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INVESTIGATION OF INHERITED
DISEASES IN CATS
Genetic and genomic strategies
over three decades

Practical relevance: The health 
of the cat mirrors a complex
interaction between its environment
(nurture) and its genetics (nature). 
To date, over 70 genetic mutations
(variants) have been defined in the cat;
many involve diseases, structural
anomalies, coat color and texture, including
numerous that are clinically relevant. This trend 
will continue as more of the feline genome is
deciphered. Genetic testing, and eventually 
whole-genome sequencing, should become routine
diagnostic tools in feline healthcare within the
foreseeable future.
Global importance: Cat breeds have dispersed
around the world. Thus, feline medicine clinicians
should be aware of breeds common to their region
and common mutations found within those regional
populations. Random-bred populations of domestic
cats can also have defined genetic characteristics
and mutations, which are equally worthy of
understanding by feline medicine clinicians.
Outline: This article reviews the chronology and
evolution of genetic and genomic tools pertinent to
feline medicine. Possible strategies for mapping
genetic traits and defects, and how these impact 
on feline health, are also discussed. The focus 
is on three historical periods: (1) research
conducted before the availability of the cat genome; 
(2) research performed immediately after the
availability of sequences of the cat genome; 
and (3) current research that goes beyond one cat
genome and utilizes the genome sequences of
many cats. 
Evidence base: The data presented are extracted
from peer-reviewed publications pertaining to
mutation identification, and relevant articles
concerning heritable traits and/or diseases. The
authors draw upon their personal experience and
expertise in feline genetics.

Barbara Gandolfi
PhD*

Department of Veterinary Medicine and Surgery,
College of Veterinary Medicine, W106 Vet Med
Building, 1600 E Rollins St, University of

Missouri-Columbia, Columbia, MO 65211, USA

Hasan Alhaddad
PhD

College of Science, Department of Biological
Sciences, Kuwait University, Safat, 13060, Kuwait 

*Corresponding author: gandolfib@missouri.edu

The domesticated cat of today

Cats are a common household inhabitant and represent an important
part of many human lives. According to survey data, approximately 
86 million cats are owned within the United States1 and 2.4 million in
Australia.2,3 The majority of owned cats are randomly bred domestic
crossbreeds, while only a small proportion constitutes pedigree ‘fancy’
breeds (10–15% in the United States,4 perhaps 25% in Australia5). Feral
cat populations are ubiquitous around the world; wherever humans
are found (and also in many places where they are not found!) a feral
cat population is likely to be present. In Australia, the feral feline pop-
ulation is said to outnumber the owned cat population by about 3 to 1,
and sometimes members of this population will interbreed with
owned domestic crossbreed and pedigree cats.

Feral and owned cats are collectively referred to as ‘domestic cats’.
The scientific name for the domestic cat is Felis silvestris catus,6 a sub-
species belonging to one of the 38 species in Felidae (the cat family).7

This subspecies was likely domesticated from a wildcat progenitor, 
Felis silvestris lybica, by means of altering its ecology.8 Around 10,000
years ago, with the emergence of agriculture, humans transitioned from

a hunter-gatherer lifestyle into settle-
ments. Availability of grain and other
food in and around human settlements
caused rodent populations to substan-
tially increase in size, and attracted the
progenitor wildcat population. over
time, and probably aided by selection
for a temperament suitable for cohabi-
tation with human populations, the
progenitor population grew isolated

from its wild counterparts and evolved into the domesticated cat of
today. The pools of domesticated cats surrounding human settlements
around the world subsequently served as the source for the establish-
ment of individual cat breeds.

intentional human development of cat breeds followed several routes,
summarized in Figure 1. The processes of cat breed development are dis-
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The availability of a cat
genome has enabled the
field of feline genetics 

to flourish.
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tinct from those implemented in other compan-
ion animal species.9 Modern domestic cats
comprise some 40–55 designated breeds,10 yet
owned random-bred and unowned or semi-
owned feral cats (eg, street cats and cats living
independently in rural areas) represent the
overwhelming majority of cats in the
world.11–13 While feral cats are diverse in all

There are
40–55 breeds 
of modern
domestic 
cats, but the
overwhelming
majority of cats
in the world 
are owned
random-bred
and unowned
or semi-owned
feral cats.

Fe l i n e  p ed i g re e  d eve l opmen t  – p e r t i n e n t  h i s t o r i c a l  f e a t u re s

< The majority of cat breeds were established by selecting
one or a limited number of esthetic features, such as coat
length, texture and colour14–18

Several cat breeds were established using only a single cat with
a desirable trait;19,20 for example, the Sphynx, Devon Rex, Selkirk
Rex, Scottish Fold, Bobtail and Munchkin. The selection of such
prescriptive physical characteristics limits the number of cats
that can be used as foundation stock, and the direct result of
such selection practices is inbreeding and reduced genetic vari-
ability. Fixing the desirable trait usually goes hand in hand with
fixing other unrelated traits (eg, blood type) as well as undesir-
able traits, which may in certain circumstances actually repre-
sent disease conditions. Reduced genetic diversity often has
detrimental effects on the genetic health of the breed. For exam-
ple, limited diversity in the major histocompatibility complex
(MHC) limits immunological competence. In the most extreme
scenario, the development of a breed from a single cat with a
desirable trait (such as forward-folding ears) requires intense
selection and several ‘undesirable’ matings (ie, matings among
close relatives; eg, stud to daughter) in successive generations.
To establish the physical standards of a ‘pure breed’, unintended
genetic consequences on the health of that breed often arise.21,22

The most commonly observed unintended consequence of
breed establishment is the high prevalence of specific genetic
diseases in certain breeds, attributable to enrichment of delete-
rious alleles combined with reduced genetic diversity.

< Cat breeds are relatively young, the majority being 
between 20 and 200 years old23

The relatively young age of the breeds has limited the time to
restore genetic diversity by means of spontaneous mutation and
recombination. Moreover, only a minority of breeds (such as the
American Wirehair) allow outcrosses with domestic crossbreed
cats to improve genetic diversity.

< As in other domesticated species, genetic bottlenecks
occurred during breed establishment. Some were the result 
of external factors such as world wars, which drastically
reduced numbers among certain breeds, or the introduction
of a new breed into a country with stringent immigration and
quarantine requirements (eg, Australia and New Zealand)
A population bottleneck involves selecting a subset of a popula-
tion to establish a new breed per se, or the introduction of a
breed into a different country. Such bottleneck events leave 
‘fingerprints’ in the genomes of pedigree cats in the form of
extended genomic regions of shared ancestry. Although long
regions of shared ancestry are signs of inbreeding, their pres-
ence greatly facilitates genetic analyses in the localization of a
trait or a disease.24

respects (coat colour, coat length, size, morpho-
type – ie, the morphological variation within a
species population), breeds were established
through the artificial selection of specific phys-
ical or behavioral characteristics.12

Several historical features of feline pedigree
development are relevant to the current dis-
cussion (see box below).

Continued on page 407

Cat domestication and the routes to breed formation

Figure 1 (a) Domestication 
of cats from a wild progenitor. 
(b) Selection from standing
variation within a random-bred
population. (c) Selection from 
standing variation within an
established breed. (d) Breeds
established from a de novo
mutation. The red and green
cats have two independent 
de novo mutations. 
(e) Hybridization between 
two breeds. (f) Interspecies
hybridization. The solid black
cat represents a domestic cat
and the white patterned cat is,
for example, a Leopard Cat,
Prionailurus bengalensis
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< Many cat breeds are genetically distinct yet diverse,
leading to fewer health problems.12,24 In contrast, other breeds
harbor low genetic variation and the resulting inbreeding
depression can lead to distinct health concerns or simply
reduce the overall health of the population. 

< Some cat breeds are derived from an older ‘foundation’
breed, thereby forming breed families or groups, such as the
Persian family group20

The Persian is one of the foundation breeds and characterized by
a long hair coat and brachycephalic skull conformation. Many
new breeds were established by using unique new traits in addi-
tion to the traits known in Persian cats. For example, the British
Shorthair and Exotic Shorthair can be considered genetically to
be shorthaired Persian cats. Similarly, Selkirk Rex cats are
Persian cats with different hair texture (Figure 2).14,20 Such breed
development strategy, which is often based on single gene vari-
ants, means that members of different breeds share the same
general and genetic health concerns. A good example of a spe-
cific genetic health concern is polycystic kidney disease (PKD).22

The mutation that causes PKD is present at a high frequency in
the Persian breed as well as in the other Persian family breeds,
such as the British Shorthair, and in breeds that used Persian
lines, such as the Australian Tiffanie.

< In contrast with pedigree cats, the random-bred 
feline population is ‘ancient’, dating back approximately
10,000 years, and is thus characterized by short linkage
disequilibrium and short haplotype blocks24,25 

Linkage disequilibrium and haplotype blocks are technical terms
that explain the recombination status of a region. Recombination
is the essential shuffling of homologous chromosomes
(chromosome 1 [C1] from the dam and C1 from the sire) that takes
place during the formation of gametes (ie, meiosis). The amount
of genome shuffling (recombination) is proportional to the age of
the population. In other words, a very established breed (in terms
of the number of generations) would have experienced more
genome shuffling than a new breed. As a result, individuals of an
established population would harbor small segments that are
unshuffled while individuals from a new one would have larger
segments with no recombination. Domestic crossbreed cats have
not been artificially selected for specific traits or disease
predisposition, and natural selection would probably have favored
good structure, function and immunological competence. 
These characteristics, common to all random-bred populations
worldwide, will influence the choice of genetic tools to enable
discovery of trait(s) that segregate within the population. The
selection of appropriate tools to localize a trait and the overall
study design is dependent on (1) the trait of interest, (2) the
population in which the trait is present, and (3) the population
history and genomic structure.

General recommendations for the
study of feline genetic diseases

For a study of genetic disease in cats to be
fruitful, the following recommendations
should be considered: 

< Genetic diseases should be characterized
by veterinarians, ideally feline specialists
with an interest in genetic diseases, 
or organ system specialists A comprehensive
description of a genetic disease highly
influences the collection of appropriate clinical
specimens and the genetic tools to be utilized
in a given study. Advancements in veterinary
medicine, and especially diagnostic imaging,
have enabled the precise characterization of
anatomical and physiological phenotypes of
feline disease and reduced the possibility of
incorrect assignment of phenotype, which
would impact on subsequent genetic analyses.
The characterization of inherited disease is
often easier when there is a comparable
genetic disease in humans, other domestic
animals, rodents or other model organisms. 
in such circumstances, the time required to
identify a causative genetic mutation can often
be reduced. 
< Samples should be collected from diverse
populations and breeds This is essential to
conduct appropriate genetic tests and
provide sufficient control samples for any

Continued from page 406

Persian family members

Figure 2 The Persian (a) is the foundation breed of the Persian family members (British
Shorthair, Scottish Fold, Selkirk Rex). Previous genetic studies confirmed that the family
contains members genetically very similar to the foundation breed. Often cat breeds are
characterized by one single esthetic trait; in this case the British Shorthair is characterized by
the normal coat length (b), the Scottish Fold by the folded ears (c) and the Selkirk Rex by the
curly hair (d). All these breeds share the brachycephalic structure of the head

a b

c d
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Prior to the cat genome era

Key highlights of this era of genetics research
were the development of genetic tools for the
domestic cat and an improved understanding
of the cat genome as a result of the human
genome project. 

Early studies of mitotic chromosomes of the
domestic cat, initiated in the 1970s, revealed a
karyotype consisting of 18 pairs of autosomal
chromosomes and the XY sex chromosome
pair.27,28 The feline karyotype and early gene
mapping studies indicated that the cat has a
genome organization more similar to that of
humans than to that of the mouse or dog. 

Thereafter, and for nearly three decades,
genetic and genomic resources for cats 
have been in production, progressing from 
(1) somatic cell hybrid panels,29 through 
(2) inter- and intra-species linkage maps,26,30,31

and (3) radiation hybrid panels,32,33 to (4) inte-
gration of these early technologies with the
genome sequence. 

analysis. Sample collection needs to be an
ongoing process because it is important to

maintain surveillance of the genetic
variation within a population. 
< Appropriate cats should be recruited
Select appropriate cases (cats suspected
of carrying a genetic disease) and
controls (normal cats) that share as
similar genetic ancestry as possible. 

< Genetic testing should be implemented
based on a summation of all available

information (disease phenotype, pedigree
analysis, mode of inheritance, etc) A trait,
caused by a single gene mutation, can be
inherited in a dominant, recessive or sex-linked
manner. Sexually reproducing animals have
two copies of most genes. The two copies, called
alleles, can be the same or slightly different. The
allele that differs from the highly represented
(normal or wild type) allele might represent the
‘mutation’ that is associated with a phenotypic
change in the animal. For a recessive trait to be
expressed, two copies of the same mutant allele
are necessary (such as for hypokalemia or
hairless traits in cats). A dominant trait requires
only one copy of the mutant allele in order to be
expressed phenotypically (such as feline PKd or
Selkirk Rex curly coat). An X-linked trait (a form
of sex-linked mode of inheritance), as the name
suggests, is linked to and segregates with the 
X chromosome. Males inherit a single X
chromosome from the dam while females
inherit two copies, one from the dam and one
from the sire. The expression of an X-linked
phenotype within a male is achieved regardless
of the mode of inheritance, whereas females
receive two copies of the X chromosome and the
expression of the phenotype depends on the
nature of the mutation (recessive or dominant).
A classical example of X-linked inheritance is
orange colouration.26

< Opportunities for comparative research
should be pursued Potentially a cat model 
of human disease might be developed by
studying feline disease mutations while
simultaneously developing strategies to
remove the disease mutation from the feline
breeding population.

Method Advantages Disadvantages

Candidate gene
sequencing

Fast. Cheap(er) Needs previous study in which the gene function and phenotype are well described

Linkage analysis Identifies large region of association in 
the absence of a known candidate gene

Needs multigenerational pedigree and results in large regions of association. 
Once a region is identified, a candidate gene within the associated interval needs 
to be identified and sequenced

Genome-wide
association

Quick analysis. Region of association for
disease ranges from 500 kilobases (kb) 
to 10 million bases (mb)

Expensive. Needs appropriate sampling and sufficient numbers of cases 
and controls. Requires a long time to collect enough samples for the study. 
Fine mapping might be necessary followed by candidate gene sequencing

Genome-wide
sequencing

Identifies the causative mutation Extremely expensive. Needs data storage space, bioinformatics skills, and enough
controls to exclude non-causative mutations

Table 1 Overview of the main genomic approaches used for identifying a mutation

DNA mutations of the cat: 
the good, the bad and the ugly
An article in the March 2015 issue, by
Leslie A Lyons, reviews the basics of
genetics, the tests available for cats 
and sources for genetic testing.

J Feline Med Surg 2015; 17:
203–219

Development
of faster and
more accurate
genetic tools
promotes rapid
identification of
new mutations
associated

with undesired
traits.

The following discussion reviews the chronology
of progressive improvements in genetic and
genomic tools for the cat and the discoveries
associated with each time period. 

     < Genetic tools: Techniques aimed to
understand the science of heredity and
differences resulting from the interaction of
an organism’s genes (techniques include
cloning, knock-out models, protein
expression and interaction).

     < Genomic tools: Techniques aimed to
solve and study the structure, function,
evolution and mapping of different organism
genomes (techniques include whole-
genome sequencing, radiation hybrid
mapping, high density array genotyping).

Possible strategies and techniques that can be
used to map traits are summarized in Table 1.
Development of faster and more accurate tech -
niques promotes the rapid identification of new
mutations associated with undesired traits in cats.

405_415_Gandolfi.qxp_FAB  31/03/2015  12:03  Page 408



JFMS CLINICAL PRACTICE 409

REV IEW / New approaches to feline genomics and genetics

Somatic cell hybrid panels
A somatic cell hybrid is the result of fusion of
cell lines of a cat and a rodent. This fusion
leads to integration of the chromosomes of the
cat, or parts thereof, into the nucleus and
chromosomes of the rodent cell line. Analysis
of the chromosomes in each cell line can
reveal which specific cat chromosomes or
parts of chromosomes entered the rodent’s
nucleus. Cell lines can be assayed for the pres-
ence or absence of specific proteins, thereby
indicating whether the gene resides on the cat
chromosome. 

In 1997, this mapping approach provided
feline geneticists with the first genetic map of
the cat, comprising 105 loci.34 Loci (plural of
‘locus’) are any specific locations within the
genome. In the case of the genetic map, this
term is used to refer to locations of variability
between individual cats, which can be used as
markers for genetic analyses. This approach
facilitated the mapping of haemoglobin beta
(HBB) to cat chromosome D1 and tyrosinase
(TYR) to chromosome D4.35

Linkage analysis
Genetic recombination-based maps of the
feline genome offer an improvement in reso-
lution over somatic cell hybrid maps, with the
additional benefits of estimating gene order
and distance between genes on a chromo-
some. This technique is probably the oldest
method developed for genetic analyses. 

The method utilizes the information in a
pedigree coupled with the genotypes of
selected variable markers across the genome.
The markers of choice for linkage analyses are
DNA microsatellites (short tandem repeats –
STRs), which exhibit a high degree of variabil-
ity between individuals. For this method to be
implemented, a genetic recombination map
needs to be developed. This map establishes
the relative locations of the variable markers
and assigns them to chromosomes. This is
achieved first by the identification of markers,
followed by careful analysis of the markers’
inheritance pattern in an extended pedigree.
Markers that reside on different chromosomes
will be inherited independently (segregation
and independent assortment), while the
inheritance of markers located on the same
chromosome will depend on the likelihood 
of recombination events. Markers that are 

The somatic fusion approach provided the first
genetic map of the cat and facilitated the mapping

of haemoglobin beta to chromosome D1 
and tyrosinase to chromosome D4.

As a genomic
tool, linkage
analysis has
some major
limitations, but
it did lead to
the discovery
of the mutation
responsible for
autosomal
dominant
polycystic

kidney disease.

further apart from one another are likely to
experience more recombination than markers
that are close to each other. The resulting map
contains markers on each chromosome with a
known genetic inter-distance. The same mark-
ers can be employed for studying genetic 
diseases via linkage analysis.

To study a particular feline disease or phe-
notype using linkage analysis, members of a
large extended pedigree need to be genotyped
for the genetic map markers previously char-
acterized. The pedigree provides the neces-
sary information regarding the inheritance of
the phenotype and relationships among indi-
viduals. The genotyping results will prove or
refute the coinheritance of marker(s) with the
phenotype under study. The genetic distance
between the phenotype-causing gene and
closest marker(s) can be estimated. The detec-
tion of a region of linkage is followed by a
candidate gene approach to sequence regions
of likely involvement. 

In 1999, the first version of the feline inter-
species hybrid-based linkage map contained
approximately 250 microsatellite markers,30

and used a pedigree where domestic cats were
crossed with the Leopard Cat (P bengalensis) to
create a Bengal breed pedigree. This map, in
2004, assisted the targeted gene approach that
led to the discovery of the mutation responsi-
ble for autosomal dominant PKD.22 Other
large feline pedigrees were used to map more
variable genetic markers (microsatellites).36

This supported pedigree-based genetic stud-
ies for simple Mendelian traits in cats, such as
Tabby,37 Spotting31 and Orange.26

However, as a genomic tool, there are some
major limitations. For example, linkage 
analyses require large extended pedigrees
with precise phenotypic assignment to obtain
meaningful results (64 cats to find the Tabby
locus, 114 to find the Spotting locus and 134 to
find Orange). Such extensive pedigrees are not
available for most genetic diseases and main-
taining a colony of cats segregating for 
a disease is a very expensive task; indeed, it
can be hard enough to convince breeders to
repeat a key mating to confirm a trait as heri-
table. Furthermore, markers used in linkage
studies need to be variable among the individ-
uals of the pedigree. Lastly, in some cases the
genomic region identified by the linkage
analysis is large and harbours a lot of candi-
date genes.

Radiation hybrid maps 
Radiation hybrid maps provide finer map-
ping of markers, with a resolution of one
marker per 40 kb for the latest panel created 
in 2012.38 A better map enables the precise 
localization of traits under investigation to a
specific chromosomal region.
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The feline genome project 

The availability of a cat genome enabled the
field of feline genetics to flourish. Researchers
no longer needed to look for conserved
sequences of great similarity across other
mammalian species to design experiments.
instead, they could focus on the specific
sequences of the cat reference genome. 

in 2007, the first cat genome was obtained by
sequencing the genome of an inbred female
Abyssinian cat.49 This genome sequence repre-
sented approximately 60% of the euchromatic
genome (uncondensed part of the genome);
euchromatin comprises the most active por-
tion of the genome (expressed genes). despite
the low coverage (1.9x), the first assembled cat
genome provided the feline genomics com -
munity with a valuable resource. Additional
sequencing of several cat breeds covered
approximately 80% of the cat genome.50,51 in
addition to the reference cat (Abyssinian), sev-
eral other cats were used in this sequencing
phase. The sequencing of different cat breeds,
feral cats and wild cats enabled the identifica-
tion of genetic variation (namely single
nucleotide polymorphisms [SNPs]) across the
genome. Millions of SNPs were identified in
each cat population and a considerable num-
ber were suitable for genetic analyses for vari-
ous populations. Consequently, in 2012, an
illumina 63K dense SNP array, containing
approximately 63,000 SNP variations across
the cat genome, was constructed for commer-
cial use by researchers.

This genetic tool paved the way for new
studies into cat genetic diseases.

Genome-wide association studies
The availability of a dense SNP array provid-
ed the needed resource for the implementa-
tion of population-based analyses instead of
the rather limited pedigree-based analyses.
The SNP array can provide a general
overview of entire genomes from hundreds 
of cats in a single experiment, which subse-
quently allows genome-wide association
studies (GWASs) for cat diseases (Figure 3). 

The conceptual framework of a GWAS
approach is based on the notion that a disease
mutation arises on a specific genetic back-
ground. Through time, and due to random
mating between diseased and normal individ-
uals, the unique genetic background of the
diseased individuals becomes similar to nor-
mal individuals, except for the region sur-
rounding the mutation site. Variations near
the disease-causing mutation would, there-
fore, be non-randomly associated with the
disease-causing mutation due to lack of
recombination between them (markers are in
linkage disequilibrium with the mutation

410 JFMS CLINICAL PRACTICE
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Early feline genetic studies
Feline genetic studies in this era focused on
the localization of disease-producing alleles to
a specific genomic region using the available
tools. Attempts to discover inherited disease
mutations were conducted using a candidate
gene approach. 

The candidate gene approach varies based
on the availability of genetic resources and the
observed disease phenotype. When a feline
genetic disease is characterized phenotypical-
ly and found to share pathophysiological 
similarities to a previously characterized
inherited disease of humans, the human gene
serves as a candidate gene. Due to the lack of a
cat genome (at that time), conserved sequences
in a candidate gene across a number of mam-
malian species were used to design primers
(small nucleotide sequences used to amplify
DNA). Primers designed in conserved
sequences are used to study the candidate
gene in affected cats. Such an approach result-
ed in the identification of a number of disease-
producing mutations in cats.15,18,22,39–43 

Despite these successes, the risks involved
in such an approach should not be underesti-
mated. A disease phenotype may be similar in
different species as a result of mutations in
different genes within a single biochemical
pathway; hence the wrong candidate gene
may be chosen for study. An example of such
a situation is the entity of white spotting,
where mutations in different genes (such as
MITF, PAX3, SOX10 or KIT) can be associated
with similar fur coloration.44–48 The candidate
gene approach can frequently be laborious,
time consuming and expensive, due to the
limited success rate of obtaining cat sequences
using primers designed in conserved regions
of genes from other species. In addition,
sometimes the ‘model’ human disease is actu-
ally not equivalent to the feline disease, as was
the case for hypokalaemic polymyopathy in
the Burmese breed; this was thought to be
similar to human hypokalaemic periodic
paralysis (a channelopathy affecting the mus-
cle cell membrane), when in fact the problem
was a defective enzyme (WNK4 kinase) in the
kidney tubules (see later).

A significantly
lower number
of cases and
controls are
needed for 

a genome-wide
association
study

compared with
the linkage
analysis
approach. 

The relative paucity of successes in genetic
studies conducted during the pre-cat genome
era highlighted the need for an accurate cat
genome sequence. The advantage of having a
genome sequence is the ease of applying a 
candidate gene approach by sequencing genes
based on a cat genome reference, as well as
implementing more advanced genetic tools to
localize disease-causing mutations.
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site). Thus, by comparing diseased cats (cases)
with normal ones (controls), individuals har-
boring a disease mutation would demonstrate
statistically unique genetic markers only near
the mutation site and nowhere else in the
genome. When associated markers are detect-
ed, a refined chromosomal region is thereby
identified, permitting a candidate gene search
using the reference cat genome sequence.

The marker density of the first generation
cat illumina 63K SNP array was relatively low.
despite this limitation, many successful stud-
ies were reported, with different numbers of
cases and controls, depending on the mode of
inheritance and the trait under study (Table 2).
A significantly lower number of cases and
controls are needed compared with the link-
age analysis approach. The inherited condi-
tion hypokalemic polymyopathy of Burmese
and Tonkinese cats was tackled using a GWAS

Trait Breed Mode of inheritance Number of cases Number of controls

Hypokalemic polymyopathy Burmese Recessive 35 25

Rex hair Selkirk Rex Dominant 9 29

Curly hair Cornish Rex Recessive 12 NA*

Folded ears Scottish Fold Dominant 44 55

Orofacial pain Burmese Multigenic (?) 27 60

Blood type Ragdoll Recessive (?) 38 23

FIP Birman Multigenic (?) 38 161

*Mutation identified using array data and population genetics methods. NA = not applicable, FIP = feline infectious
peritonitis

Table 2 Overview of successful genome-wide association studies

approach and a mutation in WNK4 was iden-
tified. Similarly, the genetic basis for the
Japanese Bobtail 52 and Scottish Fold cat 
(B Gandolfi, B Haase and L Lyons, unpub-
lished data) was found. The progres-
sive retinal atrophy (PRA) of
Persian cats was localized to
a small genomic region
using the array.53

Beyond the genetics of
inherited diseases, the
SNP array was instru-
mental in the identifica-
tion of the mutation
associated with various
phenotypes in cats,
including the mutation
causing curly hair texture
in Selkirk Rex14 and Cornish
Rex cats.16 

Periodic hypokalaemic polymyopathy 
in Burmese and closely related cats: 

a review including the latest genetic data
An accompanying review on pages 417–426 of this
issue discusses the clinical manifestations, work-
up and treatment of hypokalaemic polymyopathy
and discusses how the discovery of a WNK4
mutation as the cause for hypokalaemia in

Burmese and related cats offers the
prospect of disease eradication 

in these breeds.

Hypothetical example of a genome-wide association study in cats

Figure 3 (a) Cats with a genetic disease (cases) and 
normal counterparts (controls) are selected from the same
population. Numbers of cases and controls can vary, based
on the mode of inheritance of a trait, age of the mutation
and artificial selection on the population. Both diseased 
and normal cats are genotyped for markers across their
genomes. (b) A genome-wide association analysis tests the
association of a marker (single nucleotide polymorphism;
SNP) with the disease. The association of each marker is
measured and plotted for a genome-wide comparison. 
Each dot in the plot represents the association of a marker
with the disease. The x-axis represents the different
chromosomes in alternating colors, and markers (SNPs) 
are arranged within each chromosome according to their
position on the chromosome. The –log (P value) of the
association test (measuring a statistical significance) of
each SNP marker is plotted on the y-axis. When the marker
is highly associated it would exhibit a large –log (P value)
(red arrow). (c) Haplotype analysis of the variants in the
region showing the most significant association. In the
region of the association the marker variation within the
cases (top) is different from that found in the controls
(bottom). Due to the differences in genetic background and
recombination history between cases and controls, a unique
region can be identified in the cases (red bar and vertical
dashed lines). (d) Visual inspection of the unique region of
association allows selection of a likely candidate gene
responsible for the disease (red star). The likely candidate
gene would be sequenced in search of a mutation that
causes the disease
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and a craniofacial malformation) is associated
with the level of inbreeding within the breed.
in fact, as previously mentioned, fewer
individuals are needed if there is a common
genetic background within a breed (high
linkage disequilibrium). Moreover, the use of
cases from one study can serve as controls for
another disease/trait study within the same
breed, reducing the cost of the study and the
number of samples to be collected. 
< A very well defined and homogeneous
phenotype/disease within the population of
cases will help exclude confounding factors
from the study and support the selection of
appropriate controls For instance, in the
study of early-onset blindness in Persian cats,
the appropriate cases are cats with similar age
of onset and disease progression. Appropriate
controls are cats from the same breed, sighted
and well beyond the age of onset of the
disease.51

The few studies published to date have
shown that the density of the current array is,
for some studies, insufficient to localize a 
disease to a sufficiently small region of the
genome for candidate gene analysis.
Furthermore, the genetic variation in the 
current SNP array was selected and designed
based on comparatively few cat populations,
which makes it more suitable for some
breeds/populations than others. Current 
and future advances in dNA sequencing 
technologies would likely overcome these
obstacles. 
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Without doubt, the GWAS approach has
enabled researchers to overcome the limita-
tions and constraints of using pedigree-based
methods such as linkage analysis. However,
there are a number of factors that influence
the success of GWAS in cats. To name a few: 
< The number of samples needed for a
successful analysis is dependent on the
selective pressure imposed on the trait
under study Fewer cases are required 
for a trait under positive selection in the
population, such as hair color (B Gandolfi,
unpublished data) or texture,14,16 while more
samples are required for the localization and
identification of a disease locus,21 which is
generally under negative selection pressure. 
< The mode of inheritance of the trait
under investigation (dominant, recessive,
sex-linked, multigenic) influences the
number of samples needed Fewer cases 
are required for a recessive trait,16 while far
more are needed for a dominant trait14 or 
a multigenic trait with a relative risk.54

< Breeding strategies practiced within the
population (inbreeding, outbreeding) are
likely to affect the number of samples
required Fewer cases are required if
inbreeding of individuals is commonly
practiced, while substantially more cases 
are needed for outbred or randomly bred
populations. The recent success in the
identification of several deleterious traits
within the Burmese breed (such as
hypokalemic polymyopathy, orofacial pain

Gene t i c s  101  f o r  t h e  b u s y  f e l i n e  c l i n i c i a n

What to do when you suspect a cat’s problem might be inherited or genetically programmed

< Collect material suitable for DNA extraction from the patient
Buccal swabs (stored dry at room temperature) and EDTA blood
(1–2 ml; stored frozen in the practice freezer at –20°C) from
patients which are alive, and parenchymal organs (frozen) from
patients which have died or have been euthanized.
< Record identification details If you are conducting a study
of more than one individual, collect microchip number or tattoo
number and a photograph of the case (patient) or controls.
< Find out who bred the affected cat Obtain the pedigree if
possible and blood/buccal swabs from the sire, dam and any
available siblings. Try to convince the breeder to repeat the
mating.
< Collect imaging and other data Obtain photographs,
videos, radiographs, sonographic images, photographs and
laboratory data from the patient and any other affected cats.
< Contact colleagues who may have seen similarly affected

cats Approach local specialists and feline-only practices, 
and contact feline listserves (eg, ISFM members’ listserve,
Veterinary Information Network, ACVIM and ECVIM listserves). 
If successful, arrange for blood/buccal swabs to be obtained
from affected cats, sires, dams and siblings.
< Contact the breed society If the problem is in a pedigree
cat, consult the breed society and seek its interest and
cooperation.
< Reach out to researchers Contact national and international
feline internists and basic scientists with an interest in the
investigation of genetically inherited diseases.
< Publish! Write the case up in a refereed journal with an
online presence (eg, JFMS Open Reports). If you do not have
sufficient time or information, write a Letter to the Editor. This
might prompt other people seeing cases in the future (or those
who have seen cases in the past) to contact you.

The ultimate aim is to develop an inexpensive PCR test to confirm the diagnosis in affected individuals, and to detect carriers. 
Such a test should work on blood, blood absorbed into blotting paper, and cheek swabs. Ideally, breeders should be able to
conduct testing independent of vets to maximize uptake by reducing costs. Ideally, breed societies should have a scheme whereby
a database of affected and known normal cats is freely available.
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Beyond a single cat genome

The sequencing of the cat genome has provid-
ed the feline genomics community with two
valuable resources. 

The current cat genome, assembled in 2010
and released to the public in 2011, is a better
assembled genome, where many previously
unassembled sequences are now correctly
placed, and it contains polymorphisms and
genetic variants that differ between cat popu-
lations. The availability of a genome has
allowed impressive and rapid progress in
feline genetics, from single gene trait to com-
plex trait analysis. The localization of a trait
locus using an association study requires the
segregation of the locus in a population or a
pedigree, and is often successful in traits with-
in a breed or across breeds. 

However, many cat diseases appear ran-
domly in single cats, and cannot be studied
using the strategies mentioned above.55,56

Indeed, in the majority of instances, the cats
have already been neutered, and their dam,
sire and siblings may be impossible to locate;
this precludes producing additional affected
cats through classical repeat matings, inbreed-
ing and test mating scenarios. The best
approach to characterize such sporadic genet-
ic disease is applying a whole-genome
sequencing strategy. Whole-genome sequenc-
ing requires high quality DNA extracted from
tissue samples. The whole-genome sequence
of a diseased cat can be directly compared
with that of a normal cat (preferably the 
parents and siblings) to identify the mutation
directly using modern bioinformatics tools.

< The available genetic resources for cats are no longer a limiting factor for studies of
inherited diseases. The only limiting factor is the acquisition of sufficient case and control
specimens, and the funds to support such studies.

< Primary care veterinarians in general small animal practice, feline clinicians and organ
system specialists need to join forces with each other and with basic scientists to collect
appropriate research materials (patients) to permit a study.

< An interesting example is hypokalemic polymyopathy in the Burmese breed. The first DNA
was collected and archived from an affected cat in the 1990s. After 20 years, sufficient
cases and controls were available and finally used to characterize the causative mutation
in 2012.

< Whole-genome sequencing can largely overcome the limitations of low numbers 
of patients.

< A well-characterized disease by veterinarians and sample collection remain key 
to any successful study of feline genetic diseases.

KEY POINTS

The advantage of whole-genome sequenc-
ing is that it can directly identify disease-caus-
ing mutations without performing candidate
gene analyses or gene-specific sequencing.
The chief disadvantages are the current high
cost of sequencing and the lack of a robust
database of healthy cat genome sequences.
Additionally, whole-genome sequencing 
generates an enormous amount of data (tera -
bytes) that requires specialized bioinformatics
knowledge and resources. Currently, 
several ‘trios’ (an affected individual and par-
ents) that segregate for disease traits (such as
progressive retinal atrophy in the Bengal and
Persian breeds) are being sequenced, and
hopefully the subsequent genomic analyses
will identify the polymorphisms that can be
investigated further to identify the disease-
causing mutation. This powerful approach
will be rapidly implemented in the future, 
as the cost of the sequencing technology
reduces. Undoubtedly, whole-genome
sequencing will soon be performed for every
interesting genetic case that the veterinary
practitioner sees, leading to the discovery of
new genetic mutations. 

Whole-genome sequencing will soon be 
performed for every interesting genetic case 
that the veterinary practitioner sees, leading to 

the discovery of new genetic mutations.
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