buffer, the reaction was incubated at 30oC for 3 hours.  The 

enzyme was inactivated by heating to 65oC for 10 minutes, and then the reaction was cooled 

to 12oC.  The concentration of the resulting amplified DNA was quantified by an agarose gel 

and Nanodrop™ spectrometer. This amplified DNA was then used directly for FISH probes 

or purified using Amicon buffer exchange columns and used for array probes. 

 

Labeling and FISH analysis of flow sorted peaks to verify identity and specificity 

After genome amplification, each amplified DNA from each peak was labeled as a 

chromosome paint using a standard nick translation protocol (Breen et al., 1999b). Briefly, 

500ng of DNA were differentially labeled by nick translation to incorporate nucleotides 

conjugated with one of four fluorophores [SpectrumRed-dUTP, SpectrumGreen-dUTP, 

Spectrum-Orange-dUTP (Vysis, Abbott Park, IL), diethylaminomethylcoumarin-5-dUTP 

(Perkin Elmer Life Sciences, San Jose, CA)] or with biotin-11-dUTP (Perkin Elmer Life 
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Sciences, San Jose, CA), detected using Cy5-Streptavidin (GE Healthcare, Piscataway, NJ), 

as described previously (Breen et al., 2004).  Each of these paints was then co-hybridized 

onto metaphase chromosomes with sets of CFA BAC probes used to mark the CFA ECCSs 

that would be present in the peak if the assignments based on the 1999 flow sort image were 

correct.   

 

Labeling and array painting to confirm FISH results and refine the cytogenetic boundaries of 

each breakpoint 

Before labeling amplified DNA for array painting, 1µg of DNA was purified using Amicon 

buffer exchange columns to remove the primers leftover from the genome amplification step.  

This was done to reduce any errant amplification in the array labeling procedure.  Following 

assessment of DNA integrity and quantification on a 1%  agarose gel and a Nanodrop™ ND-

1000 spectrometer (Thermo Fisher Scientific), 500ng of amplified, purified DNA was 

labeled with either Cy3 or Cy5 using an Agilent SureTag labeling kit (Agilent).  Probe 

concentration and fluorophore integration were measured by Nanodrop™ spectrometer.  

Pairs of Cy3/Cy5 probes were combined such that each array reaction would clarify an EBR. 

Array painting in this study was conducted using standard array painting protocols (Gribble 

et al., 2009), using a canine 180,000 feature oligonucleotide microarray (AMADID 25522, 

Agilent).  Scanned data were processed by Feature Extraction v10 software and exported to 

Genomic Workbench v5.0 (Agilent Technologies) for subsequent evaluation (Seiser et al., 

2011).  Peaks A and H refined the CFA1 EBR, peaks E and C refined the CFA13 EBR, and 

peaks D and H refined the CFA19 EBR (Figures 2-9, 2-10). 
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Results 
 
When hybridized to metaphase preparations of the domestic dog, each BAC clone hybridized 

to a unique cytogenetic location on CFA chromosomes, in agreement with previous reports 

(Thomas et al., 2007; Thomas et al., 2008).  Metaphase preparations generated for 10 of the 

11 wild canid species used in this study had karyotypes comparable to previous reports, with 

two exceptions; the karyotype of the crab-eating fox reported previously by Nash et al. 

(2001) likely had an aberrant chromosome not present in the cells used in the present study 

(see below for discussion) and the maned wolf used in this study did not contain B 

chromosomes.  All BAC clones had a unique cytogenetic location in the karyotypes of all 11 

wild canid species, with the exception of those that also mapped to the B chromosomes (see 

below). FISH analysis of the 10Mb-resolution BAC panel on the karyotypes of red fox, 

Chinese raccoon dog and grey fox defined the location and relative orientation of ECCSs 

(Figures 1-4, Supplementary Tables 1-4) and identified common breakpoint regions in 

conserved synteny for CFA1, 9, 13 (two breakpoint regions), 18 and 19 ECCSs (Figure 2-5). 

These breakpoint regions were then explored in eight additional wild canid species and 

narrowed to ~1-3Mb intervals (Figure 2-6).  These findings are discussed in detail below. 

 

FISH analysis of red fox (VVU) chromosomes refines four known disruptions of conserved 

synteny with the domestic dog genome. 

The autosomal karyotype of the red fox comprises 16 submetacentric autosomes, 

supplemented with up to eight small submetacentric B chromosomes, each similar in size to 

the red fox Y chromosome (VVUY). Hybridization of the 10Mb-resolution dog BAC panel 

to red fox chromosomes demonstrated that ECCSs shared by the domestic dog and red fox 
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remain grossly intact, identifying the four known breaks in conserved synteny (Yang et al., 

1999) and now refining these breakpoints regions to within ~10Mb intervals on CFA1, 13, 18 

and 19, corresponding to regions of VVU1, 2, 4, 5 and 13 (Figure 2-2A). The orientation of 

dog ECCSs within the karyotype of red fox are noted in Figure 2-2A. One dog BAC clone 

(287N13: CFA9;46.00Mb) hybridized to VVU5p, consistent with flanking markers from the 

CFA19 BAC panel, but also mapped to all B chromosomes, distal to the region containing 

sequence containing the oncogene cKIT (Figure 2-2B).  B chromosome sequence content is 

further explored in Chapter 3. 

 

FISH analysis of Chinese raccoon dog (NPRp) chromosomes refines three known disruptions 

of conserved synteny with the domestic dog genome and identifies three previously 

unreported breakpoint regions. 

The Chinese raccoon dog autosomal karyotype comprises five submetacentric autosomes, 21 

acrocentric autosomes and up to four B chromosomes. The B chromosomes range in size, 

comparable to NPRp6-8 and are characterized as three types: Bi, Bii and Biii. The 

distribution and relative orientation of ECCSs identified by application of the dog 10Mb-

resolution BAC panel to Chinese raccoon dog is summarized in Figure 2-3. Breakpoints in 

conserved synteny between Chinese raccoon dog chromosomes and regions of CFA1, 13 and 

19 have been identified previously by chromosome painting (Nie et al., 2003). Application of 

the 10Mb-resolution dog BAC panel refined these breakpoints to within ~10Mb intervals and 

also revealed three additional, previously unreported breakpoint regions corresponding to 

regions of CFA3, 9 and 13 (Figure 2-3). The newly identified breaks result in rearrangements 
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on NPRp6 and while all of the CFA9 BAC panel hybridized exclusively to the full length of 

NPRp5q, it did so in two ECCSs that are inversely oriented (Figure 2-3A). 

One dog BAC clone (335J13: CFA29;44.52Mb) hybridized to NPRp1q in common with 

flanking CFA29 clones, but also mapped to the distal end of the largest B chromosome 

(Figure 2-3B). Clone 524B22 (CFA13;50.4Mb, containing cKIT) hybridized to all Chinese 

raccoon dog B chromosomes, with two distinct regions of hybridization evident on the two 

larger B chromosomes (Figure 2-3B, 7, 8, 10).  While Nie et al. 2003 reported previously 

that the full length of NPRp2p was an ECCS shared with CFA25, in the present study the 

CFA25 panel hybridized only to the distal two-thirds of the p-arm of NPRp2.   

 

FISH analysis of grey fox (UCI) chromosomes refines five known disruptions of conserved 

synteny with the domestic dog genome and identifies four previously unreported breakpoint 

regions. 

The autosomal complement of the grey fox comprises 32 pairs of acrocentric chromosomes 

and no B chromosomes. Prior chromosome painting studies identified five breaks in 

conserved synteny between the dog and grey fox karyotypes within regions corresponding to 

CFA1, 2, 13, 18 and 19 (Graphodatsky et al., 2008). These regions were confirmed and their 

precise location refined in the present study (Figure 2-4). Two previously unknown 

intrachromosomal rearrangements resulting from two breaks were also identified. The first, 

corresponding to CFA5;32.83-43.05Mb, resulted in an inversion of the orientation of the two 

ECCSs on UCI4. The second, at CFA10;13.94-23.36Mb, resulted in an inversion of both 

CFA10 ECCSs on UCI14. Graphodatsky et al. (2008) reported a breakpoint using a CFA2 

paint, placing the upper CFA2 ECCS on UCI22 with the lower CFA2 ECCS on UCI21. Our 
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data revealed two additional breakpoints at CFA2;3.13-13.77Mb and CFA2;43.63-53.35Mb, 

resulting in recombination of CFA2 ECCSs. Two BACs, 125F22 (CFA2;3.13Mb) and 

126P21 (CFA2;43.63Mb), hybridized to UCI22 while CFA2;13.77-33.76Mb and 

CFA2;53.35-88.13Mb hybridized to UCI21 (Figure 2-4).  

 

Refinement of common evolutionary breakpoint regions across 11 wild canid species. 

Application of the 10Mb-resolution dog BAC panel to chromosome preparations of red fox, 

Chinese raccoon dog and grey fox identified four common evolutionary breakpoints, shared 

by two or more of the species, located on CFA1 (22.34-32.26Mb), 13 (33.74-44.32Mb), 18 

(23.79-33.27Mb) and 19 (13.48-25.12Mb) (Figures 2, 3, 4). Two additional breakpoints were 

common to the two species of raccoon dog, located on CFA9 (13.50-23.42Mb) and 13 

(54.97-64.87Mb). The locations of the breakpoints in red fox, Chinese raccoon dog and grey 

fox, relative to the dog, are shown in Figure 2-5. These ~10Mb regions were evaluated at 

higher resolution in all 11 species, using FISH analysis with BAC probes spaced at ~1Mb 

intervals, refining the breakpoint regions further to CFA1;27.6-28.7Mb, CFA9;20.2-22.4Mb, 

CFA13;40.8-41.6Mb, CFA13;63.5-64.9Mb, CFA18;27.4-29.0Mb and CFA19;21.8-25.1Mb 

(Figure 2-6).  

. 
 

Array painting of red fox chromosomes to further narrow EBRs within CFA1, 13, 19 ECCSs 

Red fox (VVU) chromosomes were flow sorted (Figure 2-7), and then amplified and labeled 

for FISH reactions to identify the chromosome(s) in each flow peak.  Figure 2-8 shows peaks 

A (white) and H (green), which both contain CFA1 ECCSs, hybridized onto dog 
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chromosomes to confirm identity and specificity of the peak.  Peaks A and H correspond 

with VVU1 and VVU5,14, respectively.  Next the same peaks were labeled and hybridized in 

pairs across a dog oligonucleotide microarray to identify which regions of VVU 

chromosomes contained which portions of ECCSs on either side of a known EBR.  This 

array painting procedure is routinely used to identify narrow breakpoints in derivative 

chromosomes (Fiegler et al., 2003; Gribble et al., 2004; Gribble et al., 2007; Gribble et al., 

2009; Le Scouarnec and Gribble, 2012), and we theorized that it would also aid the 

identification of the EBRs in canids.  Peaks A and H were paired and hybridized to the 

canine microarray (Figure 2-9A), confirming the identity of the peaks seen in Figure 2-8.  

Peak A was labeled as the Cy3 probe and as such, the positive log2 ratios correspond with 

that probe, while Peak H, as the Cy5 probe, correspond with the negative log2 ratios.  

Variation in log2 ratio values along the length of each CFA chromosome could correspond 

with differing hybridization levels between the red fox chromosome sequence and the canine 

oligonucleotide sequence present on the array.  In FISH, similar differences could appear as 

differences in probe signal intensity.  Figure 9B defines the EBR between CFA1a and 

CFA1b to be CFA1; 27,959,220-28,042,200bp, which was previously narrowed to 27.6-

28.7Mb using BAC probes spaced approximately 1Mb apart.  Figure 2-10 defines the 

proximal CFA13 EBR with peaks E, C (Figure 2-10A) to be at CFA13;41,354,740-

41,463,306bp, and the CFA19 EBR with peaks D, H (Figure 2-10B) to be at 

CFA19;22,797,760-23,366,737bp in red fox.  These array painting experiments resulted in 

reductions of EBRs ranging from ~1.1Mb, ~0.8Mb, and ~3.2Mb to ~83kb, ~108kb, and 

~569kb, respectively. 
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Tiling BAC panel across the CFA1 EBR supports array painting data 

Ten BACs representing overlapping CFA genomic sequence were selected from CHORI-82 

to span the region defined in the original BAC panels at CFA1;27.6-28.7Mb.  These BACs 

were differentially labeled and FISHed with the original EBR-defining BACs (191G02, 

335M13) in four groups, in order to determine which BACs hybridize 1) only to VVU5 

(CFA1a ECCS), 2) only to VVU1 (CFA1b ECCS), or to both (Figure 2-11B).  Figure 2-11A 

is a composite image of this experiment, showing hybridization patterns across example 

chromosomes from the four reactions. 446E23, 324N08, and 136N11 only hybridized to 

VVU5, and 111M07 and 191A02 only hybridized to VVU1.  The remaining five BACs 

hybridized to both autosomal pairs in varying amounts, as shown in the range of signal 

intensities of 439M12, 96A12, 431C07, 260N11, and 71O04 probes on VVU1 and VVU5.  

The start and end positions of the ten BACs are noted in C.  This overlapping area of signal 

on both autosomes spans CFA1;27,886,586-28,173,508, a region that contains the array 

painting-defined EBR.  Because BACs range in size ~150-250kb, interrogation with BAC 

probes would likely not narrow the EBR any further.   

 

Discussion 

Comparative molecular cytogenetic analysis using genome-anchored domestic dog (CFA) 

BAC probes revealed shared breakpoints among 11 wild canid species. 

CFA1; 27.6Mb-28.7Mb: This breakpoint was present in seven of the 11 species studied, six 

of which were fox-like species (kit fox, red fox, fennec fox, Chinese raccoon dog, Japanese 

raccoon dog and bat-eared fox) and one was an island fox (grey fox) (Table 1). As a known 

EBR, this breakpoint has also been described in at least five other mammal genomes 
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including mouse, rat, human, chimpanzee and cow (Derrien et al., 2007). It is therefore likely 

that this genetic sequence was organized as two ECCSs in the mammalian ancestral 

karyotype. As canid speciation occurred, the karyotypes of the ancestor of both wolf-like 

(domestic dog, maned wolf) and two of the South American (SA) canids (crab-eating fox and 

hoarey fox), underwent a fusion to create the modern CFA1 chromosome seen these species.  

The BAC defining the distal breakpoint is no longer found in CanFam2 or CanFam3, so the 

breakpoint is described as previously published (marked with an asterisk in Figures and text) 

(Thomas et al., 2008). 

 

CFA9; 20.2–22.4Mb:  CFA9 sequence exists as a single ECCS in seven of the 11 wild canid 

species studied, four fox-like (kit fox-VMA, red fox-VVU, fennec fox-FZE, bat-eared fox-

OME), grey fox and two of the South American canids (maned wolf-CBR and bush dog-

SVE). However, extensive intrachromosomal rearrangements involving the CFA9 ECCSs 

were observed in crab-eating fox (CTH) and hoarey fox (PVE). Unlike Chinese raccoon dog 

and Japanese raccoon dog, which possessed only one CFA9 breakpoint, crab-eating fox and 

hoarey fox displayed at least four additional breakpoints in CFA9 ECCSs. The shared 

breakpoint at CFA9;17.05-19.26Mb, located in Chinese raccoon dog and Japanese raccoon 

dog, crab-eating fox and hoarey fox, would seemingly only exist if it occurred in two 

separate events; one in the ancestor of the two raccoon dogs after divergence from other fox-

like canids and one in the ancestor of the crab-eating fox and hoarey fox, both of which could 

have occurred coincidently with a CFA19 ECCS fusion. It has been proposed based on 

mtDNA sequences that Chinese raccoon dog and Japanese raccoon dog should be grouped 

basally to other fox-like canids, but separately from SA canids (Wayne et al., 1997) and the 
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CFA9 breakpoints are consistent with this proposed grouping. Regardless, two events 

causing CFA9 ECCS rearrangements would explain the additional breakpoints found only in 

the crab-eating fox and hoarey fox.  

 

CFA13;40.8-41.6Mb: This region is a common EBR present in the same seven canids as the 

EBR in CFA1 and also in and at least five mammals (Derrien et al., 2007). It is likely, 

therefore, that the two CFA13 ECCSs fused in the ancestor(s) of wolf-like and SA canids to 

create the modern CFA13 chromosome while the other species retained two separate ECCSs 

on different autosomes. It is possible the chromosome restructuring that occurred fusing the 

two CFA1 ECCS took place coincidently with fusions of ECCSs on either side of this EBR 

in the ancestor(s) of wolf-like and SA canids. 

 

CFA13;63.5-64.9Mb: An additional break in CFA13 synteny occurred within this region in 

the lineage of two species of raccoon dog, rearranging the bottom ~25Mb of the distal ECCS. 

Although this breakpoint is only present in the two species of raccoon dog, this region 

appears to be a location prone to rearrangement in other mammals (Derrien et al., 2007) and 

may reflect an inherently fragile region as predicted by the Fragile Breakpoint Model. 

 

CFA18;27.4-29.0Mb: Four canids (kit fox, red fox, fennec fox, grey fox) possess this EBR. 

In these species, the CFA38 ECCS is adjacent to one, if not both, CFA18 ECCSs (Figure 2-

6). Prior studies have reported that DNA segments corresponding to regions of CFA18 and 

38 are associated as neighboring units on a single chromosome in several canid species 
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(Graphodatsky et al., 2008). In three fox-like canids (kit fox, red fox, fennec fox), the CFA38 

ECCS is located between and in opposing orientation to, the two CFA18 ECCSs (Figure 2-2, 

VVU5 and Figure 2-6). However, in the grey fox, the proximal CFA18 ECCS is located 

adjacent to the CFA38 ECCS and both are oriented in the same direction on UCI22 (Figure 

2-4, 2-6), while the distal CFA18 ECCS is on UCI7. At least five additional mammals 

(human, chimpanzee, mouse, rat, and cow) contain an EBR at CFA18;24.00-26.00Mb 

(Derrien et al., 2007), while Chinese raccoon dog, Japanese raccoon dog, and bat-eared fox 

(also fox-like canids in the accepted phylogenetic tree (Lindblad-Toh et al., 2005)) organize 

CFA18 sequence as one single ECCS, as is the case in the wolf-like and SA canids. A more 

parsimonious tree would thus have two fusion events to create the CFA18 form in wolf-like 

and SA canids, and in three fox-like canids (Chinese raccoon dog, Japanese raccoon dog, and 

bat-eared fox). Also, there would be two separate fusion events to associate CFA38 with the 

proximal CFA18 ECCS: one in the grey fox ancestor and one in the ancestor of kit fox, red 

fox, and fennec fox, after divergence from the ancestor of the Chinese raccoon dog, Japanese 

raccoon dog, and OME. The CFA38 ECCS would have fused to the proximal CFA18 ECCS 

(opposite orientations in each fusion), which in the kit fox/red fox/fennec fox ancestor would 

also be fused with the distal CFA18 ECCS. 

 

CFA19;21.8-25.1Mb: This is a known EBR in at least five other mammals (Derrien et al., 

2007) and the mammalian ancestral karyotype probably organized this sequence as two 

ECCSs, which then fused in the ancestor(s) of the wolf-like and SA canids. The karyotypes 

of the domestic dog, maned wolf and bush dog have CFA19 sequence organized as one 

ECCS comprising the full length of a single chromosome arm, along which the relative order 
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of BAC probes from the 10Mb panel remained intact in all three species. In contrast, two 

other SA canid karyotypes crab-eating fox and hoarey fox) share the CFA19 breakpoint. In 

both of these species the two resulting ECCSs are arranged in opposing orientation within a 

single bi-armed chromosome whose p-arm and q-arm correspond to the proximal and distal 

regions of CFA19, respectively (Figure 2-6). Examination of additional SA canids should 

clarify whether the inverted fusion present in the crab-eating fox and hoarey fox was 

established in a shared ancestor after the maned wolf/bush dog ancestor diverged. It is 

unclear whether the fusion of two ECCSs to form CFA19 (and likewise CFA9 ECCSs) 

occurred separately in the ancestors of the wolf-like canids and maned wolf/bush dog SA 

canids or if the phylogeny should be adjusted to reflect the shared CFA19 (and CFA9) 

breakpoint(s), which would contradict phylogenies based solely on mtDNA sequence 

(Wayne et al., 1997).  

 

Narrowing of CFA1, 13, 19 EBRs in red fox using array painting and BAC tiling further 

defines regions of dynamic restructuring 

CFA1;27,959,220-28,042,200bp   

This region corresponds with regions of HSA18p11.21 and HSA6q23.2, and in both human 

and dog, the regions seem to be void of genes.  Inspection of the genome regions of hg19 and 

CanFam2 assemblies show few CpG islands and no mRNA sequences in this region of either 

genome.  However, this region is a known EBR in many mammals, including many of the 

canids studied in this work, and human.  The region defined by array painting of VVU1 

against VVU5/14 corresponds to an EBR in the human genome as well, as reflected when the 

region is examined in the hg19 assembly.  When comparing many mammalian genomes 
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(Derrien et al., 2007), this EBR seems to be an ancestral organization that has only recently 

been fused into the CFA1a-b form in the wolf-like canids and two SA canids. 

 

CFA13;41,354,740-41,463,306bp  

This region of the dog genome corresponds with HSA15q25.1, and in both dog and human, 

contains several genes, including CHRNA3, CHRNA5, PSM4, AGPHD1, and IREB2.  

AGPHD1 has been shown to be involved in human lung cancers (Sakoda et al., 2011; Gu et 

al., 2012; Wang and Liu, 2014).  The other genes in the HSA15q25.1 region, CHRNA3, 

CHRNA5, and PSM4, have been linked to chronic obstructive pulmonary disease and lung 

cancer (Liu et al., 2008). 

 

CFA19;22,797,760-23,366,737bp 

This region of the dog genome corresponds with several small sections of HSA4q26-27, 

HSA4q32.3, and HSA11q22.3-23.1, and while no genes are annotated in the CanFam2 dog 

genome in this region, three important genes are present in the HSA4 and HSA11 regions of 

the hg19 genome assembly.  PRDM5, found on HSA4q27, is a tumor suppressor involved in 

many cancers (Deng and Huang, 2004).  SPOCK3, found on HSA4q32.3, is involved in the 

pathway associated with adult T cell leukemia (Kamioka et al., 2009). ARHGAP20, found on 

HSA11q22.3-23.1, is a Rho GTPase that is involved in many chronic lymphoid leukemias 

(Herold et al., 2011). 
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Retention and reorientation of ECCSs 

Comparative cytogenetics has demonstrated that despite the extensive variation in 

chromosome number and morphology that developed during speciation of the Canidae, the 

majority of ECCSs appear to have remained largely intact in the karyotypes of extant canid 

species, although the relative orientation of ECCSs is not always conserved. For example, the 

CFA9 ECCS is located on VVU2p (Figure 2-2) but is oriented such that sequence 

corresponding to the centromeric region of CFA9 is located at VVU2ptel. If there were no 

sequence deletions, VVU2p may contain interstitial centromeric repeats present because of 

the translocation of the CFA9 ECCS at VVU2ptel. In Chinese raccoon dog, the larger CFA9 

ECCS present in VVU2 is split at CFA9;20.2-22.4Mb and the resulting ECCSs are oriented 

on NPRp5q (Figure 2-3) such that the centromeric end is closest to the NPRp5q telomere and 

the telomeric end is interstitial. The CFA38 ECCS is located on NPRp5p, oriented so that the 

centromeric and telomeric ends are inverted. This means that the centromere on NPRp5 may 

be new relative to the domestic dog. Shifts in the location of centromere and telomere 

sequences have been studied in human and horse (Lin and Yan, 2008; Marshall et al., 2008; 

Wade et al., 2009). In equids, centromere locations have shifted over the course of just the 

last two million years via centromere repositioning concomitant with fusion of ECCSs (Piras 

et al., 2010). Further study in canids would be necessary to clarify the origin of centromeres, 

whether they are artifacts of the ancestral centromeres or formed de novo as a consequence of 

translocations during speciation. 

 

Three pairs of ECCSs (CFA19a/32, CFA13a/29 and CFA28/37) have been retained together 

as contiguous segments in canids and other mammalian species, despite the paired segment 
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being located adjacent to different ECCSs across speciation. CFA19a and 32 ECCSs are 

adjacent in many carnivores and other mammals (Wayne et al., 1987a; Wayne et al., 1987b; 

Derrien et al., 2007; Graphodatsky et al., 2008).  CFA19a-32 associated ECCSs are found on 

HSA4q and ACK2 (Ancestral Carnivora Karyotype) (Nash et al., 2008), and modern 

carnivores, including FCAB1q (cat), NBI2q (African palm civet), BAS2q (ringtail), HPA1q 

(dwarf mongoose), and FFO1q (Malagasy civet) (Murphy et al., 2001; Nash et al., 2008).  In 

addition, this association was likely found in CAK (Perelman et al., 2012) and is retained in 

the fox-like and island fox canids, but lost in the wolf-like and South American canids 

(Figures 2-4, 12-13).  This association is even seen in APMK2 (Ancestral Placental 

Mammalian Karyotype)(Murphy et al., 2001). 

 

CFA13a and 29 ECCSs are adjacent in the Chinese raccoon dog, Japanese raccoon dog, bat-

eared fox, maned wolf, bush dog, and grey fox (Figures 3-4, 12-13, (Wayne et al., 1987b; 

Wayne et al., 1987a; Graphodatsky et al., 2008)), as well as in human and chimpanzee 

(Derrien et al., 2007). CFA13-29 is adjacent, but separated by a centromere, in kit fox. red 

fox, fennec fox (Figure 2-1, (Wayne et al., 1987b)).  These ECCSs are also adjacent in 

ACK4, CAK (Canidae Ancestral Karyotype) (Perelman et al., 2012), APMK15, and modern 

carnivores including NBI3 (African palm civet), BAS4p (ringtail), FCAF2 (cat), HPA (dwarf 

mongoose), and FFO17 (Malagasy civet).  As such, it is likely that the kit fox/red fox/fennec 

fox separation of CFA13a and CFA29 ECCSs was the result of a centromerization event, 

specific to fox-like canids 
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CFA28 and 37 ECCSs are adjacent in Chinese raccoon dog, Japanese raccoon dog, bat-eared 

fox, maned wolf, bush dog, and grey fox (Figures 3-4, 12-13, (Wayne et al., 1987b; Wayne et 

al., 1987a; Graphodatsky et al., 2008))(Duke Becker et al., 2011), but it is unclear whether 

they are adjacent in other canids.  This association is not seen in ACK, APMK, CAK, or 

other carnivores (Murphy et al., 2001; Nash et al., 2008; Perelman et al., 2012).  As such, the 

association of CFA28/37 either originated after divergence from CAK, and was lost in the kit 

fox/red fox/fennec fox, crab-eating fox/hoarey fox, and wolf-like canid lines, or arose in the 

Chinese raccoon dog/Japanese raccoon dog/bat-eared fox, maned wolf/bush dog, and grey fox 

lines. 

 

CFA34 and CFA36 ECCSs are adjacent in Chinese raccoon dog, Japanese raccoon dog, and 

red fox, but not in other canids (Wayne et al., 1987a; Wayne et al., 1987b; Nash et al., 2001; 

Duke Becker et al., 2011).  This association is also not seen in HSA, and as such, we believe 

that this either arose twice in red fox and raccoon dogs, or once, and then was lost in all other 

canids.  In the first case, the first association would have occurred once in the red fox line, 

after divergence from kit fox and fennec fox, and secondly in the ancestor to Chinese raccoon 

dog and Japanese raccoon dog.  If this association arose in the common ancestor to fox-like 

canids or all canids, this association was lost in kit fox, fennec fox, OME, and kit fox, fennec 

fox, bat-eared fox, crab-eating fox, hoarey fox, maned wolf, bush dog, domestic dog, and 

grey fox, respectively. 

 

These paired associations are not present in cow, mouse, or rat (Derrien et al., 2007), 

suggesting that additional breakage-fusion events occurred during speciation of ruminants 
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and rodents.  Such patterns of associated ECCSs have been identified in mammalian 

genomes previously.  One such association, human chromosomes 12 and 22 (HSA12/22), is 

considered ancestral for all mammals (Haig, 1999) and its loss in various lineages is derived. 

HSA12 and 22 are each represented by two ECCSs (HSA12a, 12b and HSA22a, 22b) that are 

associated as HSA12a-22a and HSA12b-22b in cattle, pigs and mice (Haig, 1999).  These 

associations are also present in the ACK, as ACK13p/qprox and ACK8q (Nash et al., 2008), 

but lost in the canids.  Translocations between HSA12 and 22 have been identified in a range 

of cancers (Chemitiganti et al., 1985; Mrózek et al.) and the regions surrounding such breaks 

could correspond to fragile regions shared by evolutionary breakpoints and cancer 

breakpoints as predicted by the Breakpoint Reuse Theory (Murphy et al., 2005). 

 

Regions of wild canid chromosomes that were not detected with domestic dog BAC panels 

The centromeric regions of several Chinese raccoon dog and grey fox chromosomes exhibit 

chromatin that lies beyond the proximal boundary of the dog BAC set used in the present 

study, resulting in chromosomal regions with no corresponding dog BAC assignment (noted 

with asterisks in Figures 3 and 4). These apparent ‘CFA-vacant’ regions appear to be 

approximately 5-15Mb in size by comparison to known cytogenetic intervals defined by the 

BAC panel within the same karyotype. As such each of these regions is more extensive than 

the ~3Mb of centromeric sequence from each dog chromosome that is absent from the 

genome sequence assembly due to its highly repetitive nature (Lindblad-Toh et al., 2005) and 

which in turn is not represented within the BAC panels used in the present study. For the 

CFA-vacant regions of NPRp6, 7, 8, 9, 10 and UCI9 and 23, overall agreement between 

chromosome painting and our data suggests that during speciation these chromosomes likely 
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gained sequence (or conversely, the corresponding domestic dog chromosomes lost 

centromeric-adjacent sequence), resulting in the presence of chromatin regions in Chinese 

raccoon dog and grey fox for which a homologous region is not evident in the domestic dog. 

As an example, the region of additional chromatin on NPRp7 is adjacent to sequence 

proximal to CFA1;32.26Mb. Since the dog BAC panels provide coverage extending, on 

average, from 3.34Mb to the telomere of each dog chromosome, it is possible the CFA-

vacant regions in the wild canids share sequence with the centromeric regions of dog 

chromosomes. This would cause the chromosomes to appear to have additional chromosomal 

material observed by FISH but not in chromosome painting, since the latter involves 

hybridizing probes made from entire dog chromosomes. This could explain the CFA-vacant 

regions seen in our studies (but not reported in earlier work) on NPRp11, 12, 13, 16, 17, 18, 

20, 22, 25, 26 and UCI3, 6, 25. However, the larger CFA-vacant regions, such as the region 

on NPRp18, are too large to be explained by the approximately 3.17Mb of CFA7 not 

represented in the BAC panel.  NPRp14, 15, 21, 23, 24 and UCI10 contain dog sequence 

oriented so that the telomeric end of the ECCS is interstitial while the centromeric end is near 

the telomeric end of Chinese raccoon dog chromosomes (Figure 2-3, NPRp23). This 

orientation means that the CFA-vacant region on the Chinese Raccoon dog chromosome is 

proximal to the distal-most BAC (essentially the dog telomeric region) in the associated 

panel. This scenario could mean the sequence represented in these regions is gained in the 

Chinese raccoon dog (or lost in the dog), but since this was not noted in previous work it is 

unclear whether this is the case. Alternatively there may actually be more chromatin at the 

telomeres of dog chromosomes not described in the genome assembly. This is very unlikely 
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since, at least cytogenetically, our BAC panels hybridize to the ends of each dog 

chromosome (Thomas et al., 2008; Thomas et al., 2009).  

 
Discrepancies with prior studies 

We identified several discrepancies between our data and those published previously. First, 

the proximal one-third of NPRp2p, a region estimated to be ~20Mb (by comparison to the 

size of the CFA25 ECCS), did not contain the CFA25 ECCS reported by Nie et al. (2003). 

Since the limit of resolution for chromosome painting is approximately 5-10Mb, it is possible 

that some of this region of NPRp2p erroneously appeared to contain hybridization signal in 

chromosome painting experiments. Although individuals may have variation in sequence 

repeats in this region, our data suggest that NPRp2pprox contains genetic information not 

represented by our domestic dog BAC panels. In addition, there could be differences in 

chromatin structure that would affect the estimated size of the region.  Once such example 

could involve tightly wound heterochromatin appearing much smaller than similarly sized 

areas (by sequence) of a chromosome.  Inversely, loosely wound euchromatin could lead to 

overestimation of the length of sequence present in a section of chromosome. 

 

Secondly, two intrachromosomal breakpoints were identified in the present study, in ECCSs 

shared between CFA5 and UCI4, and between CFA10 and UCI14, which were not evident in 

previous studies, where chromosome paints for CFA5 and CFA10 each hybridized to just 

single gray fox chromosomes. The presence of these breakpoints, and the consequent internal 

sequence rearrangements, is supported by visible differences in the DAPI banding patterns of 

UCI4 and UCI14, relative to those of the corresponding dog chromosomes. Further 
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discrepancies (highlighted in Figure 2-4) for the grey fox are likely due to the presence of a 

translocation event in the individual described in Graphodatsky et al. 2008.  

 

In previous studies of the crab-eating fox the CFA9 ECCS was divided across two 

chromosomes (Nash et al., 2001).  In the present study the data show that the karyotype of 

the crab-eating fox  used in this study contained three chromosome structures that shared 

CFA9 sequence, which resulted from at least seven breakpoints compared to CFA9 (Figure 

2-6). This includes the previously reported breaks and two additional breaks at CFA9;13.1-

14.5Mb and CFA9;16.8-17.8Mb. Regardless, both crab-eating fox and hoarey fox contain 

multiple breakpoints in CFA9 ECCSs that are specific to their branches of the SA canids, 

which would likely mean that these breakpoints arose after divergence from the other SA 

canids based on accepted phylogenetic groupings (Lindblad-Toh et al., 2005). Figure 11 

illustrates an accepted phylogenetic tree of the Canidae (Lindblad-Toh et al 2005) annotated 

with the ECCS patterns described in this study.  

 

Support for the Fragile Breakage Model and the Breakpoint Reuse Theory 

The Fragile Breakage Model (FBM) proposed by Pevzner and Tesler (2003), proposes that 

breakpoints in evolution occur neither at random sites nor are uniformly distributed across 

genomes as described in the Random Breakage Model (Ohno, 1973). They concluded there 

must be an evolutionarily maintained feature of such regions that results in a localized increase 

in breakpoints. Although still controversial, numerous groups have offered support for the 

model by comparing varying chromosome structures and sequence information of several 

mammals (human, dog, mouse, rat, primates) and other organisms (Murphy et al., 2005; Ruiz-
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Herrera et al., 2005). By performing multiple pairwise alignments between the sequences from 

multiple organisms, breakpoints deemed EBRs were identified and described as reused if the 

EBR was common across species from different clades (Murphy et al., 2005; Larkin et al., 

2009).  Incorporating the FBM with breakpoints seen in pathological cases, led to the 

Breakpoint Reuse Theory (BRT) (Murphy et al., 2005).  Studies examining the breakpoints 

observed in cancer and speciation (Murphy et al., 2005) confirm the Breakpoint Reuse 

Theory and Fragile Breakage Model apply to mammals and our work supports these in the 

Canidae.  

 

Comparison of common breakpoint regions (EBRs) with cancer associated genomic 

aberrations 

The common EBRs identified in the present study were evaluated further to investigate any 

potential correlation with genomic aberrations identified in spontaneous canine cancers. This 

revealed recurrent DNA copy number imbalances that were highly localized to the genomic 

intervals defining the CFA9 and CFA19 breakpoint regions, within a range of canine cancers. 

Aberrations including the CFA9 region (20.2–22.4Mb) were evident in non-Hodgkin’s 

lymphoma (Thomas et al., 2011), as well as in ongoing studies of leukemia and transitional 

cell carcinoma of the bladder (Roode et al., 2015; Shapiro et al., 2015). Recurrent genomic 

imbalances within the CFA19 breakpoint region (21.8-25.1Mb) were again evident in 

lymphoma and leukemia (Roode, 2014; Roode et al., 2015) and also among cases of 

appendicular osteosarcoma (Angstadt et al., 2011) and hemangiosarcoma (Thomas et al., 

2014). Osteosarcoma cases also exhibited aberrations consistent with the CFA1 (27.6-

28.7Mb) breakpoint, and with the CFA18 (27.4-29.0Mb) region (Angstadt et al., 2011), in 
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common with lymphoma (Thomas et al., 2011). These findings provide intriguing new data 

supportive of an association between cancer associated genomic instability and karyotypic 

rearrangement during speciation. 

 

While there was evidence of recurrent, subregional genomic aberrations in canine cancers 

that were highly localized to the CFA1, 9, 18 and 19 breakpoint intervals, this was not 

apparent for the two CFA13 breakpoint regions. Genomic gain of CFA13 is the most widely 

encountered copy number aberration identified across a wide range of canine tumor types, 

evident in approximately 50-60% of B-cell lymphomas (Thomas et al., 2011), gliomas 

(Thomas et al., 2009) and osteosarcomas (Angstadt et al., 2011), and approximately 20-25% 

of leukemias (Roode et al., 2015) and hemangiosarcomas (Thomas et al., 2014). Greater than 

75% of canine urothelial carcinomas have a gain of CFA13, and melanomas have recurrent 

gains of CFA13 (Poorman et al., 2015) This aberration typically spans the majority of the 

length of the chromosome and therefore may mask subregional genomic imbalances 

involving evolutionary breakpoint regions. The high incidence of CFA13 gain in canine 

cancers is of particular interest in light of evidence from the present study revealing that 

sequence consistent with regions of CFA13 is present on all B chromosomes of the red fox, 

Chinese raccoon dog and Japanese raccoon dog. Since the CFA13 ECCS is also evident 

within the A chromosome complement of these species, their normal karyotypes therefore 

exhibit overrepresentation of these subchromosomal regions relative to the normal domestic 

dog genome. Each B chromosome harbors at least one copy of the cKIT oncogene, with 

tandem duplication of this locus evident on NPRpBii (Duke Becker et al., 2011). 
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Conclusions 
 
The domestic dog is one of 34 living species comprising the family Canidae. The high 

quality genome sequence assembly of the domestic dog (Lindblad-Toh et al., 2005) provides 

new opportunities for information transfer to other canids. We have used molecular 

cytogenetic reagents developed for the domestic dog to compare the genome architecture of 

11 other members of the Canidae, thus facilitating the transfer of the enormous amount of 

domestic dog genomics data. Newly discovered breakpoints and duplicated regions were 

identified in the canid species studied. Six breakpoint regions shared between the 11 species 

in relation to the domestic dog support the Fragile Breakage Model as proposed by Pevzner 

and Tesler (2003) and also correspond to known breakpoints in synteny between dog, human 

and mouse (Derrien et al., 2007).  Our results have enabled us to generate a set of integrated 

physical genome maps of three wild canid species (red fox, Chinese raccoon dog and grey 

fox) and defined shared breakpoints across eight additional species.  We believe evolutionary 

breakpoints associated with speciation in the Canidae also are associated with genomic 

instability in cancer. Taking into account these new data, we propose that the complex 

rearrangements in the Canidae occur due to fragile regions described by the Fragile 

Breakpoint Model. 
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Figure 2-1. Hybridization of domestic dog BAC clones to red fox chromosome preparations 
reveals the location and orientation of dog ECCSs.  
A. Inverted DAPI-stained image of VVU1. B. Hybridization of CFA 10Mb probe panels to 
red fox chromosomes identified ECCSs shared by VVU1 and regions of CFA1, 12, and 33. 
C. The VVU1 ideogram is annotated with the dog genome locations of the probe panels and 
the orientation of the dog ECCSs. The relative orientation of each ECCS is evident from the 
order of dog BAC clones along the length of VVU1, and is indicated by vertical arrows 
against the VVU1 ideogram. This defined an evolutionary breakpoint within the genomic 
interval CFA1;22.34-32.26 in the red fox. Scale bar=10µm. 
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Figure 2-2. Annotation of the red fox (VVU) ideogram to define ECCSs shared with the 
domestic dog. 
A. The orientation of each dog ECCS is indicated by a vertical arrow. The red fox 
karyotype has four evolutionary breakpoints in dog synteny at CFA1;27.6–28.7Mb; 
CFA13;40.8–41.6Mb; CFA18;27.4–29.0Mb; and CFA19;21.8–25.0Mb. The breakpoints are 
annotated on VVU1, 2, 4, 5, and 13 in red text. Regions of each dog ECCS on either side of 
the EBR are indicated with a suffix [i.e., CFA1(a) and CFA1(b)]. B. The probe representing 
CFA19;46.00Mb (yellow) hybridized both to VVU5p and all VVUB chromosomes, distal to 
the location marked by a BAC probe containing cKIT (red). 
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Figure 2-3. Annotation of the Chinese raccoon dog (NPRp) ideogram to define ECCSs 
shared with the domestic dog.  
A. The orientation of each dog ECCS is indicated by a vertical arrow. The Chinese raccoon 
dog karyotype has six evolutionary breakpoints in dog synteny at CFA1;27.6–28.7Mb; 
CFA9;20.2–22.4Mb; CFA13;40.8–41.6Mb; CFA13;63.5–64.9Mb; CFA19;21.8–25.0Mb; 
and CFA3;3.13–15.17Mb. The breakpoints on NPRp1, 5, 6, 7, 9, and 17 are noted in red text 
and the breakpoint in the CFA3 ECCS (on NPRp6) is italicized. While CFA3;15.17–
94.31Mb hybridized to NPRp6mid-tel, CFA3;3.13Mb co-localized with the probe 
representing CFA13;64.87Mb on NPRp6prox. The proximal one third of NPRp2p (noted 
with a red asterisk) contains a region that did not hybridize to our probe panels. Several 
Chinese raccoon dog chromosomes contain chromatin proximal to any signal from the probe 
panels. These regions are noted with a closing curly bracket on NPRp6-18, and 20–26. 
Regions of each dog ECCS on either side of the breakpoint are indicated with a suffix [i.e., 
CFA1(a) and CFA1(b)]. B. The probe representing CFA29;44.52Mb (blue) hybridized both 
to VVU1q and to the largest NPRpB chromosome (Bi), co-localizing with the distal cluster 
of signal from a probe containing cKIT (red). 
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Figure 2-4. Annotation of the grey fox (UCI) ideogram to define ECCSs shared with the 
domestic dog. 
The orientation of each dog ECCS is indicated by a vertical arrow. The grey fox 
karyotype has nine evolutionary breakpoints in dog synteny: CFA1;22.34–32.26Mb; 
CFA2;3.13–13.77Mb; CFA2;33.76–43.63Mb; CFA2;43.63–53.35Mb; CFA5;32.83–
43.05Mb; CFA10;13. 94–23.36Mb; CFA13;33.74–44.32Mb; CFA18;23.79–33.27Mb; and 
CFA19;13.48–25.12Mb. Breakpoints in CFA1, 13, 18, 19 (in red text) were narrowed to 
CFA1;27.6–28.7Mb; CFA13;40.8–41.6Mb; CFA18;27.4–29.0Mb; and CFA19;21.8–25.0Mb 
on UCI1, 7, 8, 11, 20, 22, 27, and 31. Breakpoints in CFA2, 5, 10 ECCSs (not narrowed) are 
italicized on UCI21 and 22, 4, 14, respectively. Several grey fox chromosomes contain 
chromatin proximal to any signal from the probe panels. These regions are noted with a 
closing curly bracket on UCI3, 6, 9, 10, 14, 23, and 25. Regions of each dog ECCS on either 
side of the breakpoint are indicated with a suffix [i.e., CFA1(a) and CFA1(b)]. CFA7 and 
CFA28, 37 ECCSs are found on UCI12 and UCI15 (outlined with a box), respectively. In a 
previous study, Graphodatsky et al. (2008) organized these ECCSs differently, with CFA7 
and 28 ECCSs together on the largest chromosome and CFA37 ECCS alone on a small 
chromosome. We believe that the cells used in that study had undergone a translocation 
relative to those described here and in Wayne et al. 1987a. 
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Figure 2-5. Domestic dog ideogram annotated to show evolutionary breakpoints within 11 
wild canid species. 
Probe panels representing BACs spaced ∼10 Mb apart were applied to 11 species, and the 
resulting breaks in dog ECCSs, evident when two adjacent probes hybridized onto different 
autosomes (or with intrachromosomal rearrangements, out of sequence), are noted with red 
bars. Regions of each dog ECCS on either side of the breakpoint are indicated with a suffix 
(i.e., CFA1a and CFA1b). The species possessing each breakpoint are indicated. 
Chromosome painting experiments identified a breakpoint in synteny in some cases (noted 
with symbols). Breakpoints at CFA1;22.34–32.26Mb; CFA9;13.50–23.42Mb; 
CFA13;33.74–44.32Mb; CFA13;54.97–64.87Mb; CFA18;23.79–33.27Mb; and 
CFA19;13.48–25.12Mb were narrowed to CFA1;27.6–28.7Mb; CFA9;20.2–22.4Mb; 
CFA13;40.8–41.6Mb; CFA13;63.5–64.9Mb; CFA18;27.4–29.0Mb; and CFA19;21.8–
25.0Mb in 11 species. There were no detectable CFAX breakpoints in the 11 species studied. 
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Figure 2-6. Six breakpoints identified using probe panels at 10-Mb resolution were refined to 
~1-3Mb. 
A. Six EBRs, located on ECCSs of CFA1, 9, 13 (two regions), 18, and 19, were narrowed to 
1- to 3-Mb intervals across the 11 wild canid species. Dog chromosomes (inverted DAPI-
stained) are shown first, with regions of the dog chromosome represented by separate ECCSs   
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Figure 2-6 (continued) 
in the 11 non-dog canids annotated. Regions of each dog ECCS on either side of the 
breakpoint are indicated with a suffix (i.e., CFA1a and CFA1b). The orientation of the ECCS 
in each species is noted next to each corresponding chromosome. Nomenclature used in Figs. 
2, 3, and 4 is shown next to red fox (VVU), Chinese raccoon dog (NPRp), and gray fox 
(UCI) chromosomes. Patterns of ECCSs across species generally correspond to accepted 
phylogenetic groupings as noted by Lindblad-Toh et al. (2005). Of the fox-like grouping, the 
kit fox (VMA), red fox (VVU), and fennec fox (FZE) share the same breakpoints. The bat-
eared fox (OME) (fox-like canid) has one fewer breakpoint (CFA18 ECCS) than these 
species. The Chinese raccoon dog (NPRp) and Japanese raccoon dog (NPRv), also fox-like 
canids, are most closely related to each other and share the same breakpoints. An additional 
breakpoint at CFA13;63.5–64.9Mb is present in both Chinese and Japanese raccoon dogs 
(NPRp and NPRv), rearranging the bottom ∼25 Mb of the CFA13 ECCS. All species except 
the maned wolf (CBR) and bush dog (SVE) contained a breakpoint at CFA19;21.8–25.1Mb, 
splitting the ECCSs across two chromosome pairs in kit fox (VMA), red fox (VVU), fennec 
fox (FZE), Chinese raccoon dog (NPRp), Japanese raccoon dog (NPRv), and bat-eared fox 
(OME). In the crab-eating fox (CTH) and hoarey fox (PVE), a p-arm is present that contains 
the proximal-most CFA19 ECCS, with the distal-most CFA19 ECCS present as a q-arm. All 
four species containing the CFA18 breakpoint (kit fox, red fox, fennec fox, and grey fox) 
have the CFA38 ECCS adjacent to the CFA18a ECCS. The gray fox (UCI) is grouped as an 
island fox, having diverged from all other examined species at least 10MYA (Bailey et al. 
2004). Despite this, the grey fox shares CFA1, 13, 18, and 19 breakpoints with fox-like 
canids.  
B. Both raccoon dogs have a breakpoint at CFA9;20.2–22.4Mb, and the resulting ECCSs 
have been inverted such that the proximal-most and distal-most probes are adjacent in the 
resulting chromosomes. The hoarey fox and crab-eating fox contain four additional 
breakpoints at CFA9;3.1–13.5, 23.4–44.5, 44.5–43.6, and 54.2–64.1Mb. The crab-eating fox 
contained three chromosome structures with CFA9 sequence, which resulted from at least 
seven breakpoints compared with CFA9. This includes the previously mentioned breaks and 
two additional breaks at CFA9;13.1–14.5 and 16.8–17.8Mb. Scale bars represent 10 µm. 
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Figure 2-7. Red fox chromosomes were costained with Hoescht and Chromomycin, and flow 
sorted into 13 peaks including the A chromosomes and X chromosomes.  
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Figure 2-8. Peak A and peak H were differentially labeled and FISHed onto CFA 
chromosomes to identify the ECCSs present, and in doing so, confirmed the identity and 
specificity of the peaks.   
Left: DAPI stained, FISH images show peak A (white) corresponded to VVU1, which 
hybridized to CFA1b, 12, 33.  Peak H (green) corresponded to VVU5 and 14, which 
hybridized to CFA1a, 18(a,b), 19b, 38 (VVU5) and CFA3, 24.  Right: Inverted DAPI stained 
image of chromosomes. 
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Figure 2-9. Peak A and peak H were labeled in Cy3 and Cy5, then hybridized to a canine 
oligonucleotide microarray as an array painting experiment to define the EBR at CFA1a-
CFA1b.   
A. The positive log2 ratios (upper peaks) correspond with peak A, while the negative log2 
ratios (lower peaks) correspond with peak H. As was shown by chromosome painting, peak 
A corresponded to VVU1, which hybridized to CFA1b, 12, 33, and peak H corresponded to 
VVU5 and 14, which hybridized to CFA1a, 18(a,b), 19b, 38 (VVU5) and CFA3, 24 
(VVU14).  Variation in log2 ratio values across the each chromosome could correspond with 
differing hybridization levels between the red fox chromosome sequence and the dog 
sequences present on the array.   
B. The CFA1 EBR was narrowed to CFA1;27,959,220-28,042,200bp, which is 
approximately 83kb.  
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Figure 2-10. CFA13 and CFA19 EBRs are narrowed to ~108kb and ~569kb in the red fox 
using array painting. 
A. The positive log2 ratios (upper peaks) correspond with peak E, and the negative log2 
ratios (lower peaks) correspond with peak C. Peak E corresponded to VVU13, which 
hybridized to CFA7, 13a, 29, and peak C corresponded to VVU2, which hybridized to CFA2, 
9, 13b.  The CFA13 EBR was narrowed to CFA13;41,354,740-41,463,306bp, which is 
approximately 108kb.   
B. Peak D regions correspond with the positive log2 ratios (upper peaks), while peak H 
corresponds with the negative log2 ratios (lower peaks). Peak D corresponded to VVU4, 
which hybridized to CFA4, 19a, 32, and peak H corresponded to VVU5 and 14, which 
hybridized to CFA1a, 18(a,b), 19b, 38 (VVU5) and CFA3, 24 (VVU14).  The CFA19 EBR 
was narrowed to CFA19;22,797,760-23,366,737bp, which is approximately 569kb.   
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Figure 2-11. BAC FISH panels comprised of overlapping BACs spanning the CFA1 EBR 
were chosen from the CanFam2 assembly to narrow the EBR further 
A. Ten BACs were differentially labeled and FISHed with the original EBR-defining BACs 
(191G02, 335M13) in four groups, in order to determine which BACs hybridize 1) only to 
VVU5 (CFA1a ECCS), 2) only to VVU1 (CFA1b ECCS), or to both.  446E23, 324N08, and 
136N11 only hybridized to VVU5, and 111M07 and 191A02 only hybridized to VVU1.  The 
remaining five BACs hybridized to both autosomal pairs in varying amounts, as shown in the 
range of signal intensities of 439M12, 96A12, 431C07, 260N11, and 71O04 probes on 
VVU1 and VVU5. 
B. Assembly positions of the ten BACs, annotated with the color used in A and regions found 
to hybridize to VVU5 (CFA1a ECCS), to VVU1 (CFA1b ECCS), and the overlapping 
regions between. 
C. The start and end positions of the ten BACs according to the CanFam2 assembly.  
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Figure 2-12. Phylogenetic tree is shown with ECCSs. 
A. The accepted phylogenetic tree of the Canidae (Lindblad-Toh et al. 2005) annotated with 
the ECCS patterns described in the text. We propose that the mammalian ancestor organized 
CFA9 ECCSs together as one ECCS, while CFA1, 13, 18, and 19 ECCSs were organized as 
two ECCSs each. The changes in ECCS organization during speciation are noted in bold for 
each branch of the tree. In addition, the CFA19a/32, CFA13a/29, and CFA28/37 associations 
are noted. Species within each colored region (i.e., maned wolf and bush dog) share the same 
breakpoints and ECCS organization. The CFA13a/32 association was either present in the 
ancestral canid karyotype but then lost in the South American and wolf-like canids or arose 
in the island fox and fox-like canid branches separately. Likewise, the CFA28/37 association 
could have been present in the ancestral canid karyotype but was lost in the kit fox/red 
fox/fennec fox, crab-eating fox/hoarey fox, and wolf-like branches or arose separately in the 
Chinese raccoon dog / Japanese raccoon dog, maned wolf/bush dog, bat-eared fox, and grey 
fox branches. Since the CFA19a/32 association is present in primates and canids but not 
other mammals, this association either arose separately in the ancestral canid karyotype and 
ancestral primate karyotypes or was present in the mammalian ancestor and was lost in all 
other non-canid, non-primate modern mammals. We suggest that two centromerization 
events occurred, one in the kit fox/red fox/fennec fox branch to separate CFA13a and CFA29 
ECCSs and one in the crab-eating fox/hoarey fox branch to separate the CFA19a/CFA19b 
ECCSs that fused in the ancestor to South American and wolf-like canids.  It is believed 
based on archaeological and geological evidence that Chinese raccoon dog and Japanese 
raccoon dog diverged 12,000-18,000 years ago (Ward et al., 1987). B. A more parsimonious 
tree (changes noted in red) may move the bat-eared fox branch to the location noted with an 
asterisk in A, which would mean that the fusion of CFA18a/CFA18b and association of  
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Figure 2-12 (continued) 
CFA28/37 common in Chinese raccoon dog, Japanese raccoon dog, and bat-eared fox 
occurred once rather than separately in the Chinese raccoon dog/Japanese raccoon dog and 
bat-eared fox branches.  
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Abstract 

B chromosomes are supernumerary chromosomes that are present in addition to the normal 

complement of autosomes and sex chromosomes, in variable number.  The number of B 

chromosomes may vary between individuals in a species, as well as between cells in the 

same individual. The reason for this variation is still a mystery, and when fitness of an 

individual does not seem to be affected positively or negatively by the number of B 
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chromosomes present, it has been hypothesized that B chromosomes do not contain any 

significant sequence.  Four extant canids, red fox, Chinese raccoon dog, Japanese raccoon 

dog, and maned wolf possess B chromosomes, and previous studies have shown that gene-

containing DNA sequences reside on B chromosomes of red fox, Chinese raccoon dog, and 

Japanese raccoon dog.  In this study we examine the B chromosomes of the red fox, Chinese 

raccoon dog, and Japanese raccoon dog.  

 

Using resources developed for the domestic dog, we analyzed the B chromosomes of red fox, 

Chinese raccoon dog, and Japanese raccoon dog, to characterize the DNA sequence present. 

Specifically, we hypothesized that B chromosomes share homology with A chromosomes 

(autosomes and sex chromosomes), suggesting they originate from A chromosomes.  Using 

fluorescence in situ hybridization (FISH) analysis using canine bacterial artificial 

chromosome (BAC) clones, we identified 25 regions of the dog genome with homology to 

the B chromosomes. Using DNA isolated from flow sorted red fox B chromosomes, we 

probed a genome wide oligonucleotide microarray designed to the domestic dog and 

identified an additional 27 regions of the dog genome with homology to the B chromosomes 

of the red fox.  This work represents the most extensive characterization of mammalian B 

chromosomes to date, and suggests that canid B chromosomes are not just silent passengers 

in the genome.  Future examination of the B chromosome-specific sequence compared to A 

chromosome sequence will determine if there have been any mutations or otherwise silencing 

genetic changes in the B chromosome sequence, which may explain the neutral impact of 

differing B chromosome numbers.  
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Introduction 

Mendelian inheritance rules state that any given chromosome in a cell has a 50% chance of 

being transmitted to daughter cells, and while the A chromosomes (autosomes and sex 

chromosomes) of species do follow this rule, supernumerary chromosomes (B chromosomes) 

are transmitted at uneven rates (Camacho et al., 2000).  How B chromosomes accomplish 

this has largely remained a mystery, however, in some species, such as the grasshoppers 

Eyprepocnemis plorans and Dichroplus elongates, it has been shown that B chromosomes 

can behave in a parasitic manner, and have some method of accumulation that makes their 

transmission rates into daughter cells higher than 50% (Camacho et al., 2000).  It appears that 

the B chromosomes present in canid species are parasitic in nature, being maintained in the 

canid genome without affecting the apparent fitness of the host.  Although large scale studies 

comparing the health and fertility of canids have not been done with respect to the number of 

B chromosomes present in individuals, the ongoing fox domestication project in Novosibirsk, 

Russia has not reported any affects (negative or positive) of increased B chromosomes 

among their red fox stocks (Basheva et al., 2010; Trifonov et al., 2010).   

 

Analysis has demonstrated that while many B chromosomes are largely heterochromatic and 

composed of sequence repeats, there are instances of B chromosomes containing genic 

sequence (Graphodatsky et al., 2005; Yudkin et al., 2007).  B chromosomes have been 

theorized to originate from A chromosomes either intra-specifically, through series of 

duplication and breakage-fusion events, or from infiltration of a chromosome from another 

species (inter-specifically) (T. Ryan Gregory et al., 2005).  Proto-B chromosomes in gametes 
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are then maintained in a population, spread, and become a regular part of the genome of the 

species.  Over time, these chromosomes have the ability to evolve separately from the A 

chromosomes, accumulating repeats and mutations independently from the rest of the 

genome (Houben et al., 2014).  It is believed that B chromosomes would be found in 

phylogenetic groups with high levels of chromosomal rearrangement and those with varying 

diploid numbers (Houben et al., 2014), because increased rearrangements and decreased 

homology between chromosomes means the proto-B chromosomes are able to diverge from 

their A chromosome sequence donors.  As a Family with high levels of karyotypic change, 

the Canidae contains four species with B chromosomes, red fox, Chinese raccoon dog, 

Japanese raccoon dog, and maned wolf.  

 

It is estimated that ~70 mammalian genomes contain B chromosomes, of which 

approximately 50 species are members of the Rodentia (Trifonov et al., 2010).  In the 

Canidae, there are three species with B chromosomes regularly present in their genome: red 

fox, Vulpes vulpes (VVU), Chinese raccoon dog, Nyctereutes procyonoides procyonoides 

NPRp, and Japanese raccoon dog, Nyctereutes procyonoides viverrinus (NPRv), and a fourth, 

maned wolf, Chrysocyon brachyurus (CBR).  It was reported that 3-7% of cells in two of six 

individuals examined contain one B chromosome (Pieńkowska-Schelling et al., 2008; 

Trifonov et al., 2010), however, our maned wolf did not possess B chromosomes.  Red fox 

cells have been reported to contain 0-8 B chromosomes (Yang et al., 1999), while the 

observed range for this work is n=1-7, and mode is n=2-3 B chromosomes.  Chinese raccoon 

dog cells have been reported to contain 0-4 B chromosomes (Szczerbal et al., 2005), but we 
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most commonly observed one copy each of Bi and Bii.  This is consistent with published 

results that reported ~69% of cells observed in 26 individuals contained only 2 B 

chromosomes (Szczerbal et al., 2005).  Japanese raccoon dog cells have been reported to 

contain 3-4 B chromosomes (Nie et al., 2003), and we most often observed three.  Details of 

samples in this study are available in Table 3-1. 

 

Red fox B chromosomes have been shown to be C band negative, implying red fox B 

chromosomes lack heterochromatin. Red fox and maned wolf B chromosomes stain lightly 

with G-banding, suggesting they are enriched with G-C rich sequence (Mäkinen, 1985; 

Pieńkowska-Schelling et al., 2008).  Japanese and Chinese raccoon dog B chromosomes have 

dark C banding along the length of each chromosome (Mäkinen et al., 1986), which suggests 

much of the raccoon dog B chromosomes are heterochromatic.  Chinese raccoon dog B 

chromosomes have both light and dark G bands (Nie et al., 2003) along the length of each 

sub type (NPRp Bi, Bii, Biii (Duke Becker et al., 2011)), as do Japanese raccoon dog B 

chromosomes (Mäkinen et al., 1986), indicating regions of differing A-T and G-C content.  

However, until recently, sequence content of B chromosomes was largely unknown. 

 

We aim to further characterize the canid B chromosomes, in order to understand their role in 

the genomes of the red fox, Chinese raccoon dog, and Japanese raccoon dog.  We 

hypothesize that the canid B chromosomes arose intra-specifically from A chromosomes at 

least two times during canid speciation, once in the red fox ancestor, and once in the Chinese 

and Japanese raccoon dog ancestor.  Through BAC probe hybridization and array painting, 
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we will identify regions present on canid B chromosomes, in addition to the A chromosomes, 

by comparison to the dog genome assembly.  We described the cytogenetic locations of BAC 

probes, generating a visual map to identify each B chromosome in each species. Our data 

represents the most extensive characterization of mammalian B chromosome sequence, and 

suggests canid B chromosomes arose through duplication of A chromosome sequence.   

 

Materials and Methods 

Generation of chromosome preparations from red fox, Chinese raccoon dog, and Japanese 

raccoon dog individuals, and gDNA isolation of seven red foxes 

Seven wild red foxes (red fur color), coded as NC1-7, were sampled in North Carolina, USA, 

and blood was obtained for this study.  These foxes comprise two males and five females, 

ranging in B chromosome number of 1-4, with the majority of foxes possessing 2 B 

chromosomes by examination of DAPI stained chromosome spreads.  Four farmed red foxes 

(silver fur color) were selected from Russian farmed populations (Spady and Ostrander, 

2007), comprising two males, and two females.  R2 (female) and R4 (male) were from the 

aggressive stock, R3 (female) was from the tame stock, and R1 was a male F1 hybrid of 

aggressive and tame stocks.  The Bejing Genomics Institute, as part of their 1000 Genomes 

project, is currently sequencing R1 and R2.  While NC samples and R1, R2 samples were 

received as live cells, only fixed cells were available for R3 and R4 foxes (marked with 

asterisks).  Cultures of R1-4 red fox samples were fibroblasts, while NC1-7 were mitotically 

stimulated peripheral lymphocytes from blood samples (Breen et al., 1999a).  Genomic DNA 

was isolated for NC1-7 from EDTA-blood samples using a DNeasy kit (Qiagen, USA).  

Chinese raccoon dog cells were fixed fibroblast-derived chromosome preparations previously 
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described (Nie et al., 2003).  Japanese raccoon dog cells were fibroblast-derived chromosome 

preparations previously described (Duke Becker et al., 2011). 

 

Peripheral lymphocytes were cultured using routine procedures (Breen et al., 1999b). 

Fibroblasts were expanded in RPMI-1640 supplemented with 15% v/v fetal bovine serum 

(CellGro, Manassas, VA), and 88µg/mL Primocin™ (Invivogen, San Diego, CA).  At 80% 

confluency, dividing cells were arrested at metaphase by exposure to colcemid (50ng/mL) for 

four hours and then harvested using routine hypotonic exposure and methanol/glacial acetic 

acid fixation. Fixed cells were dropped onto clean glass slides, air-dried, dehydrated and 

stored at -80ºC until required. 

 

Flow sorting of red fox chromosomes 

A female aggressive silver-coated red fox (VVU), designated as R2 in Table 3-1, was chosen 

from the breeding pools in the Russian fox domestication project (Kukekova et al., 2012) for 

use in the flow sorting experiments.  Chromosome flow sorting was done in the Cytometry 

Core Facility, at the Wellcome Trust Institute, in Hinxton, Cambridge, UK.  Following 

routine harvesting procedures, the fox chromosomes were stained with Hoechst and 

Chromamycin A3 and subject to bivariate flow sorting as previously described (Telenius et 

al., 1992).  Fourteen peaks including red fox A chromosomes (described in Chapter 2), and 

one B chromosome peak were resolved. Two B chromosome sorts containing 1,000 

chromosomes, and 50,000 chromosomes in 33µL dH2O each were obtained (Figure 3-5).    



 96 
 

Amplification and chromosome painting 

DNA was isolated from the pools of chromosomes in each sort and amplified using 

GenomiPhi whole genome amplification (V2 kit, GE Healthcare). Each reaction was 

composed of 5µL each of the 1,000 chromosomes and 50,000 chromosomes raw sorts, 

corresponding to approximately 150 and 7500 chromosomes (1 sort per reaction), and 9µL 

denaturation buffer solution. Following heat denaturation, the amplification time was 

increased from 1 hour to 3 hours.  The resulting DNA was labeled using nick translation with 

dUTP-SpectrumGreen (Vysis, Abbott Park, IL) to generate chromosome paints.  Each paint 

was hybridized in a separate reaction, via routine fluorescence in situ hybridization (FISH) 

(Breen et al., 1999b), onto chromosomes harvested from NC4 and fixed with 3:1 

methanol:glacial acetic acid, as previously described (Duke Becker et al., 2011). 

 

Selection of B chromosome BAC clones  

As part of a complementary study (Trifonov, unpublished), B chromosome-specific 

sequences were selected by affinity capture (Chen-Liu et al., 1995) using flow sorted red fox 

B chromosomes. The resulting sequences were interrogated using the BLAST tool (NCBI, 

http://blast.ncbi. nlm.nih.gov/Blast.cgi), and sequences with 90–95% homology to the canine 

genome were identified.  Fifteen B chromosome-derived sequences were used to identify 

corresponding dog BAC clones for FISH analysis (Table 3-2). Thirty-six additional BACs, 

each containing a gene known to exhibit recurrent cancer-associated copy number 

aberrations (Thomas et al., 2008), were also selected.  Additional BAC clones were selected 

as required from the dog genome sequence assembly (CanFam2, http://genome.ucsc. edu/) 

for high-resolution FISH analysis of targeted chromosome regions (Supplemental Table 3-1).  
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BAC-based single locus probes 

Clones from the CHORI-82 BAC library (http://bacpac.chori.org, Children’s Hospital 

Oakland Research Institute, Oakland, CA) were selected for use as single locus probes in 

multicolor FISH analysis. DNA from these genome-anchored, cytogenetically-validated 

clones was isolated using Qiagen REAL Prep 96 kits (Qiagen, Valencia, CA). For each BAC 

clone 500ng of DNA were differentially labeled by nick translation to incorporate 

nucleotides conjugated with one of four spectrally resolvable fluorophores [SpectrumRed-

dUTP, SpectrumGreen-dUTP, Spectrum-Orange-dUTP (Vysis, Abbott Park, IL), 

diethylaminomethylcoumarin-5-dUTP (Perkin Elmer Life Sciences, San Jose, CA)] or with 

biotin-11-dUTP (Perkin Elmer Life Sciences, San Jose, CA), detected post hybridization 

using Cy5-Streptavidin (GE Healthcare, Piscataway, NJ), as described previously (Breen et 

al., 2004).  

 

FISH analysis of chromosome preparations 

Differentially-labeled BAC probes were hybridized to metaphase chromosome preparations 

from clinically healthy domestic dog donors to verify their unique cytogenetic location as 

reported previously (Thomas et al., 2007; Thomas et al., 2008). These probes were then 

hybridized to metaphase chromosome preparations of red fox, Chinese raccoon dog, and 

Japanese raccoon dog.  Chromosome preparations were counterstained with 4′,6-diamidino-

2-phenylindole (DAPI) as described previously (Breen et al., 1999a).  

 

Image capture and analysis was performed using a semi-automated multicolor FISH 

workstation, comprising a Zeiss Axioplan 2 fluorescence microscope equipped with a 
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motorized Ludl stage, narrow pass filter sets, a Hamamatsu CCD camera and Smart Capture 

3 software (Digital Scientific, Cambridge, UK). The location of BAC probe hybridization 

signals was noted in each species. The domestic dog karyotype was described using the 

nomenclature of Breen et al. (1999). The chromosome nomenclatures used for red fox, 

Chinese raccoon dog, and Japanese raccoon dog were based on those of Nie et al. (2003).   

 

Array painting experiments 

Following verification by FISH, amplified red fox B chromosome DNA was purified and 

buffer exchanged with 1x TE using the SureTag purification protocol (Agilent 

Technologies).  1µg purified DNA was then labeled with Cyanine 3 (Cy3)-dUTP as 

previously described (Thomas et al., 2011).  NC4 gDNA was labeled with Cy5 and 

hybridized in a non-competitive Cy3/Cy5 reaction using the AMADID 25522 Agilent canine 

oligonucleotide microarray (Thomas et al., 2011). CGH analysis was performed following 

the manufacturer’s recommendations, as previously described (Thomas et al., 2011).  Array 

painting data was analyzed using the ADM2 logarithm in Agilent Workbench software 

(Agilent).  Consistent with standard array painting procedures, the presence of CFA sequence 

in the red fox B chromosomes was determined by log2 ratios greater than 4 (Fiegler et al., 

2003; Gribble et al., 2007; Gribble et al., 2009). 

 

Results 

Confirmation of cKIT presence on B chromosomes in red fox (VVU), Chinese raccoon dog 

(NPRp) and Japanese raccoon dog (NPRv) using BAC single locus probes. 

Previously, it was shown that cKIT sequence is present in the B chromosomes of red fox, 
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Chinese raccoon dog, and Japanese raccoon dog (Graphodatsky et al., 2005; Yudkin et al., 

2007). This is supported in the present study by FISH analysis using the dog BAC clone 

524B22, from the CHORI-82 library, which contains the canine cKIT proto-oncogene that is 

mapped to CFA13q21.3.  The evolutionarily conserved chromosome segments of 

CFA13q21.3, and thus the presumptive primary genomic locations of cKIT in red fox, 

Chinese raccoon dog and Japanese raccoon dog, chromosome arms, are VVU2p, NPRp6 and 

NPRv2q, respectively. The cKIT BAC probe mapped to each of three chromosome arms, as 

expected, and also hybridized to all B chromosomes of these three species (Figure 3-1). In 

red fox the cKIT BAC probe produced a large signal that covered much of the q-arm of all B 

chromosomes (Fig 3-1A, B, C).  When hybridized to Chinese raccoon dog, cKIT signal was 

present on all three B chromosomes, but each with distinct pattern of hybridization; three 

locations on Bi, four locations on Bii and one location on Biii (Figure 3-1D, E). This 

differential pattern of hybridization on NPRpBi, Bii and Biii allows each to be identified 

conclusively. In Japanese raccoon dog, the cKIT signal was smaller than in red fox and while 

two of the B chromosomes (Bi and Bii) had signal in the same subtelomeric location, the 

signal on Biii was further proximal to the telomere (Figure 3-1F, G). 

 

Identification of other genic sequences on B chromosomes using BAC probes 

Among the cancer associated BACs used in this study, clone 521A01 contains the proto-

oncogene RET (a receptor tyrosine kinase), which maps to CFA28;6.89Mb. When hybridized 

to the three species containing B chromosomes, this clone produced signal on NPRpBi and 

Bii, but not to Biii, and did not map to any of the B chromosomes of red fox or Japanese 

raccoon dog.  The BAC 465J12, which maps to CFA20;27.8Mb, includes LRIG1, a possible 
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tumor repressor (Thomas et al., 2008).  This probe did not hybridize to the B chromosomes 

of red fox or Japanese raccoon dog.  However, in Chinese raccoon dog, it hybridized to both 

NPRpBi and Bii in multiple copies (Figure 3-2). To explore this region further we tiled the 

regions proximal and distal to LRIG1 with 15 additional BACs selected from the dog genome 

sequence assembly (Figure 3-3). These data revealed that the size of the genome sequence 

shared between CFA20 and NPRpBi and Bii was 601kb, with the upper breakpoint located at 

CFA20;27,559,082-27,568,093 and the lower breakpoint located at CFA20;28,169,083-

28,211,725.  

 

As part of a parallel study described in chapter 2 of this thesis, two additional gene-

containing BACs were identified that hybridized to B chromosomes.  LRP1B, a tumor 

suppressor, is contained in 287N13. This BAC maps to CFA19;46.0Mb and the homologous 

region of VVU5p, and also to all red fox B chromosomes, in a mid-tel position of the q arm, 

proximal to the cKIT signal.  335J13 maps to CFA29;44.5Mb and the homologous region at 

NPRp20qcen, and also to NPRpBitel.  335J13 sequence contains the proto-oncogene MTDH, 

according to CanFam2 annotations (Figure 3-4).  

 

Affinity capture method identifies CFA genomic sequence present on red fox B chromosomes 

and BAC single locus probes confirm their presence on B chromosomes 

Of the 18 dog BACs specifically selected following affinity capture to target the red fox B 

chromosome (Trifonov, unpublished), 3 hybridized only to autosomes in normal copy 

number, and 15 hybridized red fox autosomes in normal copy number, and also to the red fox 

B chromosomes. One region, on CFA13 at ~37Mb, also hybridized to NPRpBi (Table 3-2, 
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Figure 3-4).  BAC clones that hybridized to the B chromosomes of red fox in addition to the 

CFA-homologous autosomal regions were located on CFA12, 13, 15, 19, 31 and 34. Only 

cKIT hybridized to the B chromosomes of Japanese raccoon dog (Figure 3-4). The 

characteristic hybridization patterns of the cKIT probe in the Chinese raccoon dog provide a 

novel method for distinction between the three B chromosomes present in this species 

(Figure 3-1, 3-2, 3-4).  Many regions of CFA sequence containing cancer-related genes were 

identified, including at least four proto-oncogenes (cKIT, RET, CTNND2, MTDH), and at 

least two tumor suppressors (LRP1B, LRIG1), along with a growth factor (PDGFC)(NCBI, 

CanFam2).  Of note is that while a region of CFA13 containing COL22A1, which encodes a 

type 2 collagen (NCBI, CanFam2), was identified in the red fox B-targeted capture, this 

region also mapped to NPRpBitel. The four BACs containing COL22A1lie on red fox B 

chromosomes at VVUBqprox-mid.  

 

Array painting experiment identifies forty-six regions of CFA sequence on red fox B 

chromosomes 

The individual used to generate B chromosome DNA by bivariate sorting (R2) had 1-3 B 

chromosomes per cell.  NC4 was chosen as the counterpart for FISH analysis and array 

painting and it also contains 1-3 B chromosomes per cell.  Following red fox B chromosome 

isolation and amplification, labeled B chromosome DNA was used to verify the peak 

corresponding to red fox B, and to test specificity of the sort and the resulting amplification 

of chromosome DNA.  Figure 3-6 shows the paint probe hybridized to red fox metaphase 

chromosome spreads, confirming the identity and specificity of the DNA as red fox B 

chromosome DNA.  Unlike previous red fox B chromosome paint probes (Yang et al., 1999; 
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Basheva et al., 2010), this paint probe hybridized only to red fox B chromosomes, and did 

not hybridize to any regions of the A chromosomes, indicating a purer flow sort and superior 

DNA amplification strategy than has been reported previously.  

 

Satisfied with the identity and specificity of the B chromosome amplified DNA, we 

proceeded to investigate red fox B chromosome sequence content further by performing 

array painting using a canine oligonucleotide microarray.  The red fox B chromosome DNA 

and NC4 gDNA were differentially labeled and hybridized in a noncompetitive array 

painting experiment to identify CFA sequence present on B chromosomes.  Table 3-3 shows 

the 46 intervals of the dog genome to which the red fox B chromosome hybridized.  These 

regions correspond with 27 collective regions of CFA autosomes, eight of which were 

previously identified in the BAC-based methods.  As shown in Figure 3-7, the region of 

CFA13 containing the cKIT proto-oncogene was again identified in the array painting, 

validating the FISH data presented in this work, as well as previous work (Graphodatsky et 

al., 2005; Yudkin et al., 2007).  The large region of CFA19 sequence identified on red fox B 

chromosomes using array painting overlaps with the region identified with single locus 

probes in BAC FISH (Figure 3-8).  The CFA19 region, spanning almost 2Mb, represents the 

largest autosome sequence region identified on canid B chromosomes to date, and includes 

the tumor suppressor LRP1B. 

 

Discussion 

Origin of B chromosomes and their maturation 

The origin of B chromosomes is shrouded in mystery and in an effort to understand their 
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significance, we must identify the characteristics of each type of B chromosome. B 

chromosomes share several features, including variation in number between individuals in a 

population, variation in number within an individual and even within a single organ.  In the 

case of the canids studied in this work, the presence of B chromosomes in increasing 

numbers may not positively or negatively affect the fitness of the individual.  How or why B 

chromosomes occur is not known. 

 

It has been hypothesized that the origin of B chromosomes can be split into inter-specific and 

intra-specific routes.  Inter-specific originating B chromosomes are introduced into a species 

from a second species, possibly through hybrid mating.  One such example is between two 

related water plant species Coix aquatica and Coix gigantean. In hybrid plants that would 

otherwise have been identified as C. aquatica, C. gigantean B chromosomes infiltrate the 

genome (Camacho et al., 2000).  However, the majority of published B chromosome work 

explores intra-specific origination, when B chromosomes originate from the A chromosomes 

of a species.  Possibly the most studied B chromosome-containing species are rye (S. cereale), 

grasshoppers (E. plorans), and cichlids (A. latifasciata), and the B chromosomes of these 

species have been categorized as intra-specific in origin (Camacho et al., 2000).  While in the 

past B chromosomes were thought to be entirely heterochromatic, repeat-containing, and 

inconsequential, many researchers have chosen to investigate the origin, and the subsequent 

maturation, of B chromosomes by identifying sequence content of B chromosomes 

(Camacho et al., 2000; Camacho et al., 2011; Pires et al., 2015).  

 

Signal from the probe containing cKIT sequence was found on all canid B chromosomes 
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examined.  However, the copy number and location of signal differs intra- and inter-

specifically.  In addition, because red fox diverged from an ancestor common to the raccoon 

dogs approximately 7MYA (Lindblad-Toh et al., 2005), and all other species divergent from 

that ancestor do not possess B chromosomes, we believe the more parsimonious model 

would be that red fox obtained B chromosomes in a separate event from the raccoon dogs, 

and that proto-B chromosomes accumulated sequence to become the current B chromosomes 

found in various number in red fox populations.  Chinese raccoon dog and Japanese raccoon 

dog B chromosomes differ in size, but the Bi and Bii chromosomes of both species possess 

cKIT sequence in subtelomeric regions, with a more proximal cKIT signal on their Biii 

chromosomes (see Figure 3-1). 

 

B chromosome transmission 

B chromosomes do not follow Mendel’s principles of inheritance.  While the A 

chromosomes of diploid species with B chromosomes follow the principle of segregation and 

independent assortment, B chromosomes have an accumulation mechanism that allows B 

chromosome transmission to daughter cells at greater than Mendelian ratios (T. Ryan 

Gregory et al., 2005).  Ordinarily, sister chromatids align at the metaphase plate as 

microtubules bind the kinetichores at the chromosomes’ centromeres.  Once the chromosome 

pairs are lined up, the sister chromatids are pulled to opposite poles of the dividing cell, 

creating two haploid cells.  In this scenario, each haploid cell has equal complements of 

chromosomes and would have had equal odds of either chromatid of the pair being pulled 

into the resulting haploid cell.  B chromosomes seem to skirt this fundamental principle and 
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instead of having a 50% transmission rate, have greatly increased odds of transmission 

(Houben et al., 2014).  

 

Before the cell can complete mitosis/meiosis, the spindle assembly checkpoint (SAC) must 

be suppressed at the metaphase/anaphase transition.  The checkpoint ensures there is the 

proper microtubule tension on the chromosome pairs that are aligned at the metaphase plate 

of the dividing cell (Pereira and Maiato, 2012).  If there is uneven tension, the cell will halt 

its progression to anaphase, in order to prevent non-disjunction errors.  There are many 

examples of non-disjunction errors, including Downs Syndrome, where instead of one copy 

of human chromosome 21 (HSA21) being pulled to each side of the dividing cell, both 

HSA21 copies segregate to the same pole.  This can happen when microtubule-kinetichore 

binding is uneven between the two sister chromatids, or if the microtubules bind improperly, 

producing uneven force.  

 

When one copy of a chromosome pair is missing from the metaphase plate, the microtubule 

tension would be uneven, a univalent recognized, and the cell cycle halted.  Because of this 

reliable checkpoint mechanism, it has been a mystery how structurally different B 

chromosomes escape the SAC.  While red fox B chromosomes have been shown to pair in 

meiosis (Basheva et al., 2010), it is unclear whether the visually and sequentially different B 

chromosomes in each raccoon dog species behave as bivalents.  In addition, the number of B 

chromosomes between cells is not consistent, and is often not an even number, which would 

necessitate univalent or multivalent formation at the metaphase plate, which should be 

recognized by the SAC.   
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A clue may come from studying B chromosomes in the pocket mouse, whose B 

chromosomes were shown to behave as univalents, bivalents, and trivalents (Patton, 1977), 

with no B-A association. The pocket mouse B chromosomes were shown to have higher 

transmission rates than what would be expected from Mendelian ratios, as seen with B 

chromosomes in canids.  B chromosomes of rye (Secale cereale) behave as sister chromatids, 

and regularly undergo non-disjunction due to unequal spindle formation.  Rye B 

chromosomes have been fairly well characterized and contain a large heterochromatic region 

on the q arm that is responsible for B chromosome non-disjunction.  It has been theorized 

that this heterochromatic region is important for increased sister chromatid cohesion, which 

is stronger than the forces acting on the chromosomes from the microtubules (Banaei-

Moghaddam et al., 2012).  This mechanism could be a method for accumulation of B 

chromosomes.  However, such a heterochromatic region has not been characterized in 

Chinese raccoon dog B chromosomes, and it is unclear if this mechanism is applicable to C 

band-positive Japanese raccoon dog B chromosomes. 

 

Cancers have been shown to deregulate genes involved in the spindle assembly complex, 

including those involved in the aurora kinase pathway (De Voer et al., 2013; Kennedy, 2016).  

B chromosome content identified in Lake Nawampasa cichlids included genes involved in 

microtubule organization, kinetochore structure, and chromosome segregation, including 

AURK (Aurora kinase A-B-like)(Valente et al., 2014).  Proper formation of the spindle 

assembly complex is necessary to suppress the SAC and ensure proper disjunction, and it has 

been postulated that the aberrant cells overcome the SAC and enable aberrant chromosomes 

to be maintained in the genome (Kennedy, 2016).  Perhaps in the future, study of the 
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regulation of the SAC in canids with B chromosomes will explain their accumulation in the 

genome.  

 

Canid B chromosome genic sequence 

Using BAC FISH onto red fox, Chinese raccoon dog, and Japanese raccoon dog 

chromosomes, we identified regions found in duplicate on B chromosomes, in addition to 

their A chromosomes, including nine genes.  MDN1, cKIT, COL22A1, PDGFC, LRP1B, and 

CTNND2 lie on red fox B chromosomes.  LRIG1, cKIT, RET, and MTDH lie on Chinese 

raccoon dog B chromosomes, and cKIT was found on Japanese raccoon dog B chromosomes 

(see Figure 3-4).  Array painting using red fox B chromosomes identified MDN1, cKIT, 

COL22A1, PDGFC, LRP1B, and CTNND2, and other regions containing an additional 18 

genes, including genes involved in p53 activation (EEF1E1) and transcription (TFAP4) 

(Table 3-3) (Ncbi).  Identified regions correspond with duplications of sequence in the red 

fox that are shared with regions of dog chromosomes 5, 6, 10, 11, 12, 13, 15, 19, 26, 28, 31, 

34, and 35.  Recently, grey brocket deer B chromosomes were shown to contain multiple 

gene sequences, including cKIT and RET (Makunin et al., 2016).  However, the implications 

of the B chromosome sequence in each species are still unknown. 

 

Our work has not determined whether the genic sequence is intact and/or transcriptionally 

active.  This would be the most interesting “next step” in exploring the significance of B 

chromosomes in canid species.  If a gene located on one or more B chromosomes is intact 

and transcriptionally active, the cell may produce an increased amount of transcript 

depending on the number of B chromosomes present.  If that transcript is indistinguishable 
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from the A chromosome transcript, one would expect to see a change in fitness of individuals 

based on the number of B chromosomes.  If the sequence is not altered compared to A 

chromosome sequence and/or dog sequence, it is possible that changes to chromatin that do 

not affect sequence (epigenetic changes) have occurred, rendering the B chromosome-

specific transcripts abnormal, or preventing their transcription altogether.  Heterochromatin 

packages chromatin in such a way that sequence is unavailable for transcription.  Raccoon 

dog B chromosomes are C band positive (Mäkinen et al., 1986; Nie et al., 2003), suggesting 

they are heterochromatic, and if genic sequence identified in this work is packaged in 

heterochromatin, it may be silenced.  

 

Future directions 

Valente et al 2014 emphasizes the importance of karyotyping “prior to genome sequencing to 

avoid problems in genome assembly and analytical biases created by the presence of high 

copy number sequences on the B chromosome”.  Ideally, we would like to identify 0 B 

chromosome individuals for red fox, Chinese raccoon dog, and Japanese raccoon dog, to 

determine the sequence specific to B chromosomes in those individuals containing B 

chromosomes.  In addition, we could compare the sequence of key genes on A chromosomes 

between dog and each canid species.  Likewise, we could compare A chromosome sequence 

versus B chromosome sequence in order to identify the changes to sequence since B 

chromosome formation.  Because B chromosomes are believed to follow their own 

evolutionary path and exhibit different mutation rates compared to the same regions on A 

chromosomes (T. Ryan Gregory et al., 2005), it would be useful to confirm that canid B 

chromosomes share this characteristic.  Identifying these “0 B” individuals would also be 
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useful to act as the controls for expression analysis and proteome sequencing.  While in the 

past laboratories were limited to measuring qualitative differences in expression levels of one 

gene between individuals with varying numbers of B chromosomes, this would be a more 

effective method to show that the B chromosomes are producing active transcripts that are 

then translated identically to those from A chromosomes. 

 
Conclusions 

We examined three canids with B chromosomes to further understand the significance of 

supernumerary chromosomes in the genomes of red fox, Chinese raccoon dog, and Japanese 

raccoon dog.  Like other species with B chromosomes, the canid B chromosome complement 

varies intra-specifically, and until recently canid B chromosomes were assumed to contain 

primarily repeat sequence and heterochromatin (Camacho et al., 2000).  Through BAC probe 

hybridization and array painting, we were able to identify coding and non-annotated regions 

of the dog assembly present on the B chromosomes of each species.  The red fox B 

chromosomes contain sequence from regions containing at least 22 genes, many of which 

encode enzymes, membrane proteins, or transcription factors. B chromosomes in all 3 

species contained sequence on CFA13 containing the cKIT proto-oncogene, in varying copy 

numbers and patterns.  Despite this commonality, we believe that red fox B chromosomes 

arose independently from raccoon dog B chromosomes.  It is possible that the common 

ancestor to Chinese raccoon dog and Japanese raccoon dog established a proto-B 

chromosome, which duplicated and diverged alongside the species, such that each subspecies 

now possesses three distinct B chromosomes each.  The Chinese raccoon dog B 

chromosomes are particularly interesting because they are large and have differing sequence, 
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supporting the idea that after B chromosome establishment, they each developed and 

diverged independently.  While we have identified the most non-repetitive sequence on canid 

B chromosomes to date, future work should address whether these genes contain mutations 

or otherwise are silenced such that B chromosomes do not contribute to the transcriptome 

and proteome.   
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Table 3-1. Samples used in this work.  R3 and R4 red fox samples, and Chinese raccoon dog 
were only available as fixed cells.  NC1-7, and Japanese raccoon dog cells were available for 
culture.  
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Figure 3-1. Canine BAC probe containing the cKIT sequence hybridizes to the B 
chromosomes of three canid species. 
A. cKIT hybridizes to red fox B chromosomes in addition to the CFA13 ECCS on VVU2. 
Signal is shown on ideograms and B chromosomes of red fox (B, C), Chinese raccoon dog 
(D, E), and Japanese raccoon dog (F, G). Red fox B chromosomes appear identical (C), but 
the pattern of signal and banding on the B chromosomes of the two raccoon dogs are distinct. 
Signal strength on NPRpBi and Bii is equal to the signal found on Chinese raccoon dog 
autosomes, while the single signal on NPRpBiii is much weaker (E). Signal on NPRvBi and 
Bii chromosomes is located near the telomeric end, while signal on NPRvBiii is more 
proximal (F, G). Scale bars, 10 µm (A), 2 µm (B–G). 
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Figure 3-2. Sequence containing LRIG1, which encodes a negative regulator of EGFR, 
hybridizes to NPRpB chromosomes.  The cKIT probe (yellow) hybridized to B chromosomes 
of the Chinese raccoon dog (NPRp). A BAC probe (465J12) containing LRIG1 (green) 
hybridized to NPRpBi and Bii. The signal for this probe is attenuated across the reaction to 
distinguish the probe signal on NPRpBi and Bii while still being visible on NPRp25. The 
signal from the LRIG1 probe is coincident and/or adjacent to signal from the cKIT probe in 
both Bi and Bii (inset). Scale bars, 10 µm, 2 µm (inset). 
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Figure 3-3.  Sequence equivalent to CFA20;27,568,093-28,169,083 hybridized to NPRpBi 
and NPRpBii, containing LRIG1, a tumor suppressor. 
A. Overlapping BACs were chosen from the dog genome assembly on either side of 465J12 
(contains LRIG1) and hybridized sequentially to chromosomes of the Chinese raccoon dog 
(NPRp). BACs highlighted with blue only hybridized to NPRp25 (CFA20 ECCS location), 
while BACs highlighted with red hybridized both to NPRp25 and to B chromosomes. A red 
box outlines this region in the assembly. Colors of probe signals are noted adjacent to each 
BAC shown in B. B. Six BACs spanning CFA20;27,568,093-28,169,083 (approximately 601 
kb) hybridized to Chinese raccoon dog B chromosomes. Each probe’s hybridization pattern 
is different on Bi and Bii chromosomes, which suggests that each region contains different 
duplicated CFA20 sequence. Signal strength was reduced (465J12, marked with an asterisk) 
or increased (107D16, marked with a number sign) across the entire reaction to distinguish 
the probe signals on Bi and Bii, resulting in artificially weak or enlarged signal on NPRp25. 
Probes marked with a plus sign (084C23 and 459J13) were hybridized in a separate reaction; 
chromosomes were of similar length and, hence, represent a similar point in the cell cycle as 
other chromosomes. Scale bar, 2 µm. 
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Table 3-2. List of regions of the dog genome, represented by BACs, that hybridized to canid 
B chromosomes 
 

  



 116 
 

 

Figure 3-4. B chromosome ideograms are annotated with BAC probe locations.  The cKIT 
probe (red) was used to identify B chromosomes in red fox (VVU), Chinese raccoon dog 
(NPRp), and Japanese raccoon dog (NPRv) metaphase spreads. Additional probes also 
hybridized to canid B chromosomes as shown.   Many regions of CFA sequence containing 
cancer-related genes were identified, including at least five proto-oncogenes (cKIT, RET, 
CTNND2, MDM2, MTDH), and at least two tumor suppressors (LRP1B, LRIG1). 
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Figure 3-5. Chromosomes were co-stained and flow sorted, capturing the B chromosome 
peak.  The B chromosome peak is circled. 
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Figure 3-6. The B chromosome peak was labeled and hybridized to a red fox metaphase 
spread verify chromosome identity and specificity.  Note the lack of hybridization on any of 
the A chromosomes.  Scale bar=10µm. 
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Table 3-3. Array painting identified 46 intervals found on red fox B chromosomes.  
Forty-six intervals comprising 512 oligonucleotides were identified. The size of each interval 
ranged from 9.0kb-1.87Mb. The 12 regions of the dog genome identified with BAC probes 
are present on red fox B chromosomes and lie within these array intervals. Yellow regions 
are ≥150kb, and orange regions are ≥500kb. Underlined rows highlighted in bold are shown 
in Figures 7, 8.  
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Figure 3-7. The region of CFA13 containing cKIT, comprising approximately 192kb, was 
confirmed to lie on the red fox B chromosomes.  Scale bar=2µm. 
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Figure 3-8. The largest region identified in the array painting experiment was 
CFA19;45,027,418-46,897,232, which is approximately 1.9Mb in size.  Scale bar=2µm. 
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Supplemental Table 3-1: Seventy-three BAC clones were isolated, labeled with fluorescence, 
and hybridized onto red fox (VVU), Chinese raccoon dog (NPRp), and Japanese raccoon dog 
(NPRv) chromosomes. Those that hybridized onto B chromosomes in addition to the location 
of A chromosomes with the corresponding ECCS are indicated with green highlighting. 
While red fox B chromosomes appear identical under light microscopes, Chinese raccoon 
dog and Japanese raccoon dog B chromosomes are indicated as NPRpBi, NPRpBii, 
NPRpBiii, and NPRvBi, NPRvBii, and NPRvBiii. 
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Supplemental Table 3-1 (continued) 
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Abstract 

Centromeres are necessary for chromosomes to properly segregate during the cell cycle, and 

as new chromosome structures are formed during speciation or disease, they must retain or 

acquire centromeres.  Fission of chromosomes may form acentric fragments, and these 

fragments must gain new centromeres to be retained in dividing cells.  Fusions could form 

dicentric chromosomes, which must inactivate one centromere for proper disjunction.  We 

believe that because of the rapid karyotypic changes in Canidae, new centromeres, termed 

neocentromeres, may be present in modern canid karyotypes.  Over time, neocentromeres 

accumulate repetitive sequences, and are then termed mature.  Comparisons of patterns of 



 

 129 

mature centromeres, neocentromeres, and locations of inactivated centromeres in modern 

canids inform relative ages of rearrangements, and further characterizes ancestral karyotypes.   

 

In this work, we characterized centromeric regions of three modern canids, identifying one 

putative neocentromere in red fox (Vulpes vulpes-VVU), two in grey fox (Urocyon 

cinereoargenteus-UCI), and zero in dog (Canis familiaris-CFA).  We identified multiple 

regions of red fox as possible inactivated centromeres, including two within evolutionary 

breakpoint regions (EBRs), and boundaries of rearranged evolutionarily conserved 

chromosome segments (ECCSs).  We propose that the grey fox karyotype contains two 

inactivated centromeres.  We studied two highly conserved regions, corresponding to the 

CFA13a, CFA29 ECCSs, and the CFA19a, CFA32 ECCSs.  These ECCS associations are 

present in humans, and most carnivores, including cat, raccoon, giant panda, fox-like canids, 

South American canids, and island foxes.  We evaluated the accepted canid phylogenetic 

tree, and the karyotypic transitions in the evolution of ancestral carnivore and canid 

karyotypes.  Finally, we drew comparisons to centromerization in speciation and disease. 

 

Introduction  

 

Centromeres enable proper chromosome segregation in cell division through the assembly of 

the kinetochore. Microtubules then attach to the kinetochore on each chromatid to allow 

proper chromosome segregation, ensuring correct chromosome complement in the resulting 

daughter cells. The centromere/kinetochore complex assembles at all active centromeres, and 



 

 130 

is composed of the histone variant centromeric protein A, a central domain, and inner and 

outer plates (Sullivan et al., 2001).  In most active centromeres, the central domain includes 

repetitive DNA sequences, often called alpha-satellite or centromeric DNA (Marshall et al., 

2008).  However, these repetitive sequences are unnecessary for centromeres to be 

functional. Centromeric regions devoid of repetitive sequences correspond with centromeres 

that were recently formed, and are called new centromeres, or neocentromeres. Over millions 

of years, a neocentromere could accumulate centromeric repeats via a currently-unknown 

mechanism, to become a mature centromere (Rocchi et al., 2012).  The process through 

which centromeres arise de novo to be active, become inactive, accumulate repeats, and are 

reactivated is called centromerization . 

 

Centromeric repeats have been identified in humans and equids, and as a result, it was 

determined that horse (ECA) 11, donkey (EAS) 8, 9, 11, 15, 18, Grevy’s zebra (EGR), 1, 2, 3, 

5, 6, 7, 8, 10, 12, 14, 15, 19, 20, and Burchelli’s zebra (EBU) 1, 2, 3, 5, 6, 7, 8, 10, 13, 15, 16, 

19, 20 all contain neocentromeres (Koch, 2000; Carbone et al., 2006; Wade et al., 2009; Piras 

et al., 2010).  In these studies, centromeric repeats were also reported to occur in telomeric 

regions of donkey and both zebra species, indicating those regions were likely relocated 

during speciation, from the common ancestor’s centromeric regions to telomeric regions.  

Despite changing locations relative to the proposed ancestral structure, many regions of 

human, horse, donkey, Burchelli's zebra, and Grevy's zebra chromosomes retained the 

centromeric repeats, and correspond with previously inactivated centromeres (Koch, 2000; 

Carbone et al., 2006; Wade et al., 2009; Piras et al., 2010).  Thus, it was possible to infer the 
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relative age of chromosome restructuring based on comparisons of the centromeric states in 

modern species.   

 

Centromerization events can occur as karyotypes change during evolution or when aberrant 

chromosomes are formed.  In human clinical cases, it has been shown that neocentromere 

formation concentrates around several regions of human chromosomes including HSA3q26-

ter, HSA8p, HSA13q21-32, and HSA15q24-26 (Marshall et al., 2008).  HSA15q24-26 

centers around a region that contains a highly conserved repetitive sequence, and also 

corresponds with an ancestral centromere that is still preserved in several non-human 

primates despite being inactivated in human (Ventura et al., 2003). Perhaps this region is 

prone to rearrangement, but maintains unknown marks for centromere formation.  The 

plasticity of this region highlights the importance of understanding centromerization in the 

context of evolution and disease.  

 

Because of the rapid karyotype restructuring in the Canidae, canid centromeres may not have 

had adequate time to accumulate the repeats found at mature centromeres.  If so, canid 

chromosomes could possess neocentromeres.  We chose to explore the centromerization 

patterns using species-specific repetitive genomic probes, which would identify repetitive 

sequence in general, and bacterial artificial chromosomes (BACs) thought to contain dog 

centromeric sequence, based on their cytogenetic signal locations (Thomas et al., 2008).   

 

We hypothesize that because of the rapid karyotypic changes in the Canidae, neocentromeres 
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may be present in their karyotypes. This work compares centromeric states in modern canids, 

incorporating previously documented ECCS orientation changes and locations of 

evolutionary breakpoint regions (EBRs) (Duke Becker et al., 2011).  By identifying 

colocalization of these features, patterns of chromosome restructuring will be further 

understood, and subsequent parsimonious phylogenetic trees may then clarify the likely 

centromerization events in the Canidae over the past 20 million years.  

 

Materials and Methods 

Preparation of cells and slides 

Whole blood was collected in sodium heparin tubes from seven North Carolina red foxes 

(NC1-7, see Table 1-1) and two domestic dogs.  Lymphocytes from whole blood were 

collected by gentle centrifugation, and then stimulated with the ionophore Ionomycin 

(500nM) to increase cytosolic Ca2+ (Sigma, USA) and 10nM phorbol myristate acetate 

(PMA, Sigma, USA) together to trigger production of interleukin 2, and activate T-cell 

proliferation (Suzawa et al., 1984; Weiss et al., 1984; Chopra et al., 1989),  Blood-derived 

cells were cultured for 72 hours in RPMI-1640 without L-glutamine (Cellgro, Corning), 

supplemented with 20% heat-inactivated fetal bovine serum (Cellgro, Corning), 1% 2mM L-

analyl-L-glutamine Glutamax™ (Cellgro, Corning), 100 units/mL penicillin (Cellgro, 

Corning), 100 µg/mL streptomycin (Cellgro, Corning). 

 

Adherent grey fox fibroblast cells were grown in RPMI-1640 culture medium without L-

glutamine (Cellgro/Mediatech, Manassas, VA, USA), supplemented with 10% heat-
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inactivated fetal bovine serum (Cellgro/Mediatech, Manassas, VA, USA), 1% 2mM L-

analyl-L-glutamine (Glutamax™, Cellgro/Mediatech, Manassas, VA, USA), and 88µg/mL 

Primocin™ (Invivogen, San Diego, CA, USA).  Once 80% confluent, cells were arrested at 

metaphase by exposure to KaryoMAX colcemid (50 ng/mL, Gibco, Invitrogen) for 4 hours 

and cells were lifted from the flask using 0.5% trypsin (Cellgro/Mediatech, Manassas, VA, 

USA). 

All cells were harvested using routine hypotonic exposure using 75mM KCl (Gibco, 

Invitrogen) for 20 minutes and then fixed with standard 3:1 methanol/glacial acetic fix.  

Fixed cells were then dropped onto clean glass microscope slides, dehydrated, and stored at -

80oC until used in FISH reactions.  Prior to use in fluorescence in situ hybridization 

experiments, slides were stained with 4′,6- diamidino-2-phenylindole (DAPI) and mounted in 

antifadent medium.  Image analysis of the chromosome structures was consistent with the 

karyotype of each species.  Four canine cancer cell lines, CL1, 1771, 3132, and Ema, were 

previously described (Roode et al.; Seiser et al., 2011; Roode, 2014; Kennedy, 2016).  

Harvested cells from these cell lines were also dropped onto clean microscope slides, 

dehydrated, and stored at -80oC until used. 

 

Bacterial artificial chromosome (BAC) DNA isolation and probe labeling, species-specific 

repetitive probe generation 

DNA from CHORI-82 BACs was isolated using Qiagen REAL Prep 96 kits (Qiagen, 

Valencia, CA).  Two BACs, 330E21 and 326K03 are known to identify centromeric regions 

in domestic dog and canine cancers (Thomas et al., 2008; Seiser et al., 2011; Roode, 2014; 
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Kennedy, 2016).  For each BAC clone, 500 ng of DNA was differentially labeled by nick 

translation to incorporate nucleotides conjugated with Spectrum-Orange-dUTP or Spectrum-

Aqua-dUTP (Vysis, Abbott Park, IL)(Breen et al., 2004).  Per each 25µL nick translation 

reaction, 500ng BAC DNA, 2.5µL 10x Polymerase buffer (Invitrogen, Carlsbad, CA, USA), 

1µL 1% DNAse (Invitrogen, Carlsbad, CA, USA), 1µL 10 units/µL DNA Polymerase 

(Invitrogen, Carlsbad, CA, USA), 1.25µL 0.2mM fluor conjugated dUTP, 2.5µL dNTP mix 

(final concentration 0.02mM dATP, 0.02mM dCTP, 0.02mM dGTP, 0.01mM dTTP).  Each 

reaction was incubated at 14.5oC for 90 minutes, 12 minutes at 70oC to inactivate the 

enzymes, and then cooled on ice or stored in -20oC for later use.  Probe size and 

concentrations were determined by 1% agarose gel electrophoresis.  Desired length for 

probes was 200bp-1kb (digested product), with the majority of the probe 500bp in size.  

Genomic DNA isolated from NC1-4 red foxes, grey fox fibroblasts, and two dogs (see Table 

1-1) was also labeled via nick translation (same method described for BAC probes), using 

Spectrum-Red-dUTP (Vysis, Abbott Park, IL), and used as species-specific repetitive DNA 

probes, which would identify repetitive regions of chromosomes in each species. 

 

Fluorescence in situ hybridization (FISH) reactions 

FISH reactions were organized such that dog-specific repetitive probes were hybridized to 

dog slides, red fox-specific repetitive probes were hybridized to red fox slides, and grey fox-

specific repetitive probes were hybridized to grey fox slides.  FISH was done according to 

standard protocols (Breen et al., 2004), with the exception that no competitor DNA was used, 
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to allow hybridization of the repetitive portion of the genome sequence. After probe 

denaturation, the probes were immediately applied to the metaphase spreads to prevent 

preannealing. Slides were denatured as per conventional protocols.  Slides were incubated for 

18 hours at 38oC, in a humid slide incubator.   

 

Slides were washed 3 times in 42oC 50% formamide/2x SSC wash buffer, for 3 minutes each 

wash.  Slides were next washed 3 times in 42oC 2x SSC wash buffer, for 3 minutes each 

wash.  Following staining in 4′,6- diamidino-2-phenylindole (DAPI), slides were mounted in 

antifadent medium as described previously (Breen et al., 1999).  Image capture and analysis 

was performed using a semi-automated multicolor FISH workstation comprising a Olympus 

BX61 fluorescence microscope equipped with a motorized stage, narrow pass filter sets, and 

a Hamamatsu CCD camera and Smart Capture 3 software (Digital Scientific, Cambridge, 

UK).  Quantification of signal size and intensity was not inaccurate without internal controls 

for fluorescence intensity and size, such as fluorescent microspheres (ThermoFisher). As 

such, signals were scored by comparison across the metaphase spread, and by comparison to 

signals that cohybridize.  At least 10 metaphase spreads were scored per reaction. 

 

Results  

Repetitive portions of the genome lie in pericentromeric regions, subtelomeric and telomeric 

regions, and in some cases, interstitial locations 

Selective hybridization of probes generated from genomic DNA of dog, red fox, and grey fox 
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were hybridized onto chromosomes from the same species (i.e. dog-specific repetitive probes 

were hybridized to dog slides) to identify the repetitive regions of dog, red fox, and grey fox 

chromosomes (Figure 4-1).  Repetitive CFA sequence is largely found in the pericentromeric 

regions of CFA chromosomes (Figure 4-1A), with varying signal intensity across all 

chromosomes.  Additional repetitive signal is found on nine autosomes: CFA1q32-36, 

CFA5q24, CFA9q21.2-22.2, CFA15q21, CFA26q23-24, CFA29q11-15, CFA31q14, 

CFA34q16, CFA36q15, and also on both sex chromosomes: CFAXp22.3-q22.3, and 

CFAYq11.22-11.3 (annotated in Table 4-1).   

 

Grey fox chromosomes are largely characterized by grey fox repetitive signal only at each 

centromere, while red fox (VVU) chromosomes contain signal from the red fox-specific 

repetitive probe not only at their centromeres, but also in interstitial regions corresponding to 

ECCS borders, EBRs, and locations within ECCSs.  VVU1ptel, VVU2ptel, VVU3pcent-

VVU3qmid, VVU4pcent-VVU4qmid, VVU7pmid, VVU7qtel, VVU8qtel, VVU9qtel, and VVU10p 

contain repetitive signal that spans multiple DAPI bands, indicating large repetitive regions 

(>5Mb).  VVU4p contains repetitive signal at the ECCS border of CFA19a and CFA32, the 

border of CFA5 and CFA35 on VVU12q, and the ECCS border of CFA29 and CFA7 on 

VVU13q.  In addition, the centromeres corresponding to ECCS borders on all VVU 

chromosomes, except VVU13 and VVU15, contain repetitive signal, suggesting these 

centromeres are in the process of accumulating repetitive sequence, and becoming mature 

centromeres (Figure 4-2).   
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Two BACs, CH82-326K03 and CH82-330E21, and repetitive portions of canid genomes 

overlap, supporting their repetitive nature 

Previously, two canine BACs (CH82-330E21 and CH82-326K03) were identified that 

hybridize with varying signal strengths to domestic dog centromeres, suggesting that they 

contain repetitive sequence that is more highly represented on certain dog (CFA) 

chromosomes, as compared to others (Thomas et al., 2008).  Comparison of the signal 

intensity of each BAC, the overlap of the signal for each, and the location of each in the 

pericentromeric region of each CFA chromosome (Figure 4-3) suggest that these two BACs 

contain different sequences.  With the exception of CFAX and Y, repetitive signal at dog 

centromeres overlaps with signal from at least one of the BACs (Figures 4-4, 4-5A), 

suggesting the modern CFA karyotype does not contain any neocentromeres or inactivated 

centromeres.  Hybridization signals from 326K03 and 330E21 are similar at the centromeres 

of CFA5, 7, 8, 9, 13, 15, 18, 20, 22, and 32.  326K03 signal was not detected at the 

centromere of either CFAX or Y, while signal from 330E21 is lacking on centromeres of four 

autosomes, CFA3, 24, 27, 35 as well as CFA X, and Y.  Signal from 326K03 is weaker than 

330E21 on centromeres of CFA2 and 33, and the inverse is true for centromeres of CFA1, 3, 

10, 12, 14, 16, 17, 19, 21, 23, 25, 26, 28, 29, 31, 24, and 38.  Because signal from 326K03 is 

found in more dog chromosome centromeres compared to 330E21, 326K03 may contain 

sequence more similar to dog centromeres compared to 330E21.  326K03 and 330E21 have 

also been used extensively to explore gross chromosome structure in malignant canine cells 

(Roode et al.; Seiser et al., 2011; Roode, 2014; Kennedy, 2016) and have aided in the 

identification of derivative chromosomes. 
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We hypothesized that if these two BACs did contain centromeric repeats in the dog genome, 

applying the same probes to metaphase preparations of additional canid chromosomes would 

confirm they contain centromeric repeats common in canid species.  Because previous work 

exploring primate centromeres (Ventura et al., 2003) and equid centromeres (Piras et al., 

2010) identified common and ancestral centromeric repeats, we hypothesized that these two 

CFA BAC probes would identify regions corresponding to centromeric regions of canid 

chromosomes, as well as regions containing ancestral canid centromeres.  Figure 3 shows 

metaphase spreads of dog (A), red fox (B), and grey fox (C), with probe signal from 326K03 

(yellow) and 330E21 (blue).  These species represent the fox-like (red fox), island foxes 

(grey fox), and wolf-like (dog) phylogenetic groups.  Note the overlap of signals, 

chromosomes with differing signals, and those with little or large signals.   

 

Species-specific repetitive probe signal was generated by labeling gDNA for each species, 

and the preferentially hybridizing the probe in species-matched FISH reactions.  These 

signals overlap with signal from at least one of the BACs in all red fox (VVU) chromosome 

centromeres except VVU13, 15, Bs, and X (Figure 4-5B).  VVU1-12, 14, 16 centromeres are 

likely mature because they contain signal from both the red fox-specific repetitive probe, and 

one or more of the canine BAC probes.  Signal intensity at 326K03 and 330E21 were similar 

at the centromeres of VVU4, 5, 9, 10, and 11.  326K03 signal was not detected at the 

centromeres of VVU13, 16, Bs, X, and Y, while signal from 330E21 was lacking on the 

centromeres of VVU13, 14, Bs, X, and Y.  Signal from 326K03 was smaller than 330E21 on 

the centromeres of VVU2, 3, 6, and 8 and the inverse is true for centromeres of VVU7 and 
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15.  VVU13cen is likely a neocentromere because it does not contain signal from either BACs, 

and a very light, and small signal from the red fox-specific repetitive probe (Table 4-2).   

Many interstitial and telomeric regions of red fox contained BAC signals, indicated in Table 

4-1.  It is unclear whether these regions indicate inactivated centromeres, because most do 

not correspond with known EBRs or ECCS borders (Duke Becker et al., 2011). 

 

With the exception of grey fox (UCI) chromosomes UCI8, 20, X, and Y, centromeric 

repetitive signal overlapped with signal from at least one of the BACs on all grey fox 

centromeres (Figure 4-5C), suggesting they are mature centromeres (Table 4-1).  Signal from 

326K03 and 330E21 were present in differing intensities at most centromeres, the exceptions 

being  UCI17, 11, 13, 14, 16, 18, and 29.  326K03 signal was not found at the centromeres of 

UCI8, 20, X and Y, while signal from 330E21 was lacking on centromeres of UCI1, 8, 12, 25, 

X, and Y.  Signal from 326K03 was lighter than 330E21 on the centromeres of UCI26, 28, 

and 32.  Signal from neither of the three probes was detected at the UCI8 and 20 centromeres, 

suggesting that these likely represent neocentromeres in the modern grey fox karyotype 

(Table 4-2).  

 

FISH analysis of four canine cancer cell lines indicates numerous centromeres devoid of 

signal from dog centromeric probes, suggesting these centromeres are neocentromeres 

Canine cancer cell lines were characterized by FISH using the canine BAC clones 326K03 

and 330E21, to aid in characterization of the chromosome structures (Roode et al.; Seiser et 

al., 2011; Roode, 2014; Kennedy, 2016).  While the location and orientations of ECCSs have 
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not been explored extensively in CL1, 1771, 3132, and Ema canine cancer cell lines, 

characterization of the centers of karyotypic reorganization would clarify the role of 

reactivation of ancestral centromeres in disease.  Figure 4-6 demonstrates in 1771, CL1, 

3132, and Ema canine cancer cell lines, multiple chromosome reorganization events have 

occurred.  While the normal dog (CFA) karyotype is composed of 38 acrocentric 

chromosomes, plus submetacentric CFAX and CFAY, these four cell lines have undergone 

extensive changes, altering chromosome number and structures.  Using 326K03 and 330E21 

probes to identify centromeric repeats, we found that each cancer cell line possesses 

chromosome structures whose centromeres lack signal, which suggests these may be 

neocentromeres (* in Figure 4-6).  Non-centromeric regions with signal may correspond with 

inactivated centromeres (§ in Figure 4-6).   

 

The 1771 cell line possesses 104 chromosomes, including 40 submetacentric chromosomes, 

8 of which lack centromeric signal.  CL1 has a diploid number of 69, 13 submetacentric 

chromosomes, and 12 of which lack centromeric signal.  Ema possesses 74 chromosomes, 6 

submetacentric chromosomes, 5 of which lack centromeric signal.  The 3132 karyotype 

comprises few chromosomes (2n=41), 27 of which are submetacentric, including one 

chromosome lacking centromeric signal.  The five chromosomes that appear to have two 

centromeric constrictions, corresponding with two regions of centromeric signal (º in Figure 

4-6) may represent dicentric chromosomes. 
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Discussion   

Centromerization of ancestral chromosomes corresponding to CFA13a and CFA29 ECCSs 

harbors two possible neocentromeres, and two possible inactivated centromere in red fox 

and grey fox 

Several EBRs in the red fox and grey fox contain species-specific repetitive signal that also 

overlaps with signal from 326K03 and 330E21.  Figure 4-7B presents the organization of 

CFA13a and CFA29 in the dog (CFA), red fox (VVU). and grey fox (UCI), with locations of 

326K03, 330E21, and the species-specific repetitive signals.  VVU13 contains CFA13a, 29, 

and 7 ECCSs, with CFA13a and 29 ECCSs separated by a centromere.  The VVU13 

centromere contains very light red fox-specific repetitive signal, but no detectable signal 

from 326K03 or 330E21, suggesting VVU13cen may represent a neocentromere.  In addition, 

the region representing the CFA13 EBR is located at the VVU13p telomere, and this region 

contains light signal from the red fox-specific repetitive probe, but no signal from 326K03 or 

330E21.  By comparison, in the dog, the centromeric region of CFA13 contains similar 

signal for all 3 probes, suggesting that this centromere is mature, and unlike VVU13p, there 

is no signal at the CFA13 EBR.  The region corresponding with the centromeric region in 

CFA29 is in an interstitial region of VVU13q, and retains signal at the ECCS border, 

suggesting the centromere inactivation is a relatively recently phenomenon.  In addition, the 

orientation of the ECCSs in the association in the red fox is consistent in cat, human, and 

Ancestral Carnivore Karyotype chromosome ACK2p (Figure 4-7A). 
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The grey fox (UCI) orientation of CFA13a and 29 ECCSs places the CFA13 EBR in a 

telomeric position, and this region lacks any signal.  In addition, UCI20cen, corresponding 

with the telomeric position of CFA29, lacks any signal (Figure 4-7B).  However, the region 

of the CFA13a ECCS corresponding with the centromere in CFA is interstitial in UCI20, and 

only 330E21 signal is present.  This suggests this region is undergoing deletion of repetitive 

sequence, which usually occurs after centromere inactivation.  In CFA, the centromeric 

regions of CFA13 and CFA29 contain signals for all three probes, which suggests the 

centromeres are mature centromeres, possessing repetitive sequence at the centromere.  

However, 330E21 signal in an interstitial region may indicate UCI20 is in the process of 

losing repetitive sequence following a centromeric inactivation.  The lack of repetitive, 

326K03, or 330E21 signals at the centromere of UCI20 supports this hypothesis, indicating 

UCI20cen is a neocentromere.   

 

Centromerization in CFA19a and CFA32 ECCS-corresponding chromosome regions 

includes two possible inactivated centromeres in red fox, and one in grey fox 

The EBR that separates the CFA19a and CFA19b ECCSs is found in nine of the previously 

studied canids (Duke Becker et al., 2011), and by comparison to other carnivores and the 

Ancestral Carnivore Karyotype (ACK), it is likely that these ECCSs only fused in the wolf-

like canids, and a select number of the South American canids.  While crab-eating fox and 

hoarey fox retain the CFA19, CFA19b structures, maned wolf and bush dog organize these as 

a single chromosome (Duke Becker et al., 2011).   In this work, we found that in red fox and 
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grey fox, the EBR adjacent to CFA19b retains centromeric signal.  In VVU5p, the CFA19 

EBR is located telomerically, and has signal from the red fox (VVU) species-specific 

repetitive probe, and 326K03 signal.  Signal from 330E21 is present, however it is light, 

consistent with a region with less repetitive sequence.  By contrast, no signal was detected 

for any of the probes at the homologous region in CFA.  UCI8 contains the CFA19b ECCS, 

and there is light signal for 3302E21, and no signal was detected for 326K03 or the grey fox-

specific repetitive probe.   

 

The ECCS association corresponding to CFA19a-32 is found on red fox (VVU) chromosome 

VVU4p and grey fox (UCI) chromosome UCI31, with the centromeric position of CFA32 

oriented such that the centromeric state is preserved (Figure 4-7D).  Consistent with this, the 

centromeric regions of VVU4p and UCI31 contain signal from their respective repetitive 

probes, 326K03, and 330E21.  However, the centromeric region of CFA19 is located in 

telomeric positions in VVU4p and UCI31.  Both regions lack species-specific repetitive 

signal, 326K03, and 330E21 signals, while CFA19 and CFA32 centromeric positions possess 

all three signals in CFA.  By comparison, the telomeric regions in VVU4p and UCI31 may 

be the locations of previously inactivated centromeres.  Of additional interest is the border of 

CFA19a and CFA32 ECCSs in VVU4p, which corresponds with the telomeric regions of 

both chromosomes in CFA.  This location in VVU4p has signal from 326K03 and 330E21, 

while UCI31 lacks any signal, consistent with an inactivated centromere that has had enough 

evolutionary time to delete its centromeric repeats.  
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Evolutionary significance of centromerization 

Karyotypes of the ancestors of modern carnivores and canids, the Ancestral Carnivore 

Karyotype (ACK) and Canidae Ancestral Karyotype (CAK), have been constructed by 

comparison of the karyotypes of modern species, largely via chromosome painting.  The 

ACK karyotype, 2n=38 (Nash et al., 2008), is estimated to have existed in the carnivore 

ancestor 55-60MYA (Graphodatsky et al., 2008).  The CAK karyotype has been alternatively 

described as 2n=82 (Graphodatsky et al., 2008) or 2n=76 (Perelman et al., 2012), and in the 

former publication, is estimated to have existed 12MYA. 

 

The orientation of the CFA13a-29 and CFA19a-32 structures in the Canidae Ancestral 

Karyotype (CAK) remain unclear (Perelman et al., 2012), but the accepted Ancestral 

Carnivore Karyotype (ACK) also associates these ECCSs (Nash et al., 2008).  Figure 4-7A, 

C illustrates the structures of ACK2 (C) and ACK4 (A), and the comparative structures of 

human (HSA), and carnivores, domestic cat (FCA), African palm civet (NBI), raccoon (PLO), 

giant panda (AME), and dog.  ACK4p contains the CFA13-29 ECCS association (Nash et al., 

2008; Nie et al., 2012), which may have originated in the ancestral placental karyotype 

(Murphy et al., 2001).  The centromeric region in CFA29 is preserved at the ACK 

centromere, while the CFA13 centromeric region is adjacent to the telomeric region of 

CFA29.  In effect, each ECCS is oriented in the same direction as CFA.  ACK2q contains the 

CFA19a-32 association, in an interstitial region.  By comparison to the orientation of 

CFA10a and CFA32 ECCSs in red fox and grey fox, it appears the ACK2q orientation has 
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been preserved in red fox and grey fox, although locations of centromeres have shifted 

(Figure 4-7B, D) 

 

Figure 4-8 is modified from the accepted canid phylogenetic tree (Lindblad-Toh et al., 2005), 

with published adjustments in the placement of bat-eared fox (OME), shifting OME to the 

same branch as the raccoon dogs (NPRp and NPRv) (Duke Becker et al., 2011).  The 

CFA13a-29 and CFA19a-32 ECCS associations are annotated, along with select discussed 

neocentromeres and inactivated centromeres.  While fox-like canids (green shaded) and the 

island foxes (grey fox) possess the CFA13a-29 CFA19a-32 and associations, wolf-like canids 

(dog) and South American canids (purple shaded) do not.  The exceptions are the maned wolf 

(CBR) and bush dog (SVE), which despite being categorized as South American canids, both 

have the CFA13a-29 CFA19a-32 and associations.   

 

At least three possible scenarios can explain these observations, which are marked with "«", 

"†", and "∞".  Scenario one («) proposes the CFA13a-29 and CFA19a-32 associations are 

lost in the South American and wolf-like canids, and restored in the maned wolf/bush dog 

line.  This scenario involves two state changes.  In scenario two (†), the CFA13a-29 and 

CFA19a-32 associations are maintained in all canids, but is lost in the wolf-like canids, and 

the crab-eating fox/hoarey fox line.  This scenario involves two state changes as well.  

Perhaps a more parsimonious scenario (∞), involving just one state change, is to move maned 

wolf and bush dog to be more basal in the South American/wolf-like ancestral line, splitting 
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off before the split of wolf-like canids and crab-eating fox/hoarey fox.   

 

The form of the Canid Ancestral Karyotype (CAK) has been controversial because canid 

karyotypes are highly rearranged compared to other carnivores.  However, the most recent 

form organizes chromosomes as nearly identical to dog (CFA), except for chromosomes that 

represent the CFA13a-29 and CFA19a-32 associated ECCSs, and CFA1a and b, CFA13b, 

CFA18a and b, and CFA19b ECCSs.  The orientation of the ECCSs in the CFA13a-29 and 

CFA19a-32 CAK chromosomes is unknown by comparison to the orientations of red fox, 

Chinese raccoon dog, and grey fox, (Duke Becker et al., 2011).  Assuming the CAK 

described by Perelman et al., 2012 is accurate, centromeric regions of all dog chromosomes 

except CFA13, 19, 29, and 32 likely had enough evolutionary time to become mature 

centromeres.  In fact, our data supports the assertion that dog centromeres on CFA13, CFA19, 

CFA29, and CFA32 are mature as well, containing dog-specific repetitive sequence and 

signal from both BACs that contain putative canid centromeric sequence. 

 

The region of dog chromosome CFA13mid corresponding to the EBR of the CFA13a,b 

ECCSs is organized such that the CFA13b EBR region is at the centromere of the CAK 

chromosome (Perelman et al., 2012), while the orientation of the CFA13a EBR region is 

unknown in the CAK chromosome.  The status of modern VVU13p-qprox-mid, containing the 

CFA13a-29 association, orients the CFA13 EBR at VVU13ptel, and this location contains 

repetitive signal, but not BAC signal (Figure 6B).  This may indicate an inactivated 



 

 147 

centromere that had evolutionary time to remove centromeric sequence, which would be 

consistent with the corresponding CAK chromosome organizing the CFA13a EBR at the 

centromere.  In grey fox (UCI), the region of CFA13acen is located in an interstitial region of 

UCI20, and contains signal from 330E21, but not 326K03 or the grey fox species-specific 

repetitive probe.  The CFA13a EBR is located in the telomeric region of UCI20, and the 

CFA29 ECCS is oriented such that UCI20cen is a neocentromere.   

 

When examining the corresponding regions in the Ancestral Carnivore Karyotype (ACK) 

(Figure 4-7A), by comparison to other modern carnivores, the orientation of canid ECCSs 

can be inferred.  ACK4p contains the CFA13a-29 association, with the centromeric region of 

the CFA29 ECCS located at ACK4cen, and the CFA13a centromeric region in an interstitial 

region.  The CFA13a EBR is located in the ACK4tel region.  By comparison to CFA, the 

centromeric position of the CFA29 ECCS is conserved, and is relocated in red fox (VVU) 

and grey fox (UCI).  Because the corresponding regions in human and cat also orient these 

ECCSs like dog, it may be more parsimonious to conclude that Canidae Ancestral Karyotype 

(CAK) organized this association in a more dog-like manner instead of the red fox or grey 

fox form.  However, since VVU4 organizes this association in the same orientation, but 

separated by a neocentromere, it supports the conjecture that the CAK chromosome 

organizes these ECCSs in an ACK4 form.  Characterization of additional canids may clarify 

this further.  The neocentromere at UCI20 is similar to the location of the CFA29 ECCS in 

ACK4cen, which means the neocentromere could be the result of a reversion of the 

centromeric state.  This data would be consistent with the CFA13 EBR being located at the 
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telomeric end of the CFA13a-29 containing CAK chromosome. 

 

Centromerization transitions of ACK3 regions containing the CFA19b EBR highlight a 

possible fox-like canid-specific reorganization of CFA19a and CFA19b, at the EBR.  

CFA19b is adjacent to the ACK3 centromere (Nash et al., 2008), but the orientation of the 

ECCS is unclear.  Assuming ACK3cen is a mature centromere, this region would contain 

repetitive sequence.  If the CFA19 EBR is adjacent to the ACK3 centromere, canids that fuse 

CFA19a and CFA19b ECCSs would lose the ACK3 centromeric repeats, while those that 

maintain the ECCSs in separate structures may retain them, depending on the orientation of 

the ECCSs in their modern karyotypes.  Because VVU5 and UCI8 regions containing the 

CFA19 EBR do contain signal from the BACs and/or the species-specific probe, it seems 

their non-centromeric state is relatively more recent than in dog.  The CFA19a EBR region of 

VVU4p also contains extensive repetitive, 326K03, and 330E21signals, while in UCI31 there 

is no signal.  The presence of these repeats in VVU4pmid suggests that the region may have 

been centromeric relatively recent in evolutionary history, which indicate an inactivated 

centromere.  Perhaps the movement of CFA19a and CFA32 in red fox is specific to that line, 

but without analyzing additional fox-like canids, it will remain unclear. 

 

Orientation of the CFA19b-containing CAK chromosome representing the CFA19 EBR is 

unknown.  If the CFA19 EBR is at the centromere of the CAK chromosome, the lack of 

repetitive or BAC signal at the CFA19 EBR may correspond with a long ago inactivated 
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centromere that had enough evolutionary time to eliminate the centromeric sequences.  If 

instead, the CFA19b telomeric region is located at the centromere of the corresponding CAK 

chromosome, the lack of repeats at the EBR in CFA19 would be consistent with the EBR not 

being an inactivated centromere.  VVU4p contains the CFA19a-32 association, and while the 

centromeric region of CFA19a ECCS in CFA is located at VVU4ptel, there are no repetitive 

or BAC signals.  Perhaps this represents an inactivated centromere relative to the 

corresponding CAK chromosome, but because this association is not located adjacent to 

ACK2cen, it remains unclear.  Likewise, UCI31tel, containing the same CFA13a ECCS 

centromeric region, does not contain signal, which supports the idea that the CAK 

chromosome did not orient the association with the CFA19a ECCS centromeric region 

adjacent to the CAK centromere.  Conceivably, the transition of ACK to CAK involved an 

excision of the CFA19a-32 association, and orientation of the CFA32 portion such that the 

region corresponding to the centromeric region became a neocentromere, and then this new 

CAK chromosome underwent a fission in the CFA ancestor.  The orientation of the CFA19a-

32 ECCSs are the same in human, cat, VVU, and grey fox, and as such, this theory may be 

more parsimonious. 

 

Centromerization in canine cancer 

Seemingly dicentric chromosomes in the 3132 cell line may be functionally dicentric 

chromosomes similar to experimentally induced human dicentric chromosomes.  Human 

induced dicentric chromosome maintained functionally dicentric chromosomes over 20 cell 

divisions, and maintained their centromeric repeats at inactivated centromeres up to 6 months 



 

 150 

(Stimpson et al., 2010).  Over time, 3132 dicentric centromeres may also resolve to one 

active centromere, and one inactivated centromere in continuously cultured cells.  The 

karyotypic changes canine chromosomes underwent in these canine cancer cell lines could 

mirror the same processes seen in evolution.  In human cancers and congenital diseases, 

neocentromeres have been shown to overlap with centromeres previously inactivated in 

evolution of a species (Marshall et al., 2008).  It is likely that the same will be identified in 

canine cancers, and by further identifying the sequence in each aberrant chromosome, it will 

be possible to draw comparisons of canid evolution and canine cancer.  Perhaps in vitro 

"time" can be extrapolated to evolutionary karyotypic changes, and centromerization may be 

further understood. 

 

Conclusions 
 

Our work characterizing centromerization and reorganization of ECCSs in canids supports to 

the fragile breakage model and breakpoint reuse theory (Pevzner and Tesler, 2003; Murphy 

et al., 2005).  Identification of ENCs in the equids (Piras et al., 2010), and subsequent 

identification of regions of karyotypic change using subchromosomal paints and BAC panels 

(Musilova et al., 2013) mirrors our work with the canids.  Both clades contain fission and 

fusion events across their Families, involving whole arm and subchromosomal 

rearrangements in modern related species.  The reorientations described previously (Duke 

Becker et al., 2011) involve fissions and fusions of ECCSs and future work may also reveal 

centromere repositioning within subchromosomal regions, without changes in the genetic 

sequence.  
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In this work, we established that two BACs, CH82-326K03 and CH82-330E21, are repetitive 

in nature, and correspond with CFA centromeric sequence.  We characterized centromeric 

regions of red fox and grey fox that lack repetitive sequence, and thus are potential 

neocentromeres.  We also identified regions of canid chromosomes involved in ECCS 

reorganization that do contain repetitive sequence, and these regions of repetitive sequence 

may correspond with previously inactivated centromeres.  Like HSA15, which contains the 

DUP25 repetitive sequence that overlaps with an inactivated ancestral centromere, numerous 

repetitive regions of canid chromosomes correspond with putative ancestral centromeres.  

We explored two highly conserved regions, corresponding to CFA13a-29 and CFA19a-32 

ECCSs.  These are found in the proposed placental mammalian ancestral karyotype, ancestral 

carnivore karyotype (ACK), and canid ancestral karyotype (CAK) (Murphy et al., 2001; 

Perelman et al., 2012).  They are also found in the modern human, cat, raccoon, giant panda, 

and many fox-like canid, South American canid, and island fox karyotypes (Nash et al., 

2008; Duke Becker et al., 2011).  We postulated transitions of these regions from the ACK, 

to the CAK, and to modern canids, and applied these to the accepted phylogenetic tree.  

Finally, we drew comparisons to centromerization in evolution and in canine cancer cell 

lines, which is consistent with the Breakpoint Reuse Theory, which theorizes breakpoints in 

evolution and disease overlap. 

 

 
Centromere positions are not determined by genetic sequence, and are thought to be 

determined by as-yet-to-be-identified epigenetic changes (Stimpson and Sullivan, 2010).  
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Experiments exploring histone modifications in fission yeast suggest that chemical changes 

in histone tails lead to changes in chromatin structures.  Heterochromatin was found to be 

enriched for deacetylated histones, while active centromeres contained acetylated histones.  

However, it is unclear whether this is the case in higher order eukaryotes (Sato and Saitoh, 

2013).  In dicentric chromosomes found in canine cancer cell lines, both centromeric regions 

appear to be active because both centromeres bind centromeric protein A, (unpublished), 

which is essential to kinetochore formation and is only found in active centromeres.  

However, the epigenetic state of each centromere in dicentric canid chromosomes is 

currently unknown.  Further work can clarify this, and also determine if regions involved in 

centromerization in cancer overlap with evolutionary centromerization identified in this 

work.    
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Figure 4-1: Repetitive regions of dog (CFA), red fox (VVU), and grey fox (UCI).  Species-
specific repetitive probes were hybridized to chromosome of their respective species as 
domestic dog (A), red fox (B), and grey fox (C) chromosomes, revealing the highly repetitive 
portions of the genomes.  Note the variation in signal intensity across the chromosomes, 
indicating varying sizes of repetitive regions.  Asterisks mark select interstitial regions, and 
hash tags mark select telomeric and subtelomeric regions with repetitive sequence. 
Scale=10µm. 
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Figure 4-2: Chromosomal regions containing repetitive sequence correspond with 
evolutionary breakpoint regions, evolutionarily conserved chromosome segment 
reorientations, and CFA-homologous repetitive regions in red fox (VVU) chromosomes. 
Regions marked with arrowheads contain signal from the red fox repetitive probe.  Red fox 
chromosomes are annotated with the chromosome identity (A), location and orientation of 
ECCSs (B), and inverted DAPI banding (C).  Red arrowheads mark centromeric regions; 
pink arrowheads mark EBRs, and orange arrowheads mark interstitial and subtelomeric 
regions not corresponding with ECCSs or EBRs.  Scale=10µm.  
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Figure 4-3.  Signals from 326K03 (yellow) and 330E21 (blue) probes overlap with repetitive 
sequence (red) at centromeric regions of canid chromosomes.  The BAC probes representing 
putative centromeric repeats are hybridized to metaphase chromosome spreads of dog (CFA, 
A), red fox (VVU, B), and grey fox (UCI, C).  The BAC probes hybridized primarily to 
centromeric regions in dog and grey fox, while signal also detected in telomeric and 
interstitial regions in red fox, grey fox, and dog.  Overlap of the two signals appears green.  
Chromosomes with light signal are marked with asterisks.  Hash tags mark where the signals 
differ in strength.  Arrows mark the regions that show probe signal in spatially different 
regions. Scale=10µm. 
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Figure 4-4.  Signals from 326K03 (yellow) and 330E21 (blue) probes overlap with signal 
from the dog-specific repetitive probe (red) at dog chromosome centromeres.  The 
centromeric dog BAC probes cohybridized with the dog-specific repetitive probe in 
centromeric regions of dog chromosomes.  Signal from 330E21 (blue, A) and 326K03 
(yellow, B) probes overlap as green signal (C).  Regions of dog chromosomes containing 
repetitive sequence are identified with the dog-specific repetitive probe (red, D).  The merged 
image (E) demonstrates the overlap of signals on dog chromosomes. (F) Dog chromosome 
CFA1 and CFA6 centromeres have particularly light BAC probe hybridization signal, by 
comparison across the CFA metaphase chromosome spread.  Scale=10µm. 
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Figure 4-5.  Signals from 326K03 (yellow) and 330E21 (blue) probes overlap with signal 
from each species-specific repetitive probe (red) at chromosome centromeres.  The BAC 
probes representing putative centromeric repeats, each species-specific repetitive probe were 
co-hybridized to metaphase chromosome spreads of dog (A), red fox (B), and grey fox (C).  
Scale=10µm. 
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Table 4-1.  Dog (CFA), red fox (VVU), and grey fox (UCI) chromosomes corresponding 
with probe signal.  Lighter signals (◌) and brighter signals (⦿), by comparison within each 
metaphase, are annotated. 
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Table 4-1 (continued) 
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Table 4-1 (continued) 
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Table 4-1 (continued) 
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Table 4-1 (continued) 
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Figure 4-6.  1171, CL1, 3132, and Ema canine cancer cell lines were characterized using 
326K03 and 330E21 probes.  The normal canine (CFA) karyotype is composed of 38 
acrocentric autosomes, and submetacentric CFAX and/or CFAY.  Multiple chromosomes 
were identified in the four canine cell lines which have undergone chromosome restructuring, 
as evidenced by transformation from acrocentric autosomes to submetacentric chromosomes.  
Possible neocentromeres are noted with an asterisk and are characterized by their centromeric 
location but lack of probe signal.  Non-centromeric regions with signal (§) indicate possible 
inactivated centromeres.  1771 cell line has a diploid number of 104, possesses 40 
submetacentric chromosomes, and has eight possible neocentromeres.  CL1 has a diploid 
number of 69, 13 submetacentric chromosomes, and 12 possible neocentromeres.  Ema cells 
have a diploid number of 74, has six submetacentric chromosomes, and possesses five 
possible neocentromeres.  3132 cells have 41 chromosomes, 27 submetacentric 
chromosomes, one possible neocentromere, and five chromosomes that possess more than 
one set of the probe signals (º).  These centromeres may be functionally dicentric, or one of 
the sets may mark a recently inactivated centromere that has retained centromeric repeats. 
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Figure 4-7.  Ancestral Carnivore Karyotype (ACK) chromosomes 4 and 2 contain ECCS 
associations CFA13a-29 and CFA19a-32, which are maintained in human, and carnivore 
chromosomes.  A) ACK4p contains the CFA13a-29 ECCS association, which is present in 
many carnivore species, including cat, African palm civet, raccoon, giant panda, and also 
human.  B) The CFA13a-29 ECCS association is retained in red fox (VVU) and grey fox 
(UCI), but in dog (CFA), CFA13a, b are organized as a single chromosome, with CFA29 as a 
separate chromosome.  C) The CFA19a-32 ECCS association is present in an interstitial 
region of ACK2q, and is also present in the karyotypes of human and carnivore species 
including cat, African palm civet, raccoon, and giant panda.  D) CFA19a, b are fused in dog, 
while in red fox and grey fox, the CFA19a-32 association is retained.  In B and D, species-
specific signal (red), and signals from 326K03 (yellow) and 330E21 (blue) are noted, with 
overlap of 326K03 and 330E21 in equal signal strength noted in green.  Possible 
neocentromeres (*) and possible inactivated centromeres (§) are annotated.   
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Table 4-2.  FISH results suggest red fox (VVU) and grey fox (UCI) harbor evidence of 
centromerization.  Centromeric regions devoid of BAC centromeric signal and red fox-
specific repetitive probe (in the case of red fox), or grey fox-specific repetitive probe (in the 
case of grey fox) may indicate neocentromeres.  Regions with signal in non-centromeric 
regions may indicate previously inactivated centromeres that have retained ancestral 
centromeric repeats.  
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Figure 4-8.  Centromerization patterns can inform phylogenetic trees.  At least three 
scenarios can explain changes in chromosomes containing the CFA13a-29 and CFA19a-32 
associations in canids.  The presence/absence of each association in 11 canids, along with 
centromeric status of red fox, grey fox, and dog chromosomes is noted above the 
phylogenetic tree.  The tree is annotated with centromeric statuses for red fox, grey fox, and 
dog.  Scenarios one («) and two (†) result in two state changes each, while scenario three (∞), 
which shifts the location of the maned wolf/bush dog line, is more parsimonious.  Also 
presented in this figure are diploid numbers of modern canid species, their organization of 
CFA13a-29 and CFA19a-32 associations, and centromerization status of these ECCSs in dog, 
red fox, and grey fox. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
 
 

This dissertation examined karyotypic changes in the Canidae by examination of 12 modern 

canid karyotypes.  As canids evolved, blocks of homologous genetic sequence, called 

evolutionarily conserved chromosome segments (ECCSs) became reorganized and reoriented, 

leading to the wide range of chromosome structures present in modern canids.  Canid ECCSs 

are separated by evolutionary breakpoint regions (EBRs) that are common across taxa, and 

coincide with regions of instability in disease.  Supernumerary chromosomes called B 

chromosomes were characterized in three canid species, identifying extensive duplication of 

sequence homologous to the A chromosomes, including tumor suppressors, proto-oncogenes, 

and transcription factors.  Examining the centromeres dog, red fox, and grey fox 

chromosomes suggested several centromeres are not fully mature, and are likely relatively 

recent additions to the red fox and grey fox karyotypes.  Non-centromeric regions of red fox 

and grey fox contain centromeric repeats, suggesting these regions contain previously 

inactivated centromeres.    

 

Six shared evolutionary breakpoint regions (EBRs) corresponding to regions of dog 

chromosomes 1, 9, 13 (two breakpoints), 18, and 19 were identified, and further narrowed in 

12 canid species (Chapter 2).  This work additionally demonstrated the efficacy of array 

painting to define breakpoints in synteny, by narrowing the breakpoint regions of CFA1, 

CFA13, and CFA19 ECCSs in red fox chromosomes.  The coincidence of evolutionary and 

disease breakpoints has been established in humans, and breakpoint regions defined in this  
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work also overlap with regions of instability in human and dog cancers.  Additional study of 

EBRs should predict other key regions of instability in disease.  Because genomic analysis of 

cancer is becoming indispensible in the understanding of aberrant cells, a strategy of 

specifically exploring EBRs in the genome is likely to reveal novel cancer breakpoints and 

genetic aberrations.   

 

It is unclear why specific regions of genomes are more prone to breakage in evolution and 

disease.  Induction of chromosome breakpoints in cultured cells using aphidicolin resulted in 

common fragile sites (Sutherland et al., 1998), however these sites do not correspond with 

EBRs or breakpoints associated with cancer (Murphy et al., 2005).  Computational analysis 

of human, chimpanzee, macaque, dog, mouse, and rat genomes determined that EBRs have a 

GC bias, are enriched for CpG islands, and are gene rich regions.  However, rather than 

disrupting the genes entirely, most EBRs in gene rich regions retain functionality, and are 

likely in an open chromatin state (Lemaitre et al., 2009).  Open conformation of chromatin is 

necessary to allow transcriptional machinery to access the gene sequence and for DNA 

replication, and because open chromatin is less compact, it could be more susceptible to 

breakage.  This is consistent with the theory that EBRs are structurally more likely to break 

in evolution and disease compared to other regions of the genome.   

 

Perhaps breakpoints in cancer that cause regulatory abnormalities do disrupt gene function, 

while EBRs in similar regions do not disrupt gene function.  If the regions are simply prone 

to breakage, detrimental breaks in mitotic cells could lead to disease, while detrimental 
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breakage in meiotic cells would not be maintained in a population, and thus not become an 

EBR.  In effect, only non-detrimental breaks would be tolerable and inherited across 

emerging species. 

 

Karyotypic restructuring in speciation has largely been studied by comparative analysis of 

one individual per species.  This is true for canids, with the exception of domestic dog, red 

fox, and Chinese and Japanese raccoon dogs.  Domestication and farming of select canid 

species has enabled sampling of multiple individuals compared to those sampled from wild 

canids.  A key facility in Novosibirsk, Russia is studies canid domestication and genomics.  

This facility continues a 50+ year project generating two distinct populations of red fox, 

representing aggressive and tame red foxes.  Each population is maintained by selecting 

breeding stock based on phenotypic and behavioral criteria.  By comparison of each 

population and hybrid progeny, a number of genes linked to these population characteristics 

have been identified (Statham et al., 2011; Kukekova et al., 2012).   

 

I characterized 4 individuals from the facility: two aggressive foxes, one tame fox, and one 

F1 hybrid between each population.  In addition, in collaboration with wildlife veterinarians, 

I obtained 7 blood samples from red foxes in North Carolina.  As such, the sample size for 

red fox was increased from 1 to 11.  I was limited in the ability to study multiple individuals 

in other species due to restrictions on sample acquisition and importation, but more 

importantly by the sheer lack of samples for the majority of the canids in this work.  Ideally, 

future work would increase the sample size to at least 10 individuals per species.  Particularly 
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in the case of grey fox, crab-eating fox, and hoarey fox, the increase in sample size will 

clarify whether the chromosome structures characterized in this work are representative of 

each species as a whole.    

 

Array painting of flow sorted red fox chromosomes enabled narrowing of three evolutionary 

breakpoint regions (EBRs) (Chapter 2), and identified sequences present on red fox B 

chromosomes (Chapter 3).  However, utilizing a dog-based oligonucleotide microarray has a 

number of disadvantages.  First, the resolution of the microarray is limited by the number of 

oligonucleotides on the microarray, per genomic region.  The dog oligonucleotide microarray 

routinely used to study copy number aberrations in domestic dog clinical cases is comprised 

of ~180,000 oligonucleotides, spaced ~11kb apart across the dog genome (Thomas et al., 

2011).  As such, the EBRs identified in array painting spanned ~83kb to ~569kb.  This 

resolution is an improvement to the dog BAC-based method of breakpoint narrowing, which 

is limited by the resolution of fluorescence in situ hybridization (FISH) with dog BACs on 

metaphase chromosome spreads (~1-3Mb).  As demonstrated in the BAC tiling experiment 

narrowing the dog chromosome 1-homologous EBR in red fox to ~252kb, panels comprised 

of overlapping dog BACs still are limited by the relatively large size of BACs, ~150-250kb 

on average.   

 

Secondly, it is unclear what degree of sequence identity is required for a sample to hybridize 

to the oligonucleotides on the microarray.  Differences in sequence content in red fox 

compared to dog could lead to a lack of hybridization, leading to an apparent loss of 
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sequence.  This lack of hybridization is scored as a breakpoint region in array painting, which 

may limit the ability to narrow the EBR by comparison to dog sequence.  This would also be 

a limitation in dog BAC-based analysis.  Full genome sequencing of a number of individuals 

per canid species is a more useful strategy.  Genome sequencing would generate species-

specific genome assemblies with high sequence coverage, and sequence divergence between 

dog and other canid species could be identified directly.  In fact, two of the red fox 

individuals examined in this work (R1, R2) have been chosen for sequencing by the 10,000 

Genome Project at the Bejing Genomic Institute (Scientists, 2009).  The resulting genome 

assemblies will be the first non-dog canid assemblies, and the fifth carnivore assemblies 

published to date.   

 

Sequence present on the B chromosomes of the red fox, Chinese raccoon dog, and Japanese 

raccoon dog (Chapter 3) was identified using dog BAC FISH and a dog oligonucleotide array 

(red fox only).  Both strategies utilized tools generated from the dog genome to identify 

sequences present both in A and B chromosomes of each species. This work was limited by 

using dog sequence as an intermediate to examine sequence duplications in each species, and 

it was not possible to directly compare A chromosome sequence to B chromosome sequence.  

Direct examination of B chromosome sequence by comparison to the species' A chromosome 

component, it will be possible to further examine the intraspecific or interspecific origin of 

canid B chromosomes.   
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The red fox B chromosomes examined by array painting in this work were sequenced, 

however, the resulting data was difficult to analyze.  One of the inevitable difficulties in 

generating a red fox B chromosome assembly is that the B chromosomes appear highly 

repetitive, and assembling repetitive sequence is technically difficult. Repetitive sequence 

would be present in excess of truly unique sequence, and reads that have significantly higher 

read depth are routinely excised from further analysis before assembling the scaffolds into a 

genome assembly (Baker, 2012).  As such, assembling the sequencing data may require 

protocol alterations.  The data generated by sequencing the red fox B chromosomes would 

ideally be compared to the red fox genome assembly directly to determine the red fox 

sequence present on the B chromosomes rather than the dog sequence present on red fox B 

chromosomes.  When the red fox genome assemblies are published, the B chromosome 

sequence data should be re-examined, using red fox as the reference genome, rather than dog. 

 

Mammalian B chromosomes appear to be fitness neutral, suggesting they do not contribute to 

the transcriptome and proteome.  Further analysis of the A chromosome and B chromosome 

sequence in each species will clarify whether mutations that silence coding sequence exist in 

the B chromosome sequence by comparison to A chromosome sequence.  However, this 

comparison would not address regulation of expression, functionality of transcripts, or proper 

protein folding.  Understanding the role of B chromosomes that persist in variable number in 

a species will also further characterization of human supernumerary chromosomes.  Unlike B 

chromosomes, human supernumerary chromosomes are not a normal feature of the human 

karyotype, and these supernumerary chromosomes often have detrimental effects in the 
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health of the individual.  Comparisons between B chromosomes and human supernumerary 

chromosomes could lead to novel treatments to neutralize the effects of these aberrant 

chromosomes.  

 

Engineered artificial chromosomes called human artificial chromosomes (HACs) are 

showing promise for gene therapy and cancer treatment.  HACs range from 1-10Mb in size, 

are mitotically stable in human cells, and their centromeres retain transcriptional activity 

(Kazuki et al., 2011; Scott and Sullivan, 2014).  21HAC is one of the most used HAC vectors, 

and was developed by modification of human chromosome 21.  Transformation of the 

21HAC vector with the "suicide gene" herpes simplex virus thymidine kinase (HSV-TK), 

and subsequent ganciclovir treatment was effective in vivo to reduce minimize cell growth of 

a fibrosarcoma cell line as well as in an in vivo mouse model (Kazuki et al., 2011).  

Treatment with HACs in humans has the benefit of the HAC being capable of containing 

whole gene sequences, and the HAC can be maintained in cells at each cell division.  

 

Restructuring of chromosomes in evolution or disease often involves creation of 

neocentromeres and inactivation of centromeres.  This process is crucial to ensuring new 

structures are retained in subsequent cell cycles.  I chose to further explore the origin of new 

chromosome structures during canid speciation by examining the centromeric state of 

domestic dog, grey fox, and red fox chromosomes (Chapter 4).  All dog centromeres are 

likely mature, based on the presence of signal from the probes representing dog centromeric 

repeat sequence at each dog centromere.  By comparison of the centromeric state of red fox 
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and domestic dog chromosomes, several fissions and fusions of evolutionarily conserved 

chromosomal segments (ECCSs) may have occurred relatively recently in the evolutionary 

timeline.  Further analysis of species more recently divergent from a common ancestor will 

clarify the relative ages of chromosome restructuring.  For instance, comparison of red fox 

and kit fox, whose last common ancestor is estimated to be ~6MYA, can address whether 

inactivated centromeres, mature centromeres, and neocentromeres arose at this last common 

ancestor, or after each species diverged.  

 

Human neocentromeres in clinical cases frequently overlap previously inactivated ancestral 

centromeres (Ventura et al., 2003), suggesting these regions have retained a centromeric 

mark during evolution of the species, or that these regions are inherently likely to be re-

seeded with centromeres.   Mammalian centromeres are not determined by sequence, so 

examination of histone methylation status, among other histone modifications, may help 

clarify the epigenetic characteristics of centers of centromerization.  It is unclear whether 

there will be any clinical application for cancer patients, however, because inhibiting 

centromere formation to prevent abnormal chromosome structures from being retained in cell 

cycles would have a far-reaching effect.   

 

This work will impact the understanding of the nature of fragile chromosome regions, and 

further research into the commonality of cancer breakpoints and evolutionary breakpoints.  

This work confirmed the coincidence of evolutionary and cancer breakpoints in the Canidae, 

which adds significant support to the Breakpoint Reuse Theory (BRT).  Analysis of sequence 



 
	

178 

content of red fox, Chinese raccoon dog, and Japanese raccoon dog B chromosomes 

identified extensive homology with A chromosomes of each species.  This represents the 

most extensive characterization of B chromosome sequence to date, and further implicated B 

chromosomes as active participants in karyotypic change.  Further study of centromerization 

events in Canidae and mammals in general will not only clarify phylogenetic placements, but 

also address the instability of ancestral centromeric regions and their coincidence with 

neocentromeres in disease.  Collectively, this work represents the most extensive 

characterization of modern canid karyotypic features in the context of evolutionary change, 

and will be critical to understanding the role chromosomal restructuring in evolution and 

disease.  
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